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Abstract  

Background: Intracellular pH underlies most cellular processes. There is emerging 

evidence of a pH-signaling role in plant cells and microorganisms. Dysregulation of pH is 

associated with human diseases, such as cancer and Alzheimer’s disease. 

Scope of review: In this review, we attempt to provide a summary of the progress that 

has been made in the field during the past two decades. First, we present an overview of the 

current state of the design and applications of fluorescent protein (FP)-based pH indicators. 

Then, we turn our attention to the development and applications of hybrid pH sensors that 

combine the capabilities of non-GFP fluorophores with the advantages of genetically encoded 

tags. Finally, we discuss recent advances in multicolor pH imaging and the applications of 

genetically encoded pH sensors in multiparameter imaging. 

Major conclusions: Genetically encoded pH sensors have proven to be indispensable 

noninvasive tools for selective targeting to different cellular locations. Although a variety of 

genetically encoded pH sensors have been designed and applied at the single cell level, there is 

still much room for improvements and future developments of novel powerful tools for pH 

imaging. Among the most pressing challenges in this area is the design of brighter redshifted 

sensors for tissue research and whole animal experiments. 

General significance: The design of precise pH measuring instruments is one of the 

important goals in cell biochemistry and may give rise to the development of new powerful 

diagnostic tools for various diseases. 
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Biosensor; pH; Fluorescence; Ratiometric sensor; pH imaging; Microscopy 
 

Abbreviations: 

FP, fluorescent protein; avGFP, green fluorescent protein from Aequorea victoria; FRET, 

Förster resonance energy transfer; wt, wild-type; ESPT, excited state proton transfer; pHi, 

intracellular pH; EGFP, enhanced GFP; ECFP, enhanced cyan fluorescent protein; EYFP, 

enhanced yellow fluorescent protein; FLIM, fluorescence lifetime imaging microscopy; 

hCNT3, human nucleoside transport protein; mRFP, a monomeric mutant of the red 

fluorescent protein (DsRed) from Discosoma sp.; VGLUT1, vesicular glutamate transporter; 

mTangerine, mNectarine, mStrawberry, mCherry, mOrange, monomeric mutant FPs from the 

so-called mFruits series derived from mRFP. 
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1. Introduction 

In live systems, pH controls many biochemical events, and pH alterations strongly affect 

cell function, growth, and division. pH is maintained within a sufficiently narrow interval of 

7.1–7.2 and is regulated by membrane proton pumps and transporters whose activity is 

modulated by pH sensors [1]. Dysregulation of pH is often associated with human diseases, 

such as cancer [2-4] and Alzheimer’s disease [5], and the ability of tumor cells to metastasize 

is dependent on the intracellular and extracellular pH [6]. A characteristic feature of eukaryotic 

cells is the compartmentalization of the intracellular space that enables different biochemical 

processes to be realized in different compartments. Most organelles have their individual pH 

value, associated with specific biochemical reactions that take place in their compartments. For 

example, maintenance of the lumenal pH in organelles of the secretory pathway is required for 

proper sorting and proteolytic processing of prohormones. Even small pH differences of < 0.5 

pH units can alter prohormone processing [7].  

Given the important role of pH in cell biochemistry, it is essential to obtain precise pH 

measuring instruments enabling spatial and temporal imaging of pH dynamics. There are a 

number of methods to measure pH including electrochemical [8], photoelectrochemical [9], 

surface-enhanced Raman spectroscopy [10, 11], optical [12] and some others. Among these, 

fluorescence microscopy is a method of preferred choice by cell biologists owing to its high 

sensitivity and excellent spatiotemporal resolution, rapid response, the possibility of 

experimentation at the molecular level and nondestructive detection. Today, a wide array of 

fluorescent pH probes is available for the use in fluorescence microscopy. These fluorophores 

include a group of nanomaterial-based probes, such as semiconductor quantum dots [13], gold 

nanoparticles [14], carbon nanomaterials [15, 16] and silica nanoparticles [17]. Another group 

comprises organic-inorganic nanocomposite-based probes [18-20]. There is also an extended 

group of small organic fluorescent molecules. These topics were recently discussed in several 

excellent reviews, to which the interested reader is referred [21, 22]. Hou et al. [23] presented 

an overview of recent advances in targeting synthetic fluorescent pH probes to some 

subcellular organelles. However, many of the above-listed fluorescent probes lack the ability to 

penetrate the cell membrane. Hence, a variety of methods have been proposed for introducing 

these compounds, including microinjection, hypertonic lysis, scrape loading, and some others 

[21]. These manipulations can perturb the cell physiology and, in the long run, can have a 

significant effect on the pH [24]. 

The green fluorescent protein from Aequorea victoria (avGFP) and its homologous 

fluorescent proteins (FPs) are now the most commonly used probes to visualize the 
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spatiotemporal dynamics of cells [25, 26]. These fluorophores are genetically encoded, and 

consequently, no loading procedure is necessary, which ensures noninvasive imaging. 

Additionally, FPs enable selective targeting to certain cell types, to specific intra/extracellular 

locations or subcellular compartments by fusing to specific targeting signals. Moreover, FPs 

have been designed for simultaneous imaging of multiple biochemical events (multiparameter 

imaging) in a single living cell [27], which is difficult with conventional dyes. 

The chromophore of a fluorescent protein is sensitive to subtle changes in its 

environment [28]. Although wild-type GFP and some FPs are relatively insensitive to changes 

in ambient pH [29], most of their mutants respond reversibly and quantitatively to pH 

variations, which is reflected in their absorbance and fluorescence changes. Thus, many FP 

variants are currently used as versatile tools for monitoring pH in living, unperturbed cells in a 

time-resolved and organelle-specific manner. The photophysical properties of the avGFP 

variants used for the development of pH indicators have been reviewed in detail by Bizzarri et 

al. [30]. More recently, Benčina presented an extended list of pH-sensitive FPs and provided 

an overview of their spectral properties and examples of their applications [31]. Martiniere et 

al. [32] reviewed the new trends in the development of genetically encoded pH sensors 

optimized for plant cells and tissues. 

In this review, we attempt to provide a summary of the progress that has been made 

during the past two decades in the field of genetically encoded fluorescent pH indicators, with 

an emphasis on the advantages/disadvantages of each specified method. First, we will consider 

the current state of the design and applications of FP-based pH indicators, single FP, dual FP, 

redshifted FPs and FRET-based indicators. We will then turn our attention to the development 

and applications of hybrid pH sensors that combine the capabilities of non-GFP fluorophores 

with the advantages of genetically encoded tags. Then, we will discuss the recent advances in 

multicolor pH imaging, applications of genetically encoded pH sensors in multiparameter 

imaging and some other modern developments related to the topic.  

 

2. Chromophore protonation states and optical properties of GFP-like proteins 

In all wild-type (wt) FPs, the chromophore is formed via consecutive cyclization, 

dehydration and oxidation autocatalytic reactions within a chromogenic X-Tyr-Gly amino acid 

sequence [33-36]. These reactions create a GFP-like chromophore, 4-(p-hydroxybenzylidene)-

5-imidazolinone (p-HBI), the common core structure of all known FPs of the GFP family (Fig. 

1). In FPs with redshifted spectra, p-HBI is the object of additional posttranslational 

autocatalytic or photoinduced modifications, which extend the π-electron conjugation of the 
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chromophore (Fig. 1) [37-46]. Basically, the p-HBI chromophore contains two titratable 

chemical groups, the phenolic hydroxyl group and the imidazolinone nitrogen at the opposite 

end of the chromophore. However, only two forms, the neutral protonated phenol and the 

anionic phenolate are considered internally relevant in intact proteins, while the unprotonated 

state of the imidazolinone ring nitrogen is supposed to be unchanged (Fig. 2A) [47]. 

In its ground state, wt GFP shows two absorption peaks, the major peak at 395 nm and 

the minor one at 475 nm (Fig. 2B). It was shown that the 395 and 475 nm peaks represent the 

neutral phenol and the anionic phenolate of the p-HBI chromophore, respectively [47-49]. 

However, when excited, both the neutral and anionic species exhibit an emission peak at 508 

nm. This unusual phenomenon is associated with excited state proton transfer (ESPT), which 

upon excitation, enables proton relocation from the chromophore phenol hydroxyl to the 

carboxylate group of the nearby glutamate 222 via the internal hydrogen bond network (Fig. 

2C) [50, 51]. Substitutions of the surrounding amino acids may influence the equilibrium 

between the neutral and anionic species. Variants with the ground-state equilibrium shifted 

toward the anionic form are known as enhanced GFP (EGFP) with a fluorescence 35 times 

brighter than that of wt GFP [52]. By contrast, substitutions that shift the protonation 

equilibrium to the neutral form and completely block ESPT were used in the engineering of 

blue-emitting variants of FPs [53]. 

At physiological pH values, the chromophores of wt GFP and most of wt FPs from 

Anthozoa are protected from the ambient solvent by the protein shell and begin to titrate only 

after protein unfolding [48, 54]. In contrast to wt GFP, most naturally occurring FPs from 

Anthozoa predominantly contain an anionic form of the chromophore. However, unlike wt 

FPs, most mutant proteins reversibly and rapidly respond to pH variations, changing their 

absorbance and emission spectra [47]. The chromophore pKa can be tuned by mutagenesis 

over a broad range from 6 to 8, enabling pH measurements from pH 5 to pH 9. The 

introduction of amino acids near the chromophore phenolate with proton donor or proton 

acceptor side chain terminal groups may modulate the chromophore pKa. 

 

3. FP-based pH indicators 

Principally, FP-based pH indicators can be divided into two groups, nonratiometric, 

intensity-based indicators and ratiometric indicators. The first group includes single-peak, 

intensity-based indicators, which change intensity at a given excitation or emission wavelength 

in response to pH variations (Fig. 3A). The second group of ratiometric indicators can be 

subdivided into dual excitation and dual emission pH indicators (Fig. 3B). pH measurement 
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with these indicators is accomplished by using two excitation lasers (for dual excitation 

indicators) or by using two detection ranges (for dual emission indicators) when the indicator is 

excited at one wavelength. The intensity ratios corresponding to excitation at two different 

wavelengths or the ratio of emission intensities at two wavelengths with excitation at one 

wavelength are measured, and these data are correlated with the pH by ex vivo calibration. 

Furthermore, ratiometric indicators may be constructed from a single FP with pH-dependent 

dual excitation or emission properties or from a fusion of two proteins, one of which is a 

nonratiometric intensity-based pH-sensitive FP and the other one is a pH-insensitive protein 

used as a reference. Nonratiometric pH indicators are generally used to determine changes in 

pH and are not suitable for measuring absolute pH values. Ratiometric indicators eliminate 

measurement distortions induced by FP bleaching, variations in probe concentrations, cell 

thickness, excitation intensity, detection efficiency, etc. Therefore, using ratiometric indicators 

allow precise pH measurements and avoid many of the problems related to pH monitoring with 

nonratiometric sensors. 

 

3.1. Nonratiometric GFP-based pH indicators 

Sensitivity to pH variations prompted Kneen et al. to assess the applicability of GFP 

mutants as targetable, noninvasive indicators of intracellular pH [55]. It was found that upon 

pH titration, GFP mutants underwent more than 10-fold reversible changes in absorbance and 

fluorescence and that this response occurred in less than 1 ms. It was also shown that the pKa 

of the protein could be modulated by different point mutations. The authors obtained GFP 

mutants with pKa values ranging from 6.0 (for EGFP, GFP-F64L/S65T), 5.9 (S65T) and 6.1 

(Y66H) to 4.8 (for T203I). The GFP-S65T mutant demonstrated two absorption maxima at 390 

and 490 nm (Table 1). However, in contrast to the wild-type protein, GFP-S65T showed only 

one excitation maximum at 490 nm with emission at > 510 nm. The intensity of the 

excitation/emission peaks at 490/510 nm decreased upon a pH change from 8.0 to 5.0. The 

observed pH-dependent changes in fluorescence occurred in parallel with absorbance changes, 

suggesting that the molar absorbance rather than the quantum yield of GFP-S65T was affected 

by the pH changes. To evaluate the capabilities of GFP-F64L/S65T as an intracellular pH 

indicator, CHO and LLC-PK1 cells were transfected with cDNAs that targeted the mutant to 

the cytoplasm, mitochondria, Golgi, and endoplasmic reticulum. Fluorescence micrographs 

showed bright and specific staining of the targeted cellular compartments [55]. 

Llopis et al. [56] expanded the pKa measuring interval to 6.4 (ECFP, 

K26R/F64L/S65T/Y66W/N146I/M153T/V163A/N164H/H231L) and to a near physiological 

value of 7.1 by additional mutations of EGFP (EYFP, S65G/S72A/T203Y/H231L). These 
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GFPs were targeted to the cytosol plus the nucleus, the medial/trans-Golgi by fusion with 

galactosyltransferase, and the mitochondrial matrix by using the targeting signal from subunit 

IV of cytochrome c oxidase. Transfection of HeLa cells and rat neonatal cardiomyocytes with 

these cDNAs resulted in the expected subcellular localization, as indicated by light and 

electron microscopy, and reported a local pH that was calibrated in situ with ionophores. It was 

shown that ratiometric measurement of pH is possible by simultaneously cotransfecting cells 

with pH-sensitive and pH-insensitive (as a reference) proteins [56]. 

Later, Miesenbock et al. [57] constructed a pH-sensitive mutant of GFP named ecliptic 

pHluorin (Table 1) and harnessed this protein to monitor pH changes inside secretory vesicles 

during vesicle exocytosis and recycling. Ecliptic pHluorin carries the substitutions S147D, 

N149Q, T161I, S202F, Q204T, and A206T, and when pH values are decreasing, this protein 

gradually loses fluorescence until the complete loss of excitation at 475 nm at pH 6.0. 

Therefore, at pH values lower than 6.0, the protein is invisible (eclipsed) when excited at 475 

nm but can still be weakly seen at 395 nm. pHluorin was fused to the vesicle protein VAMP2, 

which attached pHluorin to the inner vesicle surface. In the resting state, the interior of vesicles 

is acidified to a pH of ~5.7, and pHluorin is invisible, remaining in a fluorescence “off” state. 

After exocytosis, the vesicle interior is exposed to the extracellular medium (pH ~ 7.4), and the 

pHluorin fluorescence is switched to the “on” state, thereby reporting synaptic neurotransmitter 

secretion. By introducing two additional mutations (F64L and S65T) into ecliptic pHluorin, 

Sankaranarayanan et al. created superecliptic pHluorin with higher brightness [58]. 

Superecliptic pHluorin is almost nonfluorescent at pH 5.5, the pH of intracellular secretory 

vesicles, but becomes brightly fluorescent when exposed to the extracellular space (pH 7.4). 

When fused to the appropriate membrane protein, superecliptic pHluorin has been employed to 

monitor the exocytosis of synaptic vesicles, secretory vesicles, and recycling endosomes. 

These experiments have led to a number of discoveries [58-63]. Until recently, there was a 

controversy whether the dopamine D2 receptor (DRD2) is recycled back to the plasma 

membrane or targeted for degradation after the dopamine (DA) stimulation. Li et al. [62] used 

superecliptic pHluorin tagged to N terminus of DRD2 and total internal reflection fluorescent 

microscopy (TIRFM) to directly examine molecular mechanisms regulating DRD2 insertion to 

the plasma membrane in cultured mouse striatal medium spiny neurons. Two functionally 

distinct recycling pathways for DRD2 were discovered: a Rab4-sensitive constitutive recycling 

pathway that determines steady-state surface expression of DRD2 and a Rab11-sensitive DA 

activity-dependent recycling pathway that is important for functional resensitization of DRD2. 

Compared to the wild-type protein, a GFP mutant (T203Y/S65G/V68L/S72A, YFP) [64] 

and its related variant constructed from enhanced GFP (EYFP) [56] demonstrate a redshifted 
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fluorescence spectra due to π-stacking interactions between the chromophore and the Tyr 203 

phenol [64]. Both variants show similar pH-dependent fluorescence properties with pKa value 

of 6.9–7.1. The pKa value of the YFP variant H148G was shown to be 8.0, which may be 

useful in experiments with organelles such as mitochondria that have elevated pH values. Upon 

acidification, EYFP shows excitation (514 nm) and emission (527 nm) peaks that decrease 

with a concomitant increase in the nonfluorescent species that absorbs at 390 nm [56]. 

Abad et al. [65] used the Ca2+ indicator camgaroo-2, which is derived from EYFP [66], in 

the development of a probe suitable for pH measurements within the mitochondrial matrix. To 

this end, the Ca2+-sensitive part of camgaroo-2 (calmodulin) was replaced with a portion of 

aequorin. The obtained pH sensor, termed mtAlpHi, showed an apparent pKa close to 8.5, and 

the sensor was selectively targeted to the mitochondrial matrix. The fluorescence intensity of 

mtAlpHi increased (excitation 498 nm, emission 522 nm) with the pH increase from 7.0 to 

10.5. Unfortunately, mtAlpHi suffers from a number of drawbacks that are typical for 

nonratiometric sensors. Quantitative measurements with a single mtAlpHi sensor are the 

source of potential malfunctions, and it is difficult to interpret the data correctly. To overcome 

this shortcoming, mtAlpHi was cotransfected with mtECFP because both FPs can be imaged 

simultaneously and because ECFP is insensitive to pH variations. 

On the other hand, the use of YFPs as reporters of intracellular pH is hampered by the 

fact that the fluorescence intensity of the protein is also dependent on the concentration of 

halide or nitrate ions [67]. To circumvent this drawback, several mutants of YFPs with reduced 

chloride sensitivity have been engineered. However, the halide-resistant mutant termed Citrine 

showed a substantially reduced pKa value of 5.7, limiting the scope of applications to the more 

acidic species such as secretory and endocytic organelles [66].  

 

3.2. Ratiometric single-protein GFP-based pH indicators 

In addition to the dependence on the pH of the surrounding medium, the fluorescence 

intensity of FPs also depends on some other variables, such as the expression level of the gene 

and photobleaching. Therefore, the absolute pH value cannot be determined from only changes 

in the fluorescence intensity. To overcome these ambiguities, researchers constructed 

ratiometric pH indicators with pH-dependent dual excitation or dual emission properties. By 

calculating the intensities ratio at two wavelengths, it is possible to quantify absolute pH 

values. 

Along with ecliptic pHluorin, Miesenbock et al. [57] developed ratiometric pHluorin 

(Table 2). For conversion to a ratiometric pH sensor, the substitutions S202H, E132D, S147E, 

N149L, N164I, K166Q, I167V, R168H and L220F were introduced into wt GFP. The 
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excitation peak intensity of ratiometric pHluorin at 395 nm increased, and the excitation 

intensity at 475 nm decreased upon a pH change from 5.5 to 7.5, with a response time of < 20 

ms [57]. Later, an enhanced ratiometric pHluorin (pHluorin2) was developed by introducing 

the additional F64L mutation to GFP containing fully mammalianized codons and ten of the 

thirteen pHluorin-specific mutations. The resulting pHluorin2 displayed markedly higher 

florescence than pHluorin while maintaining the ratiometric pH sensitivity [68]. 

However, even with ratiometric sensors, some imaging artifacts must be taken into 

account. For example, cell autofluorescence contributes differentially to the pHluorin signal at 

different wavelengths. Appropriate corrections should be made by measuring the 

autofluorescence in control samples of pHluorin-untransformed cells; this autofluorescence is 

subtracted from the aggregate fluorescence of cells transformed with the pH sensor. In another 

approach, correction for the autofluorescence was significantly simplified and the sensitivity of 

pH assays was increased by taking advantage of the synchronously scanned florescence spectra 

of pHluorin in cell suspensions [69]. 

Serresi et al. [70] used a GFP variant F64L/T203Y, termed E1GFP, as a ratiometric pH 

indicator with a pKa of ~ 6.0. E1GFP was shown to be virtually insensitive to halide ions, and 

consequently, E1GFP may be used for pH measurements in subcellular compartments where 

the pH decrease is accompanied by an increase in the chloride ion concentration. By fusing 

E1GFP to the HIV-Tat protein, which endows the pH reporter with cell-penetrating properties, 

the authors were able to monitor the whole process of cellular endocytosis in real time from the 

initial cell-surface binding to the multistep endocytic pathway. After cellular internalization, 

Tat-E1GFP exhibited two distinct intracellular species: the first was observed close to the 

plasma membrane, and the second was embedded in the cytoplasm. After 4 h of incubation, 

vesicles associated with the membrane showed an almost neutral pH of 6.77, whereas after two 

more hours of incubation, the pH dropped to the mean value of 6.31 [70]. However, the low 

pKa of E1GFP permits pH measurements only within specific intracellular regions that impose 

limitations on the use of this probe. By introducing F64L/S65T/T203Y substitutions, the same 

group constructed a ratiometric pH sensor named E2GFP [71]. E2GFP showed changes in both 

excitation and emission fluorescence spectra upon pH variations (Table 2). With a pKa close to 

7.0, E2GFP was used to determine the average intracellular pH (pHi) and spatial pHi maps in 

different cell lines under physiological conditions. 

Based on GFP, Hanson et al. [72] constructed several ratiometric dual emission pH-

sensitive variants, termed deGPFs. deGFPs display pKa values ranging from 6.8 to 8.0 and 

show variable emission wavelengths shifting between the green (λmax ~ 515 nm) and blue 

forms (λmax ~ 460 nm) upon the pH decrease. For the deGFP1 variant (S65T/H148G/T203C, 
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pKa ~ 8.0) and the deGFP4 variant (S65T/C48S/H148C/T203C, pKa ~ 7.3), the underlying 

conditions for variable emission were analyzed in the most detail (Table 2). Crystal structure 

analyses of deGFP1 suggest that the basis for dual emission is the distortion of the wild-type 

proton-transfer network by the S65T substitution. It was suggested that at low pH, the modified 

protein structure lacks a hydrogen bond network that in the excited state supports rapid proton 

transfer from the neutral chromophore to an acceptor. Therefore, at low pH, ESPT is 

interrupted, and the fluorescence from the neutral chromophore appears blue. At high pH, 

backbone rearrangements restore the hydrogen bond network that enable the ESPT from the 

excited state of the neutral chromophore to the bulk solvent, resulting in green emission from 

the anionic chromophore [72]. The applicability of deGFP4 as a pH sensor in mammalian cells 

was tested by transient expression of this variant in PS120 fibroblasts. In contrast to 

conventional confocal microscopy, which showed cytoplasmic fluorescence only marginally 

above the cellular autofluorescence in the blue channel (385-475 nm), a superior above-

background signal was obtained by two-photon excitation microscopy [72]. 

Schmitt et al. [73] suggested an alternative technique to differentiate the deGFP signal 

from the undesirable autofluorescence background. As the fluorescence lifetime is an inherent 

characteristic of deGFP, it is possible to quantify the contribution of the background from a 

single decay curve at a fixed wavelength. The authors performed quantitative analysis of pH in 

cells using fluorescence lifetime imaging microscopy (FLIM) with superior precision. deGFP4 

(termed eGFP-pHsens) was either expressed in the cytoplasm or targeted to the mitochondria 

of CHO-K1 cells and was exploited as a pH sensor to monitor activity of the M2 proton 

channel from influenza A virus. After excitation of eGFP-pHsens at 405 nm, the simultaneous 

ratiometric (460 nm vs. 520 nm) and kinetic analysis (at 520 nm) of its fluorescence properties 

was accomplished [73]. 

In another approach, Battisti et al. [74] used phasor-based FLIM. Phasor analysis of 

FLIM-based pH measurements using E2GFP as a pH indicator allowed fast graphical 

determination of pH maps and required only a preliminary phasor calibration. This technique 

proved to be effective in discriminating the autofluorescence signal from the E2GFP emission, 

as the autofluorescence phasors clearly fell outside the segment accounting for all pH values 

measured by the indicator. 

Much attention has been paid to the physiological impact of intracellular pH and pHi 

regulation in recent years [75]. Unfortunately, the physiological relevance of extracellular pH 

alterations has been studied to a much lesser extent. It was shown that extracellular 

acidification occurs in the brain with the elevated neural activity and neuronal injury [76]. 

Chiacchiaretta et al. [77] studied the spatiotemporal dynamics of extracellular pH changes 
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during epileptic-like neuronal hyperexcitability in primary neuronal networks. To quantify 

variations in extracellular pH, E2GFP, a ratiometric GFP-derived pH sensor [71], was fused to 

the N-terminus of the PDGF receptor transmembrane domain, exposing the sensor to the 

extracellular side of the plasma membrane (ex.E2GFP). Unlike the situation for pHluorin, 

whose fluorescence quenches upon acidic pH shifts, the emission intensity of E2GFP excited at 

405 nm increases as the pH drops, enabling possible more sensitive and quantitative 

measurements of extracellular acidification. Monitoring ex.E2GFP fluorescence in primary 

cortical neurons allowed quantification of the pH fluctuations during network hyperexcitability 

induced by convulsant drugs or high frequency electrical stimulation. It was found that 

neuronal hyperactivity causes acidic shifts localized to active synapses and generated by 

Na+/H+
 exchanger activity [77]. 

On the basis of HyPer, a H2O2 indicator derived from a circularly permuted yellow 

fluorescent protein [78], Poburko et al. [79] created a ratiometric pH indicator. Substitution of 

the H2O2-sensing cysteine residue 199 with a serine caused a complete loss of HyPer 

sensitivity to H2O2, leaving the sensitivity to hydrogen ions unchanged. The combination of a 

mitochondrially targeted HyPer with the cytosolic pH indicator SNARF allowed concurrent 

estimates of pH in the cytosol and mitochondrial matrix and consequently permitted real-time 

measurement of the intact cell cytosol-matrix pH gradient. Matlashov et al. used an improved 

version of HyPer, termed HyPer-2, with an A406V substitution [80]. Introduction of the 

mutation C199S into HyPer-2 resulted in an improved version of the pH sensor, named 

SypHer-2. SypHer-2 showed two excitation peaks (at 420 nm and 500 nm) and one emission 

peak at 516 nm, similar to HyPer. However, in contrast to SypHer, SypHer-2 had a 2- to 3-fold 

brighter fluorescence signal in mammalian cells. SypHer-2 was used for monitoring pH 

changes both in vitro and in vivo [80] and for pHi mapping in living cancer cells [81]. Recently, 

an improved version, termed SypHer3s (Table 2), was engineered by random mutagenesis of 

HyPer C199S and by screening the mutants in E. coli libraries for enhanced brightness [82]. 

The SypHer3s gene contains three mutations: Y145F, D129G and Q197L. It was proposed that 

the Y145F substitution is the key condition for the increased brightness. SypHer3s exhibits two 

excitation maxima at 410 nm and 495 nm and a single emission maximum at 525 nm. When 

the pH increases, the intensity of the 410 nm band decreases, with an intensity increase for the 

495 nm band. SypHer3s was used for real-time pH imaging in the mitochondria of living 

neurons and for ratiometric pH measurements in zebrafish embryos [82]. 
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3.3. Redshifted FP-based pH indicators and multicolor pH imaging 

To overcome the cellular autofluorescence problem, many GFP mutants have been 

engineered; these mutants include variants with redshifted emission, like the yellow fluorescent 

protein. However, many of these variants suffered from low brightness and high sensitivity to 

different environmental conditions [67, 83]. It was the discovery of redshifted GFP homologs 

from Anthozoa species that provided new opportunities for the development of novel 

fluorescent tools [84]. The red emission circumvented the problem associated with the 

background autofluorescence, since the autofluorescence in most eukaryotic cells is reduced at 

longer wavelengths. Moreover, the redshifted fluorescence permitted deep-tissue and whole-

body experiments because longer wavelengths penetrate cellular tissues much more effectively 

than shorter wavelengths. In addition, multicolor imaging with different FP spectral variants 

added a new dimension to the fluorescent toolbox, as simultaneous measurements of different 

cellular parameters became feasible. For example, labeling with a red FP-based pH indicator in 

combination with green or yellow pH sensors allowed simultaneous pH measurements in 

different cellular compartments [85]. 

However, the obligate tetramerization of FPs from reef corals and anemones [29] was 

another problem that hampered the development of redshifted biosensors. In particular, it was a 

general problem when an FP was fused to a host protein that was targeted to a specific 

subcellular location. Oligomerization of FPs often produced improper localization and 

sometimes caused cytotoxic effects. Subsequently, a number of monomeric redshifted variants 

suitable for biosensor development have been engineered [86-88]. Some monomeric variants 

from the so-called mFruits series [87], which were derived from the red FP cloned from 

Discosoma sp. [84], showed a relatively high sensitivity to pH changes [89, 90]. 

mNectarine (Table 3), an optimized version of mTangerine (the Q66C/T147S/Q213L 

variant of mRFP1), proved to be suitable for measuring physiological pH changes in 

mammalian cells [90]. mNectarine showed an apparent pKa of 6.9, a fluorescence excitation 

peak at 558 nm and an emission peak at 578 nm. Both purified mNectarine and mNect-

transfected HEK 293 cells demonstrated decreased fluorescence with decreasing pH. 

mNectarine was fused to the cytosolic N-terminus of human nucleoside transport protein 

(hCNT3) to generate mNect.hCNT3. The chimeric protein mNect.hCNT3 enabled pH 

measurements at the intracellular surface of hCNT3, providing insight into the mechanism of 

hCNT3 H+/uridine cotransport. 

Another intensiometric redshifted sensor, pHTomato (Table 3), was developed by Li and 

Tsien [91] by DNA shuffling and semirandom mutagenesis starting with mRFP and 

mStrawberry [86, 87]. pHTomato, which is derived from mStrawberry, differs from 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

mStrawberry by six amino acid substitutions (F41T, F83L, S182K, I194K, V195T and 

G196D). pHTomato shows an excitation wavelength at 550 nm and emission maximum at 580 

nm with a pKa close to 7.8. Although the emission intensity of pHTomato demonstrates 

considerable pH dependence, with higher fluorescence intensity as the pH increases, its 

excitation and emission wavelengths are pH independent. pHTomato can be used in parallel 

with green-emitting probes to detect neuronal activity. The fusion of pHTomato to the 

vesicular membrane protein synaptophysin (sypHTomato) allowed monitoring activity-

dependent exocytosis as efficiently as with green-emitting reporters. The redshifted emission 

of pHTomato was harnessed in multicolor imaging experiments (Fig. 4). Coexpression of 

sypHTomato with the GFP-based Ca2+ indicator GCaMP3 in the same neuron enabled 

concomitant imaging of transmitter release and presynaptic Ca2+ transients at single nerve 

terminals. When expressing sypHTomato and GCaMP3 in separate cells, it was possible to 

simultaneously monitor presynaptic vesicular turnover and postsynaptic sub- and 

suprathreshold responses from a connected pair of neurons [91]. 

Shaner et al. [92], by random and iterative mutagenesis, engineered two highly 

photostable wavelength-shifted mRFP derivatives, mOrange (excitation maximum at 548 nm, 

emission maximum at 562 nm) and mOrange2 (excitation maximum at 549 nm, emission 

maximum at 565 nm), with a pKa of 7.5 and 6.5, respectively. mOrange and mOrange2 (Table 

3) show enhanced photostability, efficient maturation, and increased pH sensitivity [92, 93], 

but display undesirable photoswitching behavior, hampering the pH imaging [94]. Similar to 

the situation for pHluorin, the fluorescence of mOrange2 is quenched by lowering the pH 

below 5.5 and is restored at neutral pH values. This property of mOrange2 was used to image 

synaptic vesicle recycling [93]. mOrange2 was fused to the vesicular glutamate transporter 

VGLUT1. To improve the signal-to-noise ratio, two molecules of mOrange2 in tandem were 

inserted into the same intraluminal loop of VGLUT1 to create the VGLUT1-2XmOr2 pH 

sensor. To follow the changes in calcium concentration, the synaptic vesicle protein 

synaptophysin was fused to the GFP-derived calcium indicator GCaMP3. Dual color imaging 

of changes in the green and red fluorescence of neurons coexpressing the two reporters enabled 

monitoring the time course of changes in VGLUT1 recycling in relation to changes in the 

presynaptic calcium concentration [93]. 

Unlike superecliptic pHluorin, the redshifted pH sensors pHTomato and mNectarine 

demonstrate a significantly reduced pH sensitivity. Compared to the more than fifty-fold 

fluorescence change in superecliptic pHluorin upon transitions between pH 5.5 and 7.5, 

mNectarine and pHTomato show only six- and three-fold changes, respectively, over the same 

pH range. To overcome these limitations, Shen et al. invested substantial efforts in the 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

development of a redshifted pH sensor with a dynamic range comparable to that of 

superecliptic pHluorin [95]. Starting from mOrange, four bright variants, named pHorans, were 

constructed by site-directed mutagenesis and several rounds of random mutagenesis. This 

series of orange pH sensors showed pKa values ranging from 6.7 to 7.5. The fluorescence fold 

change of these variants varied from 10 to 17 when the pH changed from 5.5 to 7.5. 

Furthermore, the red fluorescent pH sensor pHuji, with an emission peak well separated from 

that of superecliptic pHluorin, was constructed with mApple as a template [95]. pHuji (Table 

3) demonstrates a more than 20-fold fluorescence intensity change in response to a pH shift 

from 5.5 to 7.5 and outperforms the reported intensity change of other redshifted pH sensors. 

pHuji was used in conjunction with superecliptic pHluorin for simultaneous imaging of 

exocytic and endocytic events. Dual color imaging of the clathrin-mediated internalization of 

the transferrin receptor and the β2 adrenergic receptor revealed differential sorting of the two 

receptors at the time of endocytic vesicle formation. 

In contrast to the intensiometric pHorans and pHuji, pHRed (Table 3) represents the first 

ratiometric, single-protein red fluorescent sensor of pH [96]. pHRed (pKa ~ 6.6) was 

engineered from the long Stokes shift red fluorescent protein mKeima by the A213S 

substitution. pHRed exhibits a fluorescence emission maximum at 610 nm and dual excitation 

peaks at 440 and 585 nm that can be used for ratiometric imaging. A pH decrease from 9 to 6 

causes a 7-fold increase in the 585 nm peak intensity and a 4-fold decrease in the 440 nm peak 

intensity. Notably, the ratio response of pHRed is insensitive to the buffer ion components, 

including alkali metals, chloride ions, and oxidative agents, and to temperature (21-37°C). 

pHRed was targeted to the mitochondrial matrix and used to probe mitochondrial function. 

Moreover, pHRed was used in multicolor experiments in combination with a circularly 

permuted mVenus-based ATP/ADP sensor [97] to simultaneously image intracellular ATP and 

pH and to monitor energy-dependent changes in cytosolic pH [96]. 

 

3.4. Ratiometric dual-FP-based pH indicators 

Another approach in the development of pH sensors is based on two tandemly linked 

fluorescent proteins with well-separated fluorescence maxima. One of these proteins is pH 

sensitive and represents the pH-indicating part of the fusion; the other one is pH insensitive and 

serves as a reference (Fig. 3C). These dual-protein pH indicators provide a valuable addition to 

the toolbox of ratiometric pH sensors. In addition, the utilization of varying combinations of 

FPs provides a wide range of choices appropriate for every specific biological system. 

In 2001, Awaij et al. [98] were the first to construct ratiometric pH sensors (termed 

GFpH and YFpH) composed of the tandemly linked pH-insensitive GFPuv variant and pH-
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sensitive GFP (EGFP or EYFP) derivatives (Table 4). GFpH represents the fusion of GFPuv 

and EGFP and has two excitation maxima at 380 nm and 480 nm, which correspond to GFPuv 

and EGFP, respectively. The intensity of both excitation peaks (F) decreased upon lowering 

the pH, and the ratio F480/F380 as a function of pH was approximately fitted by a sigmoid 

curve at pH 5.5–7.5 with an apparent pKa of 6.2. GFpH proved to be suitable for monitoring 

pH changes in the range between 6.0 and 7.5; GFpH is characterized by poor sensitivity to 

changes in Cl- concentration [98]. Another probe, YFpH, consists of the fusion between GFPuv 

and EYFP. YFpH was shown to have substantial sensitivity to Cl- concentration changes due to 

the presence of EYFP. It was also shown that YFpH can be considered a FRET-based 

indicator, which will be discussed in the next section. 

Rosado et al. [99] developed a dual color‑ emission biosensor, Rosella (Table 4), the 

fusion of a pH‑ insensitive fast‑maturing red fluorescent protein variant, DsRed.T3, with the 

pH‑ sensitive superecliptic pHluorin. The fluorescence emission of DsRed.T3 is stable over the 

pH range of 4.9‑ 9, and the fluorescence emission of superecliptic pHluorin (λmax emission 

508 nm) is quenched below pH 6.2. The operation of the sensor relies on the pH difference 

between the vacuole (or lysosome, pH 6.2 or 4.8, respectively) and the other cellular 

compartments (usually pH > 7.0). Rosella was harnessed to monitor the vacuolar turnover of 

the cytosol and organelles. The probe was expressed in the cytosol and targeted to 

mitochondria or to the nucleus in yeast (Saccharomyces cerevisiae). It was demonstrated that 

Rosella can be used as a reporter of autophagy by employing fluorescence-activated cell 

sorting of discrete populations of cells undergoing autophagy [99]. However, Rosella requires 

a dual excitation and dual emission procedure, which complicates experiments that require 

imaging of rapid events in highly motile structures. 

In contrast to other types of endocytosis, macropinocytosis is susceptible to inhibitors of 

Na+/H+ exchange (NHE). However, the relationship between NHE and macropinosome 

formation currently remains unclear. One possible mechanism is that the effect of NHE on 

macropinocytosis may be mediated by changes in cytosolic pH. To explore the factors that are 

responsible for macropinocytosis, Koivusalo et al. [100] used different pH-sensitive 

compounds to evaluate the effect of pH changes. The bulk cytosolic pH was measured with the 

synthetic ratiometric dye seminaphthorhodafluor-5 (SNARF-5F), whereas the pH of the inner 

part of the plasma membrane was monitored with a genetically encoded ratiometric pH probe, 

superecliptic pHluorin fused to the pH-insensitive mCherry (Table 4), which was targeted to 

the inner region of the plasma membrane by inclusion of the N-terminal motif of the Src family 

kinase Lyn [101]. The superecliptic pHluorin-to-mCherry fluorescence ratio varied almost 

linearly with pH in the 6.8–7.8 range, in accordance with pKa = 7.2 reported for superecliptic 
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pHluorin. Using this novel submembranous pH sensor, the accumulation of the metabolically 

generated acid at sites of macropinocytosis was detected [101]. 

There is emerging evidence that variations in H+ concentration may serve as a signaling 

mechanism in plant cells. The pH control in the cytosol and in the apoblast is important for 

nutrient and sugar transport across the plasma membrane, as well as for the regulation of cell 

elongation and organ development. To monitor pH changes in plant cells, a new genetically 

encoded sensor, pHusion (Table 4), was designed [102]. pHusion is composed of two tandemly 

fused fluorescent proteins, mRFP1 and EGFP. EGFP (pKa = 6.2) is very sensitive to 

differences in pH, and mRFP1 is virtually insensitive to pH changes in the physiological pH 

range, with a pKa of 4.5. The two fluorescent proteins were linked by a short linker, enabling 

ratiometric measurements of pH changes, where mRFP1 functioned as an intramolecular 

reference. pHusion was targeted to the cytosol or the apoplast. An apoplastic-targeted version 

of pHusion was generated by placing a target signal peptide originating from an Arabidopsis 

chitinase in front of mRFP [103]. Rapid pH homeostasis upon external pH changes was 

reflected by the negligible cytosolic pH fluctuations, while the apoplastic pH changed 

drastically. 

In experiments that require monitoring of the autophagic process, 

microtubule‑ associated protein 1 light chain 3 (LC3) is widely used as a marker protein. 

Kimura et al. developed mRFP‑GFP tandem‑ tagged LC3 to analyze the autophagosome 

maturation process [104]. mRFP‑GFP-LC3 showed both GFP and mRFP fluorescence signals 

before the fusion with lysosomes and exhibited only the mRFP signal afterward. Using this 

reporter, the authors were able to provide evidence that overexpression of a dominant negative 

form of Rab7 interrupted the fusion of autophagosomes with lysosomes, implying that Rab7 is 

involved in this step. 

In a similar approach, Tresse et al. constructed the mCherry-EGFP-LC3 probe to monitor 

autophagosome maturation [105]. Both mCherry and EGFP emit fluorescence at neutral pH; 

therefore, LC3-positive vesicles appear yellow in merged images. Upon vesicle acidification, 

the fluorescence of EGFP is quenched, and only mCherry emits fluorescence, making LC3-

positive vesicles appear red. Thus, the reporter permits monitoring of autophagosome 

maturation through changes in the fluorescence emission spectra upon vesicle acidification. 

To acquire a more detailed picture of the autophagy process, Maulucci et al. [106] used 

tandemly linked EGFP and mRFP as a dual-emission ratiometric probe to monitor autophagic 

flux. Due to its compact folding, GFP is relatively resistant to lysosomal proteases. At the low 

pH values characteristic of the autolysosome, the fluorescence signal of GFP is quenched, 

whereas the fluorescence of mRFP is not quenched in autolysosomes. The pH dependency of 
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the fluorescence emission spectra was measured at a single excitation wavelength, 488 nm. By 

exploiting these differences in fluorescence emission, autophagic flux can be morphologically 

traced with this pH sensor. This technique allows imaging the number and the pH of autophagy 

intermediates. According to the analysis, 3 major populations were dissected with a continuous 

rather than discrete pH distribution of each population in the range of 4.5–6.5 [106]. mRFP-

EGFP was targeted to autophagosomes by fusion of a dual protein in tandem with LC3. 

Although tandem mRFP/mCherry-EGFP-tagged LC3 (-LC3) provides a convenient 

means of monitoring autophagic flux, there is still weak EGFP fluorescence in acidic 

environments between pH 4 and 5, which sometimes leads to misinterpretation of autophagic 

flux experiments. To construct a pH sensor, Zhou et al. [107] used mWasabi FP that was more 

sensitive to acid than EGFP was. Compared with mRFP-EGFP-LC3, the mTagRFP-mWasabi-

LC3 reporter has no fluorescence in acidic lysosomes, shows much brighter fluorescence, and 

provides more precise and accurate results when monitoring autophagic flux. 

As already mentioned above, redshifted biosensors allow deep-tissue and whole-body 

experiments because longer wavelengths penetrate cellular tissues more effectively. Tanaka et 

al. [108] used tandemly linked Venus FP (YFP variant) [109] as a pH-sensitive unit and 

monomeric DsRed as an internal standard. In contrast to YFP, Venus has decreased sensitivity 

to changes in Cl− concentrations, and in contrast to GFP-based pH sensors (pKa ~ 6.0), YFP 

(pKa ~ 7.1) can be used for measurements in alkaline media. In contrast to normal 

differentiated cells, with an intracellular pH maintained within the narrow range of 6.9–7.1, the 

hallmark of tumor cells is an elevated intracellular pH (pH 7.2–7.7) [110]. HeLa cells 

permanently expressing the VenusFP-mDsRed probe were inoculated into a nude mouse, and 

fluorescence image ratios were used to visually determine the intracellular pH of the tumor 

xenograft model [108]. 

 

3.5. Dual-FP Förster resonance energy transfer (FRET)-based pH indicators 

When two FPs form a tandemly fused construct, the fluorophores in the pair are in close 

proximity to each other. If the emission spectrum of one fluorophore has a strong overlap with 

the absorption spectrum of the other fluorophore, then FRET may occur [111]. FRET is a light-

induced process by which the excited-state energy of a shorter-wavelength fluorophore, or 

donor fluorophore, is transferred to a longer wavelength fluorophore (acceptor fluorophore) via 

nonradiative dipole–dipole coupling. For effective FRET, the two most crucial parameters to 

consider are the quantum yield of the donor and the molar extinction coefficient of the 

acceptor. When the quantum yield of the donor or the molar extinction coefficient of the 

acceptor is pH sensitive, the tandemly fused FRET pair may be used as a ratiometric pH-
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sensing probe (Fig. 3D). In some cases, FRET-based pH indicators are advantageous, since 

these probes require only a single excitation wavelength, which simplifies the detection 

system. 

Awaji et al. [98] were the first to develop a tandemly fused FRET-based pH indicator 

with the abbreviated name YFpH (Table 4). YFpH is composed of GFPuv (donor) and EYFP 

(acceptor). Upon excitation at 380 nm, YFpH shows two emission components with a 

maximum at 509 nm in the pH range between 5.0 and 6.0 and with a peak at 527 nm for pH 

7.0–8.5, which correspond to the emission maxima of GFPuv and EYFP, respectively. 

Consequently, EYFP is excited by the emission of GFPuv via FRET, since EYFP is not excited 

directly by 380 nm UV light. When excited at 380 nm, the emission maximum of YFpH is 

shifted from 509 to 527 nm upon a pH increase between pH 6.0 and 7.0. In contrast, the 

emission intensity of YFpH at 520 nm upon 380-nm excitation remained almost unaltered in 

the pH interval of 6.0–8.5, implying that the rate of FRET-mediated fluorescence is increased 

when the pH is raised. Therefore, YFpH may be used not only as a dual excitation pH indicator 

but also as a dual emission pH sensor. YFpH was expressed in the cell lines COS-7 and CHO-

K1, and fluorescence was detected by confocal microscopy in the cytoplasm and nucleus. The 

pH-dependent alteration in the fluorescence intensity ratio (dual-excitation mode) of the 

expressed YFpH was measured after the cells were made H+-permeable by the addition of the 

H+ ionophores nigericin and monensin to the medium [98]. 

Cyan (CFP) and yellow (YFP) FPs are the most often used pair for FRET-based imaging 

studies because these FPs share a significant spectral overlap. CFP is a GFP mutant with a 

Y66W substitution. With tryptophan in place of the tyrosine residue, the chromophore of CFP 

lacks a titratable phenolic group, and the fluorescence spectra of CFP are poorly sensitive to 

pH variations. Therefore, CFP can be used as the pH-insensitive part of the fusion and YFP as 

the pH-sensing unit. When the pH is lowered, the extinction coefficient of YFP decreases. This 

decrease reduces the spectral overlap between the donor and the acceptor and leads to a donor 

emission increase and to a decrease in the acceptor emission. By calculating the ratio of the 

donor-to-acceptor fluorescence intensities, it is possible to acquire a quantitative pH readout. 

Using YFP variants in a fusion with ECFP, Esposito et al. designed a FRET-based pH 

sensor platform covering the pKa values within the range of 5–7 [112]. This new family of pH 

biosensors, called pHlameleon (Table 4), includes three ratiometric sensors. The first sensor 

takes advantage of a previously developed highly efficient FRET pair consisting of the 

concatenated variants of ECFP and YFP Venus (named Cy11.5) [113]. In the second sensor, 

the truncated Venus is replaced with a similarly truncated EYFP, and the third sensor contains 

the EYFP-H148G mutant as an acceptor fluorophore [112]. The first pH sensor, termed 
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pHlameleon 5 according to its pKa value (Table 4), can be used as a very sensitive ratiometric 

pH biosensor at low pH values, for instance, to image intralysosomal changes. EYFP and 

EYFP-H148G both exhibit higher pKa values (6.9 and 7.9, respectively) than that of Venus. 

The ECFP-EYFP fusion construct, called pHlameleon 6, exhibits the pKa of 6.2 and is 

sensitive within the pH range of 5.0–7.5, which is highly physiologically relevant. To extend 

the pH-sensing range, the H148G mutation was introduced into pHlameleon 6. This change 

resulted in the expected shift of the pKa to 7.1 but also caused a further loss of energy transfer. 

In addition to ECFP, several improved cyan fluorescent proteins such as mCerulean3 

[114], mTurquoise2 [115], and Aquamarine [116] were recently developed. These proteins 

exhibit a higher fluorescence quantum yield, high photostability, longer mono-exponential 

lifetime and faster maturation. These new CFPs are spectrally identical to ECFP and can 

therefore be used as a substitute for ECFP in FRET constructs [117]. To further reduce the pH 

sensitivity of the donor, Betolngar et al. [118] replaced ECFP with Aquamarine in a CFP-YFP 

tandem fusion and quantified the pH-dependent FRET efficiencies in cyan-yellow FRET pairs 

and in a biosensor of cAMP-dependent kinase activity. Combining live cell fluorescence 

lifetime imaging microscopy and the well-known methods of manipulation of the intracellular 

pH, the authors revealed the complex impact of pH on the FLIM and ratiometric signals of 

FRET biosensors carrying CFPs and YFPs in living cells. 

 

4. Hybrid pH sensors 

Up to this section, the discussion concerned only pH sensors composed of GFP-like 

proteins. However, these probes share several drawbacks, such as the comparatively low 

photostability and the extended protein folding and chromophore formation phases, which 

result in a time lag in the observed fluorescence signal of the reporter. Tandemly fused FPs 

quite often show different maturation or chromophore formation times [119] and exhibit 

differential photobleaching over time, which may preclude their use for extended pH imaging. 

Moreover, redshifted FP-based pH sensors are markedly inferior to superecliptic pHluorin with 

their significantly reduced pH sensitivity, low brightness and nonoptimal pKa values. To 

circumvent these limitations, hybrid sensors were developed [120] that combined the 

capabilities of non-GFP fluorophores with the advantages of genetically encoded tags. 

To overcome the problems of redshifted FP-based pH sensors, Martineau et al. [121] 

developed “semisynthetic” pH-sensitive protein conjugates with organic redshifted 

fluorophores, carbofluorescein (CFl) [122] and Virginia Orange (VO) [123], which show pH 

sensitivities similar to that of superecliptic pHluorin (Fig. 5A). Compared with fluorescein, CFl 

and VO are redshifted with λex/λem = 544 nm/567 nm and 555 nm/581 nm, respectively. CFl 
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and VO display pKa values of 7.5 and 6.7 and a Hill coefficient of 1.6 and 1.5, respectively. 

CFl exhibits a photobleaching rate similar to that of fluorescein, whereas VO is two to three 

times more photostable. These fluorophores were used as probes for exo- and endocytosis in 

two ways. First, benzylguanine derivatives of fluorophores were synthesized and specifically 

attached to the genetically encoded self-labeling SNAP tag [124] (Table 5). In the second way, 

a monoclonal antibody targeted to the extracellular epitope of a vesicular protein, 

synaptotagmin 1, was labeled with VO, which allowed imaging of synaptic vesicle fusion 

events in living cells [121]. 

In another approach, Dennis et al. [125] constructed a ratiometric pH sensor comprising a 

bright and photostable semiconductor quantum dot (QD) as a FRET donor and fluorescent 

proteins, mOrange or its variant mOrange M163K, as pH-sensitive acceptors (Table 5). QDs 

are known to be excellent FRET donors due to their exceptional brightness, high quantum 

yields, photostability, capacity to bind multiple acceptor molecules, and narrow and tunable 

emission spectra [126]. The constructed FRET pairs composed of GFP-like FPs and QDs 

exhibit high energy transfer efficiencies, enabling ratiometric measurements with high 

sensitivity. Due to the pH-dependent molar extinction coefficients of mOrange and mOrange 

M163K, the excitation and emission spectra of both FPs vary upon pH changes. According to 

the pKa values of 6.9 and 7.9 for mOrange and mOrange M163K, respectively, these FPs may 

be considered optimal acceptors for sensitive detection in or near the physiological pH range. 

Both proteins were conjugated to QDs via standard carbodiimide chemistry, and the 

absorbance spectra indicated an average of 15.7 and 16.5 proteins conjugated to a single QD 

for mOrange and mOrange M163K, respectively. To demonstrate the applicability of the QD-

mOrange probe for live cell pH imaging, the construct was modified with a polyarginine 

sequence at the C-terminus for cellular delivery and to facilitate the endosomal uptake of QD-

FP [127]. 

Recently, an alternative family of fluorescent proteins that bind flavin mononucleotide 

(FMN) as a chromophore has been developed [128]. In contrast to GFP-like proteins, which 

show a decreased fluorescence signal intensity upon oxygen deficiency, FMN-binding 

fluorescent proteins (FbFPs) demonstrate bright cyan-green fluorescence under both aerobic 

and anaerobic conditions. Rupprecht et al. [129] used the FMN-binding fluorescent protein 

EcFbFP for a donor domain and EYFP variants as acceptors to develop tandemly fused, 

genetically encoded FRET-based pH biosensors (FluBpH) (Fig. 5B). In contrast to many FPs 

of the GFP family, EcFbFP exhibits a remarkable tolerance for acidic pH (pKa ~ 3.2). Three 

EYFP variants with pKa values of 5.7, 6.1 and 7.5 were used in the constructs as pH-sensing 

domains (Table 5). The corresponding biosensors FluBpH 5.7, FluBpH 6.1 and FluBpH 7.5 
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were calibrated in vitro and in vivo to accurately evaluate their pH-sensing properties. The 

applicability of FluBpH for ratiometric live cell pH measurements was demonstrated by 

monitoring pH changes in living E. coli cells during acidic stress [129]. 

Many organelles in the endocytic pathway are smaller than 250 nm in size, which is 

below the diffraction limit of conventional light microscopy. Recent advances in super-

resolution fluorescence microscopy (nanoscopy) enabled imaging of cells at a subdiffraction 

resolution of 50 nm or even better [130]. To monitor the acidification of individual vesicles 

during endocytosis, cargo sorting and degradation, Richardson et al. [131] developed a family 

of ratiometric endosomal pH sensors (SRpHi) specifically designed for the use in live cell 

STED nanoscopy. In this design, fluorescent proteins (EYFP, EGFP, superecliptic pHluorin) 

with reversible, acid-sensitive fluorescence quenching were fused to the 10 amino acid cell-

penetrating Tat-peptide from HIV-1 (GRKKRRQRRR). The TAT-fused fluorescent proteins 

were further labeled with the Abberior STAR400, STAR410, or STAR512 dyes. The four 

resulting pH-sensing probes showed pKa values in the interval of 5.9–7.1, which allowed 

measurements in the pH range of 4.5–7.5. The SRpHi probes enabled subdiffraction live cell 

imaging of pH changes within endosomes and their associated structures. Importantly, uptake 

of the SRpHi probes did not appear to affect normal endosomal trafficking or have any other 

adverse effects on the live cells [131]. 

The shortcoming inherent to all fluorescent pH sensors is associated with the 

fluorescence excitation, which is accompanied by photobleaching, the high background of 

cell/tissue autofluorescence, and the poor penetration of excitation light into tissues. Therefore, 

pH sensors with no need for excitation light would be advantageous especially for whole-body 

experiments. To circumvent these limitations, Zhang et al. [132, 133] used bioluminescence 

resonance energy transfer (BRET) instead of FRET. By fusing a bright mutant of Renilla 

luciferase, RLuc8 [134], as the donor to a circularly permuted Venus FP [135] acceptor (Fig. 

5C), the authors developed a tandem protein, called pHlash (Table 5), that showed a dramatic 

pH-dependent change in its emission spectrum. When the pH increased, the BRET ratio (the 

525 nm/475 nm emission ratio) of the tandem protein also increased. Importantly, neither 

CaCl2, MgCl2, NaCl, nor KCl had a significant effect on the spectral response of pHlash to pH 

changes. The applicability of the probe was demonstrated in yeast and HeLa cells [132]. 

One of the drawbacks of FP-based pH sensors is their ubiquitous labeling of the total 

population of the expressed target protein. However, upon endocytosis, it is difficult to 

discriminate newly internalized pH-sensitive FP-tagged receptors from the resident 

intracellular pool of FP-tagged receptors. In addition, the latter receptors contribute to the 

background signal from incompletely quenched FPs or previously internalized proteins in 
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various cellular compartments. To address this issue, Perkins et al. [136] engineered a family 

of excitation ratiometric, cell surface protein-labeling pH sensor complexes (TRApHIC), 

which consist of a pH-sensitive Cy3 donor bound to a pH-insensitive fluorogenic malachite 

green acceptor. Upon binding of the complex to a fluorogen-activating protein (FAP) comprising 

single chain antibodies isolated from a yeast cell surface display library, the otherwise dark 

fluorogenic malachite green dye is activated and displays a thousand-fold fluorescence 

enhancement [137, 138]. When bound to the FAP, the complex exhibits dual fluorescence 

excitation with far-red emission and an excitation ratio dependent on the pH of the medium due to 

the variable FRET efficiency. The established family of pH-sensitive Cy3 analogues covers a 

range of pKa values, allowing measurements of extracellular pH changes or changes in the 

endocytic/recycling pathway. Since genetically encoded FAPs are small, it is possible to fuse FAPs 

to any protein of interest for live cell imaging. Using FAP-tagged β2-adrenergic receptor (B2AR) 

and cell membrane-impermeable TRApHIC, quantitative profiling of receptor endocytosis and 

recycling at the single-vesicle level proved to be feasible, revealing the differences among various 

B2AR agonists [136]. 

 
5. Genetically encoded pH sensors and multiparameter imaging 

With the advent of genetically encoded fluorescence reporters, the research community 

gained a noninvasive toolbox enabling targeting of the probe to certain cell types and specific 

intra/extracellular locations or subcellular compartments and allowing experiments at the 

single live cell or the whole organism level. The discovery of the entire color palette of GFP-

like proteins allowed multicolor experiments using a combination of two or more fluorescent 

probes with different colors. A live cell is a complex biological system, and its proper 

functioning is highly dependent on intermolecular communication and the coordinated action 

of diverse molecular constituents. Hence, the development of synchronized probes that 

simultaneously report on multiple cellular processes allows the spatiotemporal correlation of 

different activities at the single cell level. The application of two or more fluorophores with 

different spectral properties or a combination of various FRET pairs is a prerequisite for these 

so-called multiparameter experiments [27, 139]. 

As already stated above, the use of YFPs as pH reporters is hampered by the fact that the 

fluorescence of the protein is also dependent on the halide concentrations. The dual sensitivity 

to Cl- and H+ complicates interpretation of the experiments where both ion concentrations 

simultaneously change. To overcome these drawbacks, Arosio et al. [140] developed a non-

FRET-based sensor, ClopHensor, which simultaneously reports changes in both intracellular 

Cl− and H+ concentrations. A highly specific anion-binding site was engineered in EGFP by the 

T203Y substitution (E2GFP) [141]. Ratiometric ClopHensor was developed by the fusion of 
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E2GFP to the pH- and Cl−-insensitive DsRed monomer. ClopHensor operates upon excitation 

at three wavelengths: a 488-nm pH-dependent E2GFP signal, a 458-nm pH-independent E2GFP 

signal, and a 543-nm Cl−- and pH-independent DsRed signal. Upon Cl− binding to E2GFP, a 

population of nonfluorescent protein is generated with no changes in the ratio between neutral 

and anionic E2GFP excitation signals [71]. Therefore, ClopHensor allows independent 

ratiometric measurements of pH using the green-to-cyan ratio, which is not affected by Cl− 

concentrations. At the same time, ratiometric measurements of Cl− concentrations require pH-

dependent calibration curves and occur via the cyan-to-red ratio [140]. The construct exhibits 

pKa = 6.8 for H+ and a Kd in the 40–50 mM range for Cl− at physiological pH [142]. To target 

the probe to the intracellular large dense-core vesicles (LDCVs), the dominant secretory 

organelles in neuroendocrine cells, ClopHensor was fused to the N-terminal signal sequence of 

neuropeptide Y. ClopHensor allowed measurement of the average LDCV pHi, 5.2 ± 0.4. 

Simultaneously, a high LDCV chloride concentration that varied in the range of 110 mM (s.d., 

48 mM) was detected. This variability was tentatively attributed to dynamic changes in the 

chloride concentration during the exocytosis process [140]. 

The expression of ClopHensor in hippocampal pyramidal neurons often resulted in a 

highly heterogeneous expression pattern, with dense intracellular aggregates. This finding was 

associated with the DsRed susceptibility to aggregation, particularly within fusion proteins. To 

resolve this problem, Raimondo et al. [143] constructed a new genetically encoded ratiometric 

Cl− and pH sensor, ClopHensorN, which was optimized for the nervous system. The DsRed 

monomer in the original ClopHensor construct was replaced with either mCherry or tandem 

dimer tomato (tdTomato). Similar to ClopHensor, the E2GFP-mCherry fusion showed 

considerable intracellular aggregation. In contrast, the E2GFP-tdTomato fusion protein 

exhibited uniform expression of the sensor. The utility of ClopHensorN was demonstrated by 

measuring activity-dependent ion dynamics in hippocampal neurons [143]. 

A disadvantage of this approach is that ClopHensorN is an excitation reporter, which 

implies measurements of the laser excitation intensity and the corresponding corrections to 

account for independent fluctuations in the power of confocal laser lines. Moreover, pH affects 

the affinity of ClopHensorN for chloride anions, implying rather complex procedures to correct 

the Cl− ratios for concurrent pH fluctuations. Additionally, the ClopHensor probe requires 

sequential illumination with three wavelengths, which complicates the experimental setup. To 

simplify the setup requirements, Paredes et al. [144] designed LSSmClopHensor, an optimized 

version of the ClopHensor sensor. In the LSSmClopHensor construct, the DsRed monomer was 

substituted for LSSmKate2, a protein with a longer Stokes shift, which allows the use of two 

excitation wavelengths (458 and 488 nm) instead of three for the whole setup. Later, Sato et al. 
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[145] used LSSmClopHensor to develop a method for simultaneous two-photon in vivo 

imaging of [Cl−]i and pHi in individual cortical pyramidal neurons. Simultaneous 

measurements of [Cl−]i and pHi at the single cell level in the mouse cortex provided direct 

experimental evidence for the postnatal developmental decrease in intraneuronal Cl− 

concentrations and the role of the K+-Cl− cotransporter KCC2 in this process. A dynamic two-

photon excitation protocol for simultaneous determination of pHi and [Cl−]i changes in vivo 

has been provided [145]. 

The fluorescence of some of GFP-like proteins can be controlled by light of a specific 

wavelength. This property enables labeling of individual cells, organelles, or proteins and, once 

the label is activated by light, imaging the movements of the labeled objects is attainable with 

high spatiotemporal resolution. A highly promising application of these photocontrollable 

proteins is super-resolution fluorescence microscopy [130]. A photoconvertible FP from 

Dendronephthya sp. (Dend FP) [146] irreversibly changes its emission color from green (506 

nm) to red (578 nm) upon illumination with UV or blue light [44]. It was shown that Dend FP 

manifests a pronounced pH sensitivity and that upon acidification, the photoconverted red form 

of Dend FP changes its emission color back to green (рKа = 6.24 ± 0.03) [147]. This change in 

turn provides another opportunity for using Dend FP as a tracking dye and a pH sensor 

simultaneously. This dual-purpose probe would be very promising for tracking the movements 

and pH of individual vesicles during endocytosis, cargo sorting and degradation. However, 

protein oligomerization is a feature that imposes limitations on the use of Dend FP in live cell 

experiments. Pakhomov et al. [148] used Dendra2, a monomeric version of Dend FP, as a 

ratiometric genetically encoded pH sensor. Due to protonation of the phenolic group, the red 

photoconverted form of Dendra2 reversibly turned green upon acidification with a pKa of 

approximately 7.5. A significant drawback of Dendra2 is the incomplete photoconversion of 

the protein, resulting in residual green fluorescence that interferes with the green signal of the 

photoconverted form. To overcome this deficiency, pH imaging was carried out with 360 nm 

excitation light, as at this wavelength, the unconverted form is nonfluorescent. For live cell 

studies, two constructs were developed; the first encoded the cytoplasmically localized 

Dendra2 (cytoDenra2) and the second encoding mitochondria-targeted Dendra2 

(mitoDendra2). The cytoplasmic pH in HEK 293 and CHO cells was measured to be 7.40 ± 

0.05 for both cell lines, whereas the mitochondrial pH was 8.00 ± 0.07 in HEK 293 cells and 

8.15 ± 0.05 in CHO cells. 

 
6. Conclusions and outlook 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

With the advent of genetically encoded fluorescent probes, we are used to looking at 

biochemical processes at the single cell level, without any noticeable interference of the regular 

activities of the live cell. Genetically encoded pH sensors have proven to be indispensable for 

selective targeting to certain cell types, specific intra/extracellular locations, or a particular 

subcellular compartment. Although a variety of genetically encoded pH sensors have been 

designed and applied at the single cell level, there is still much room for improvements in 

existing pH sensors and future developments of novel and powerful tools for pH imaging. 

Among the most pressing challenges in this area is the design and application of sensors for 

tissue or whole-animal experiments. When used in tissues or transgenic animals, the presently 

available pH sensors suffer from a low signal-to-noise ratio due to their low brightness. Most 

likely, future engineering of far-red/near-infrared genetically encoded pH sensors with high 

brightness will solve the problem. In this regard, applications of enzymatic self-labeling 

SNAP-tag, CLIP-tag, or HALO-tag technologies will potentially allow the use of bright 

redshifted semisynthetic pH sensors for deep-tissue imaging or whole-body experiments. 

Effective BRET-based pH sensors also hold great promise, since there is no need for the 

penetration of excitation light into deep tissues. Although several far-red/near-infrared FPs 

have become available in the past years, the cyan/yellow FP FRET pair is still the most 

frequently used sensor for pH imaging in live cells. The development of longer-wavelength 

FRET-based pH sensors will potentially allow their application in tissues or even in animals as 

efficiently as in cells. 

Another important challenge is the spatiotemporal correlation of pH changes with other 

cellular events by means of multiparameter imaging. To meet this goal, simultaneous 

visualization of different cellular activities should be realized by means of a wide range of 

spectrally distinct single fluorophores or multiple FRET pairs [149]. However, due to the 

considerable size of most genetically encoded fluorescent sensors, there is a possibility that 

fusion proteins would not function exactly like their native precursors. For addressing this 

issue, the development of small peptide tags, such as the tetracysteine tag [150], that 

specifically bind small-molecule synthetic fluorophores or the use of noncanonical fluorescent 

amino acids (ncAAs) [151, 152] modified with pH-sensitive fluorophores appears increasingly 

promising. 
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Table 1. GFP-based single protein nonratiometric pH indicators 
 

Fluorescent protein Absorbance/Excitation 

maximum, nm 

Emission 

maximum, nm 

Extinction 

coefficient, M 
-1 cm -1 

Quantum 

yield 

pKa Refs 

EGFP (GFP mutant 

F64L/S65T) 

390,490/490 510 5.5 x 10
4
 (488 

nm) 

0.6 6.0 [55] 

EYFP 
(S65G/S72A/T203Y/H231L) 

390,514/514 527 8.34 x 10
4
 (514 

nm) 
0.61 
 

7.1 [56] 

Ecliptic pHluorin (S147D, 
N149Q, T161I, S202F, 
Q204T, A206T) 

395,475 508 4.4 x 10
4
 (475 

nm) 
0.08 7.2 [57] 

Superecliptic pHluorin 

(S147D, N149Q, T161I, 
S202F, Q204T, A206T, 
F64L, S65T) 

495 512 nd
a
 nd 7.11 [58] 

a –not determined 

 

Table 2. Ratiometric single protein GFP-based pH indicators 
 

Fluorescent protein Type Excitation 
maximum 1, 
nm 

Excitation 
maximum 2, 
nm 

Emission 
maximum 1, 
nm 

Emission 
maximum 2, 
nm 

pKa Refs 

Ratiometric pHluorin (GFP 

mutant S202H, E132D, 
S147E, N149L, N164I, 
K166Q, I167V, R168H, 
L220F) 

Dual excitation 395 475 508  6.9 [57] 

E
2
GFP (GFP mutant F64L, 

S65T, T203Y, L231H) 

Dual excitation 

Dual emission 

408 473 508 523 7.0 [71] 

deGFP1 (GFP mutant 
S65T/H148G/T203C)  

Dual emission ∼400  ∼508  ∼460 ∼515 8.0 [72] 

deGFP4 (GFP mutant 
S65T/C48S/H148C/T203C) 

Dual emission ∼400  ∼508  ∼460 ∼515 7.3 [72] 

SypHer3s (HyPer mutant 
C199S, Y145F, D129G, 

Q197L) 

Dual excitation 410 495 525       -  7.8 [82] 

 

Table 3. Redshifted single protein pH indicators 

 
Fluorescent protein Type Absorbance/Excitation 

maximum, nm 

Emission 

maximum, 
nm 

Extinction 

coefficient, 
M -1 cm -1 

Quantum 

yield 

pKa Refs 

mNectarine (mRFP1 

mutant 
Q66C/T147S/Q213L) 

Intensiometric 558 578 5.8 x 10
4 

(pH 

8.0) 

0.45 6.9 [90] 

pHTomato 
(mStrawberry mutant 
F41T, F83L, S182K, 

I194K, V195T and 
G196D) 

Intensiometric 550 580 7.05 x 10
4
 0.68 7.8 [91] 

mOrange Intensiometric 548 562 7.1 x 10
4
 0.69 7.5 [92] 

mOrange2 Intensiometric 549 565 5.8 x 10
4
 0.60 6.5 [92] 

pHuji (mApple 
mutant K163Y) 

Intensiometric 566 598 3.1 x 10
4
  0.22 7.7 [95] 

pHRed (mKeima 
mutant A213S) 

Ratiometric, 
dual excitation 

440, 585 610 1.65 x 10
4
 
a
 0.11 

a
 7.8 [96] 

a – determined at 440 nm, pH 7.0 

 

Table 4. Ratiometric dual protein pH indicators 
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Name 

(Fluorophore 
1, reference 
or donor FP) 

Fluorophore 2 

(pH sensitive or 
acceptor FP) 

Type Excitation 

maximum 1, 
nm 

Excitation 

maximum 2, 
nm 

Emission 

maximum 1, 
nm 

Emission 

maximum 2, 
nm 

pKa Refs 

GFpH 
(GFPuv)  

EGFP Dual 
excitation 

380 480 509 511 6.1 [98] 

Rosella 
(DsRed.T3, 

reference) 
 

Superecliptic 
pHluorin 

Dual 
emission 

 488 587 508 7.11 [99] 

mCherry, 
reference 

Superecliptic 
pHluorin 

Dual 
emission 

 488 583 508 7.2 [100] 

pHusion 
(mRFP1, 

reference) 

EGFP Dual 
emission 

 488 607 510 5.8 [102] 

YFpH, 
GFPuv 
(FRET 
donor) 

EYFP 
(FRET acceptor) 

Dual 
excitation, 
dual 
emission 

FRET-
based 

380 480 509 527 6.8 [98] 

pHlameleon 
5, Cy11.5 
(ECFP, 

FRET 
donor) 

YFP Venus 
(FRET acceptor) 

FRET-
based 

458  474 528 4.8 [112] 

pHlameleon 
6 (ECFP, 
FRET 

donor) 

EYFP (FRET 
acceptor) 

FRET-
based 

458  474 528 6.2 [112] 

pHlameleon 
7 
(ECFP, 
FRET 

donor) 

YFP H148G 
(FRET acceptor) 

FRET-
based 

458  474 528 7.1 [112] 

 

Table 5. Hybrid pH sensors 

 
Name 
Fluorophore 1 

 
Fluorophore 2 

Type Excitation 
maximum 
1, nm 

Excitation 
maximum 2, 
nm 

Emission 
maximum 1, 
nm 

Emission 
maximum 2, 
nm 

pKa Refs 

Semisynthetic 
Carbofluorescein 
–SNAP-tag 
conjugate 

 Intensiometric 544  567  7.5 [121] 

Semisynthetic 

Virginia orange 
–SNAP-tag 
conjugate 

 Intensiometric 555  581  6.7 [121] 

Quantum dot- 
mOrange 

conjugate 
(Quantum dot, 
FRET donor) 

mOrange 
(FRET 

acceptor) 

FRET-based   520 560 6.9 [125] 

Quantum dot- 
mOrange 

M163K 
conjugate 
(Quantum dot, 
FRET donor) 

mOrange 
M163K 

(FRET 
acceptor) 

FRET-based 400  520 560 7.9 [125] 

FluBpH, FMN-

binding protein – 
EYFP tandems  
(FMN-binding 
protein, FRET 

donor) 

EYFP variants 

(FRET 
acceptor) 
Citrine 
EYFP-L68V 

EYFP-H148G 

FRET-based 380  495 527  

 
5.7 
6.1 
7.5 

[129] 

pHlash, Renilla 
luciferase RLuc8 
- circularly 
permuted Venus 

FP tandem 
(RLuc8 BRET 
donor) 

cpVenus FP 
(BRET 
acceptor) 

BRET-based -  -  525 475 nd [132, 
133] 
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Figure legends 

 

Figure 1. Representative chromophore structures of GFP-like proteins. The conjugated 

π-electron system responsible for the optical properties of the corresponding protein is shaded 

in color. 

 

Figure 2. Chromophore protonation states and optical properties of GFP-like proteins. A. 

The protonation equilibrium of the chromophore of wt avGFP. B. The ground state absorption 

(blue) and emission (green) spectra of wt avGFP. C. Excited state proton transfer (ESPT) in 

avGFP. The half-round arrow indicates the proton transfer pathway upon absorption of 405 nm 

light. 

 

Figure 3. Schematic representation of the main types of genetically encoded fluorescent 

pH indicators. A. Nonratiometric FP-based pH indicator. This kind of pH indicators changes 

intensity at a given excitation or emission wavelength in response to pH variations. B. 

Ratiometric single-protein pH indicator. With ratiometric indicators, the fluorescence intensity 

ratios (excitation or emission) at two different wavelengths are measured (dual excitation 

indicator is shown). C. Ratiometric dual-FP-based pH indicator. This kind of indicators 

consists of a fusion of two proteins, one of which is a nonratiometric intensity-based pH-

sensitive FP (green) and the other one is a pH-insensitive protein used as a reference (red). D. 

Dual protein FRET-based pH indicator. FRET efficiency between two FPs changes when pH 

alters. 

 

Figure 4. Dual color imaging of synaptic connection with genetically encoded sensors, 

pH-sensor sypHTomato (red) and Ca2+ sensor GCaMP3 (green). A. Image of a pair of 

connected neurons where pre- and postsynaptic neurons expressed sypHTomato (red) and 

GCaMP3 (green). Regions 1–6 show putative synapses. Scale bar, 10 μm. B. Enlarged views 

of regions 2, 5 and 6 illustrating morphology and close proximity between presynaptic boutons 

(red) and postsynaptic spines (green). Intensity distributions along scan lines (dotted) plotted 

below. Scale bars, 1 μm. Adapted with permission from ref. [90] © (2012) Springer Nature. 

 

Figure 5. Hybrid pH sensors. A. Genetically encoded SNAP tag specifically self-labelled 

with the pH-sensitive benzylguanine derivative of carbofluorescein. B. FRET-based pH sensor 

composed of tandemly fused FMN-binding fluorescent protein and EYFP variants. C. BRET-
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based pH sensor composed of Renilla luciferase, RLuc8 (BRET donor), and circularly 

permuted Venus FP (BRET acceptor). 
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Highlights 

 Fluorescent protein (FP)-based pH indicators, advantages and shortcomings 

 Redshifted FP-based pH indicators overcome cellular autofluorescence 

 FRET-based pH indicators as ratiometric pH-sensing probes 

 Hybrid pH sensors combine capabilities of non-GFP fluorophores with advantages of 

genetically encoded tags 
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