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Abstract 
Fluorescent protein-based pH biosensors enable the tracking of pH changes during protein 

trafficking and in particular exocytosis. The recent development of chemogenetic reporters 

combining synthetic fluorophores with self-labeling protein tags offers a versatile alternative 

to fluorescent proteins that combines the diversity of chemical probes and indicators with the 

selectivity of the genetic-encoding. However this hybrid protein labeling strategy does not 

avoid common drawbacks of organic fluorophores such as the risk of off-target signal due to 

unbound molecules. Here, we describe a novel fluorogenic and chemogenetic pH sensor 

based on a cell-permeable molecular pH indicator called pHluo-Halo-1 whose fluorescence 

can be locally activated in cells by reaction with HaloTag ensuring excellent signal selectivity 

in wash-free imaging experiments. pHluo-Halo-1 was selected out of a series of four 

fluorogenic molecular rotor structures based on protein chromophore analogs. It displays a 

good pH sensitivity with a pKa of 6.3 well-suited to monitor pH variations during exocytosis 

and an excellent labeling selectivity in cells. It was applied to follow the secretion of CD63-

HaloTag fusion proteins using TIRF microscopy. We anticipate that this strategy based on the 

combination of a tunable and chemically-accessible fluorogenic probe with a well-established 

protein tag will open new possibilities for the development of versatile alternatives to 

fluorescent proteins for elucidating the dynamics and regulatory mechanisms of proteins in 

living cells. 
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Exocytosis is a process by which cells release biomolecules (e.g. proteins, neurotransmitters) 

into the surrounding environment via the fusion of the secretory vesicles to the plasma 

membrane of cells. It is involved in various critical cellular events such as cell communication, 

hormone regulation or immune defense.1 Therefore, precise understanding of exocytosis 

events is crucial to improve knowledge about physiopathological pathways in various organs 

including the central nervous system. Over the past decades, significant efforts have been 

carried out to understand molecular dynamics of exocytosis using fluorescence microscopy 

techniques.2–4 In particular, the exocytosis process is associated with varying pH conditions, 

from typically acidified secretory vesicles (pH ≈ 5.5) to neutral compartments and extracellular 

environment (pH ≈ 7.4) and can be visualized by pH-sensitive fluorescent probes such as the 

superecliptic pHluorin (SEP) derived from the green fluorescent protein.5 The emission of this 

pH-sensitive fluorescent protein (FP) is activated when going from acidic to basic pH with 

properties well-suited for monitoring exocytosis: a pKa value of 7.2, cooperative protonation 

and low background fluorescence at pH 5.5.6 In order to limit the interference of 

autofluorescence and enable multiplexing, a palette of pH sensitive FPs has been developed 

in particular in the red emission range with the examples of pHuji7, pHTomato8, pHoran47 or 

pHmScarlet9. None of them however matches the pH sensitivity of SEP and the engineering of 

pH-sensitive FPs with tuned spectral properties, correct dynamic range and high photostability 

remains complex.10 An emerging alternative to FP-based biosensors are chemogenetic (also 

called semisynthetic or chemigenetic) biosensors that combine a genetically-encoded self-

labeling protein (SLP) tag such as SNAP-tag or HaloTag with an organic fluorophore.11–13 The 

latter can be a simple dye for visualizing the target protein or a chemical indicator able to 

sense its environment. This approach benefits from the unparalleled selectivity of the genetic 

encoding of recombinant proteins and from the versatility of fluorescent probes development 

to enable diverse applications. While protein engineering relies on repeated cycles of 

evolution to reach the desired properties, organic chemistry benefits from a long history of 

fluorophore development to support the rational design of adequate chemical indicators that 

can then be coupled to SLP tags.14,15 A wide palette of dyes or indicators can thus be used 

allowing multiple applications with a single fusion between a protein of interest (P.O.I.) and a 

SLP-tag.16,17 For instance, a chemogenetic fluorescent pH sensor based on the combination of 

a pH-sensitive carbofluorescein derivative with SNAP-tag was recently reported.18 With a pKa 

value of 7.3, it enabled the monitoring of exocytosis and endocytosis. Fluorescent pH 

indicators based on fluorescein, carbofluorescein or rhodamine derivatives were also 

combined with HaloTag, to visualize cellular pH and study protein trafficking.19–21 However, in 

these strategies, the pH indicator is fluorescent regardless of whether it is linked or not to the 

target protein, which requires washing steps to remove the excess of probe and avoid off-

target signal. In order to match the selectivity of fluorescent protein biosensors, an ideal 

hybrid sensor should be based on a chemical indicator that is only fluorescent when bound to 

its target SLP tag. Fluorogenic dyes whose emission is activated by the reaction with a SLP-tag 

have been widely developed for labeling proteins with high selectivity11,12,22–24 but there are 

very few examples of hybrid sensors that combine fluorogenic activation with the ability to 



detect a biological analyte. For instance, locally-activated sensors for calcium or glutathione 

(GSH) based on fluorogenic rhodamines and HaloTag have recently been reported.25,26 For 

most fluorogenic sensors, the selectivity of the signal is ensured by the local activation of the 

fluorescence upon binding to the target protein but the bound and unbound forms of the 

sensor are equally able to bind to the cognate analyte (Figure 1B). It is worth noting that for 

the GSH sensor, the reaction with HaloTag activates both the fluorescence and the ability of 

the probe to react with GSH that then quenches the emission. Regarding pH sensors, Xu and 

colleagues reported a derivative of naphthalimide fluorophore (BG-NDM) activated by 

reaction with SNAP-tag to monitor intracellular pH.27 BG-NDM has a pKa of 8.0 and a reverse 

pH sensitivity that makes it poorly suited to visualize protein exocytosis. The Bruchez group 

developed a hybrid sensor based on the energy transfer (FRET) between malachite green and 

a pH-sensitive cyanine.28,29 Selectivity is achieved through the fluorogenic activation of 

malachite green by genetically-encoded fluorogen-activating proteins (FAPs). However, this 

dual-probe design exploits almost the entire visible spectrum, excluding multiplexed imaging, 

and is not cell permeant, restricting its application to the targeting of membrane proteins. 

Therefore, there is still no small cell-permeant molecular pH probe that can be activated 

locally with high selectivity to visualize protein trafficking and exocytosis in live cells in wash-

free conditions.  

In this article, based on a recent preprint, we report the development of pH probes with a 

fluorescence that can be dually controlled by pH and reaction with HaloTag to monitor protein 

exocytosis.30 Due to this dual control of the fluorescence, we refer to them as dual-input 

probes. We synthesized a series of fluorogenic HaloTag ligands (fluorogens) with close 

structural similarity to the GFP or Red Kaede protein chromophore. Their pH-sensitive 

emission is selectively activated by reaction with HaloTag, due to the viscosity-sensitive 

character of the molecular rotor structures. Among the series, yellow-emitting probe pHluo-

Halo-1 displays high fluorescence turn-on upon rapid reaction with HaloTag, good sensitivity 

to pH and a suitable pKa to be used in exocytosis imaging. It also showed excellent selectivity 

with negligible non-specific signal in confocal imaging of HaloTag-expressing HeLa cells. This 

is, to the best of our knowledge, the first report of a dual-input pH probe locally-activated by 

reaction with HaloTag and we successfully applied the resulting chemogenetic pH sensor to 

follow the transport and secretion of the exosomal protein CD63 by TIRF microscopy.  

Experimental section 
Synthetic procedures. Detailed synthetic procedures and analysis are available in the 

supplementary information. 

Measurement of pH-dependent photophysical properties. Measurement were performed in 

Tris buffers (Tris 0.05 M, Mes 0.025 M, NaCl 0.1 M) with varying pH adjusted using 1 M NaOH 

and 1 M HCl solutions. Fluorimetric pH titrations were performed using 1 µM solutions of 

probes containing either 40 % w/v of glycerol or 1.5 equivalents of HaloTag (30 minutes 



incubation time). To calculate the pKa, the integrated fluorescence was plotted against the pH 

and the data fitted using a Hill model in Origin2019 software. 

Kinetics study of the reaction with HaloTag. The reaction with HaloTag was studied according 

to a previously reported protocol with a 20-fold excess of protein to assume a pseudo-first 

order kinetics law.31 The fluorescence of a 100 nM solution of pHluo-Halo probe was measured 

to give the reference point (F0) and then 2 µM of HaloTag protein was added and the 

fluorescence intensity was recorded over time with a 10 s step. Excitation and emission 

wavelengths were set at the maximum absorption and emission wavelength for each probe. 

Each experiment was performed in duplicate.  

Plasmid construction. The HaloTag cDNA was amplified by PCR and cloned into the CD63-

pHluorin plasmid (CD63-pHluorin in pCMV-SPORT6 - Addgene ID#130901) after removing 

pHluorin with BglII enzymatic restriction. The oligonucleotides used for HaloTag amplification 

and cloning (Eurofins) were designed using NEBuilder Assembly Tool. PCR reactions were 

performed using Q5 polymerase (New England Biolabs), and PCR products were purified using 

QIAquick PCR purification kit (Qiagen). Assembly reaction was performed using NEBuilder kit 

(HiFi DNA Assembly, New England Biolabs). Ligation products were transformed in C2987H 

cells (New England BioLabs). Plasmid constructs were first selected by restriction mapping and 

validated by SANGER sequencing (GATC) with appropriate sequencing primers (Eurofins). 

HaloTag-NLS was previously reported.32 CD63-SEP and CD63-pHuji were obtained from 

Addgene (ID#130901 and #130902). 

Cell culture and transfections. HeLa cells were obtained from the ATCC (CCL-2) and grown in 

DMEM containing 4 mM L-glutamine, supplemented with 10% fetal bovine serum, and 5% 

penicillin/streptomycin, at 37 °C in 5 % CO2.  

For confocal microscopy experiments, HeLa cells were grown for 24 h on 8-well polymer 

µslides from Ibidi (#1.5 polymer coverslip, tissue culture treated) at 40 k cells/well in 300 µL 

of DMEM (Corning) supplemented with 10 % fetal calf serum. Cells were washed twice with 

PBS and then transfected with the desired plasmid using Fugene 6 (Promega Corp.) according 

to the manufacturer’s protocol. Cells were imaged 24 h after transfection.  

For TIRF experiments, HeLa cells were plated onto 18-mm round poly-L-lysine-coated glass 

cover-slips and transfected ~24–48h later with 1 µg CD63-HaloTag and CD63-SEP using a mix 

of Lipofectamine 2000 (Invitrogen, ThermoFisher) and OptiMEM 1X Reduced Serum Medium 

(Gibco) following the manufacturer’s protocol. Cells were imaged 24 h after transfection.  

Western blotting. Cells were harvested in Lysis Buffer (150 mM sodium chloride, 20 mM Tris 

pH 7.5, 0.5 % Nonidet P-40 in PBS 1X for 30 min on ice. Cell debris was pelleted by centrifuging 

the lysate at 16 000 g for 20 min at 4°C. Samples were stored at -70°C until processing for 

Western blot. Protein samples (16 µl) were prepared with NuPage LDS sample buffer 

(Invitrogen, NP0008) and DTT 1 M 10%. Samples were loaded and separated by Bis-Tris sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (4-12% gels) and transferred onto 

nitrocellulose membranes (LC2000, ThermoFisher). Transfer efficacy was controlled by 



Ponceau staining. Unspecific binding sites were blocked with phosphate-buffered saline 

containing 5 % nonfat milk and 0.1 % Tween-20, and membranes were immunoprobed with 

primary antibodies (o/n at 4ºC). Membranes were incubated with IRDye-labeled secondary 

antibodies in phosphate buffer containing 5% nonfat milk and scanned using BioRad Imaging 

System.  

Primary antibodies for Western blot were mouse anti-HaloTag (1/500, G921A, Promega), 

rabbit anti-GFP (1/1000, A11122, ThermoFisher), mouse 𝛽-actin (1/1000, 05-661, Millipore). 

Secondary antibodies for Western-blot were donkey anti-mouse 680 nm and donkey anti-

rabbit 800 nm (IRDye 680DX and IRDye 800CW; 1/5000; LI-COR Biosciences). 

Confocal microscopy. Twenty-four hours after transfection, the cells were washed twice with 

PBS and the medium replaced with 150 µL of FluoroBrite (Gibco) in each well. 150 µL of pHluo-

Halo probe solution (1 µM) in FluoroBrite was then added to reach a homogeneous 

concentration of 0.5 µM. After 15 minutes of incubation the cells were directly imaged live on 

a Zeiss LSM710 laser scanning confocal microscope with a 488 nm excitation wavelength and 

a Plan apochromat 40x 1.4 NA oil immersion objective. 

TIRF microscopy. Twenty-four hours after transfection, HeLa cells were incubated with 1 µM 

of pHluo-Halo-1 for 5 min and directly imaged on an inverted microscope (Axio Observer 7, 

Zeiss) equipped with a TIRF module and a top stage imaging chamber (Tokai Hit STX-CO2) 

ensuring a constant temperature at 37°C. All imaging experiments were carried out with a 63x 

1.4 NA oil objective (Zeiss) with a TIRF angle set for 300-400 nm penetration depth. Images 

were acquired with Zen Black (SP2.3, Zeiss) onto a PCO.edge sCMOS camera (Excelitas 

Technologies) at a frame rate of 5 Hz for 1 to 2 minutes. An additional optovar 1.6x was added 

on the optical path to reach a pixel size of 64 nm. Excitation was carried out using an air-cooled 

488 nm laser at 10 % power and a diode pumped solid state 561 nm laser lines. Collection of 

emission light was done using a BP 495-575 + LP 750 (resp. LBF 488/561) filter for single (resp. 

dual) color imaging. Fluorescent time series were saved as czi files. Image analysis was 

performed using Image-J with the plugin Exo-J.33 

Analysis of TIRF images using the ExoJ plugin in imageJ. After a few rounds of optimization, 

we set the detection threshold values kwavelet to 2.0 for both fusion events reported by CD63-

SEP and CD63-HaloTag. We set minimal (resp. maximal) vesicle radius to 2 pixels (resp. 4 

pixels) ensuring the detection of the majority of exocytic events. We imposed a minimal signal 

duration of two frames. We completed the detection of candidate events with additional 

frames corresponding to 1.6 s before and after the maximal peak fluorescence at t0 (expanding 

frames). We limited the temporal window to 0.6 s (resp. 2-3 s) before (resp. after) the maximal 

peak. The fluorescence profiles were fitted with a minimal number of 5 points and a minimal 

goodness-of-fit R2 of 0.75 were set as the fitting threshold. We only selected events that 

corresponded to a duration between 0.2 and 10 s. In details, we reported the number of 

identified events n for each protein reporters as follows: CD63-SEP (ctrl), n = 60; CD63-SEP 

(histamine), n = 73; CD63-HaloTag + pHluo-Halo-1 (ctrl), n = 50; CD63-HaloTag + pHluo-Halo-

1 (histamine), n = 109. 



Statistics. PRISM (GraphPad software) was used for statistical calculations. Outliers were 

identified using the ROUT method with Q = 1% and excluded for further analysis. Cleaned data 

distribution was first tested for normality using Shapiro-Wilk test. Our data did not meet this 

assumption. Non-parametric Mann-Whitney test was then used to compare the effects of 

histamine stimulation on CD63-HaloTag with pHluo-Halo-1 exocytosis. Non-parametric 

Kruskal-Wallis test was used to compare the differential effect of histamine stimulation on 

CD63-HaloTag with pHluo-Halo-1 and on CD63-SEP. 

Results and discussion 
Design of fluorogenic pH probes. To image exocytosis, we aimed to develop chemogenetic pH 

sensors with similar sensing properties as the SuperEcliptic pHluorin (SEP) with a quenched 

fluorescence in acidic vesicles (pH 5.5) that instantaneously turns-on upon plasma membrane 

fusion (pH 7.4). To build our hybrid system we chose the well-established and efficient SLP-

tag HaloTag and thus sought to design fluorogenic and pH-sensitive small molecular HaloTag 

ligands. We have previously shown that viscosity-sensitive molecular rotors could be used as 

fluorogenic HaloTag probes and used as a platform to build a dual-input calcium 

sensor.31,32,34,35 We have adapted this approach to design a dual-input pH probe by exploring 

GFP-based chromophore structures that already possess pH-sensitive properties due to their 

phenol group and are based on a flexible molecular rotor structure that should also be 

activated by reaction with HaloTag (Figure 1A&B). The pKa of the isolated GFP chromophore 

is too high for the biological pH range and we synthesized HaloTag-targeted GFP analogs with 

tuned emission and pKa. We first replaced the imidazolone cycle of the GFP chromophore by 

a rhodanine heterocycle that red-shifts the emission and proved more efficient in previously 

reported fluorogenic protein probes (Figure 1A).32,36 To lower the pKa to a biologically relevant 

range, we tested two distinct strategies by introducing an amide group (pHluo-Halo-1&3) or 

a fluorine atom (pHluo-Halo-2) in ortho position of the phenol. The use of a fluorine atom is a 

common strategy and lowers the pKa by a strong electron-withdrawing inductive effect.37 In a 

more unusual approach, the amide group yields a similar result due to the formation of an H-

bond between the phenol and the amide.38 The amide bond was also used to introduce a 

hydrophilic diethylene glycol chain in the pHluo-Halo-1 ligand in order to limit the non-specific 

activation in cells. Our previous studies on molecular rotor fluorogens indeed showed that the 

non-specific activation can be mitigated by lowering their lipophilicity.31 To allow for specific 

labeling of recombinant HaloTag proteins, we introduced a chloroalkane linker on the 

rhodanine group. Since the binding to the protein may affect the sensing properties of the pH-

probes, pHluo-Halo-3 was synthesized to evaluate an alternative attachment position of the 

HaloTag linker (Figure 1A). To further red-shift the emission wavelength and avoid potential 

issues with cell autofluorescence, we incorporated the pH-sensitive phenol group with an 

amide in a Red Kaede protein chromophore analog to yield pHluo-Halo-Red (Figure 1A).39 



 

Figure 1. Design and working principles of the pHluo-Halo reporters to monitor protein exocytosis. (A) Chemical structures of 

pHluo-Halo-1, pHluo-Halo-2, pHluo-Halo-3 and pHluo-Halo-Red. (B) Principle of the dual-input activation of the fluorescence 

emission of the pHluo-Halo probes. (C) Schematic depiction of vesicles expressing HaloTag protein fused to a P.O.I and labeled 

with a pHluo-Halo ligand to image protein exocytosis under no-wash condition. 

The synthesis of the probes pHluo-Halo-1 to 3 is straightforward and they are easily obtained 

by a Knoevenagel reaction between a rhodanine group and the corresponding aldehyde 

(Scheme S1). The pHluo-Halo probes based on protein chromophore analogues are designed 

to have a dual-input fluorescence emission and enable selective imaging of protein exocytosis: 

binding to HaloTag will lock the fluorogens and activate their pH-sensitive fluorescence 

emission that is modulated by the change in the intramolecular charge transfer (ICT) between 

the phenol and phenolate forms (Figure 1B&C). 

Characterization in 40 % glycerol buffers. As expected from their molecular rotor structures, 

the pHluo-Halo ligands display very low fluorescence in water.40,41 To assess their intrinsic 

photophysical properties independently of the target protein, the four pH-sensitive dyes were 

first characterized by UV-Vis absorption and fluorescence spectroscopies in aqueous buffers 

containing 40 % glycerol to increase the viscosity and activate their fluorescence. The low 

glycerol content leads to a weak activation of the probes (ca. 4-fold enhancement of 

fluorescence at pH = 7.4) but it is sufficient to characterize them in buffers with controlled pH 

(Figure 2). All four probes are fluorescent at pH7.4 with one main absorption band showing 

that there are mostly deprotonated in neutral conditions (Figure 2A and Table 1). Replacing 

the imidazolinone of the GFP chromophore with a rhodanine shifts the emission from the 

green to yellow range (λem = 560 nm for pHluo-Halo1&2). pHluo-Halo3 is slightly blue-shifted 

since the rhodanine is not alkylated (λem = 543 nm). The extended conjugated structure of 

pHluo-Halo-Red based on the Red Kaede protein leads to a fluorescence emission even more 



red-shifted than the parent chromophore (λem = 615 nm). For pHluo-Halo-1,2&3, the 

absorption spectra display two absorption peaks depending on pH corresponding to the 

protonated and anionic forms of the molecules (Figure 2B and Figure S1). Deprotonation of 

the phenol leads to an increase in intramolecular charge transfer and to a bathochromic shift 

in absorption. While pHluo-Halo-2 exhibits a clear isosbestic point that is the sign of a simple 

equilibrium between the phenol and phenolate forms, it is not the case for pHluo-Halo-1&3. 

For pHluo-Halo-3, it is due to a second pH equilibrium involving the amine of the rhodanine 

cycle, as has been observed in a related structure,35 but, in the case of pHluo-Halo-1, it is yet 

unclear which additional species could be involved. As for the GFP chromophore, only the 

deprotonated form is fluorescent, and the emission intensity increases strongly with pH 

(Figure 2C and Figure S1). Fluorimetric pH titrations gave a pKa of 6.0 for both pHluo-Halo-1&-

3 and a pKa of 6.6 for pHluo-Halo-2 (Figure 2D, Table 1 and Figure S1). The measured pKa 

values are slightly lower than that of SEP but are still relevant for the pH variations involved 

during exocytosis. In the extended pHluo-Halo-Red structure, only one absorption band is 

recorded at 524 nm and increasing the pH leads to a hyperchromic effect with no wavelength 

shift (Figure S1). Changes in pH thus lead to lower variations of fluorescence with only a 2-fold 

increase between pH 4.3 and pH 8.3. The design of pHluo-Halo-Red successfully led to a red-

emitting probe but its pH sensitivity is not sufficient to develop a pH sensor. 

 

Figure 2. Characterization of the pH probes in Tris buffers with 40 %w/v of glycerol. (A) Absorbance (dashed lines) and 

fluorescence emission (full lines) spectrum of pHluo-Halo probes measured at pH 7.4. (B) UV-vis absorption and (C) 

fluorescence pH titration of pHluo-Halo-1 (D) Fluorimetric pH titration curve of pHluo-Halo-1 (pKa = 6.0). Mean ± SD of two 

independent experiments. 

Table 1. Photophysical properties of pHluo-Halo probes in Tris buffers with 40 % glycerol and in presence of HaloTag protein. 

Properties of previously reported fluorescent proteins SEP and pHuji are shown for comparison purposes.  λabs and λem 

maximum absorption and emission wavelengths, ε: molar absorptivity coefficient, ФF: fluorescence quantum yield, ε.ФF: 

brightness, FHaloTag/FPBS : fluorescence enhancement factor where FHaloTag and FPBS are the integrated fluorescence intensities 

in HaloTag and in PBS (pH 7.4) respectively, Dynamic range : ratio of the integrated fluorescence intensities at the maximum 

and minimum pH, FpH 7.4/FpH 5.5: ratio of the intensities of the fluorescent HaloTag complexes at pH 7.4 and pH 5.5. 



Molecule Solvent 

/Target 

λabs 

(nm)
a 

εa  

(mol.-

1.cm-

1.L) 

λem 

(nm)a 

ФF
a

 ε.ФF FHaloTag/FPBS
b Dynamic 

Rangeb 

FpH7.4/FpH5.5 pKa
b 

pHluo-

Halo-1 

Glycerol 

(40% in 

PBS) 

465 31 300 556 - - - 12 - 6.0 

HaloTag 470 42 500 553 0.04 1900 21 14 4.5 6.3 

pHluo-

Halo-2 

Glycerol 

(40% in 

PBS) 

468 24 600 560 - - - 55  6.6 

HaloTag 478 28 400 553 0.01 340 18 37 10 6.5 

pHluo-

Halo-3 

Glycerol 

(40% in 

PBS) 

449 31 900 543 - - - 10  6.2 

HaloTag 442 18 000 546 0.01 220 8 10 - - 

pHluo-

Halo-Red 

Glycerol 

(40% in 

PBS) 

524 29 700 615 - - - 2 - 7.6 

HaloTag 524 57 200 591 0.017 970 4 - - - 

SEP - 495 45 000 512 0.52 23150   50 7.2 

pHuji  572 31 000 598 0.22 6820   22 7.7 

a Measurement conditions: 1 µM dye with 1.5 eq. of HaloTag in pH 8.3 TRIS buffer. b Average of duplicate experiments. 

Characterization in HaloTag. The photophysical properties of the probes were next evaluated 

after reaction with HaloTag. The activation of pHluo-Halo-Red by HaloTag is low (4-fold 

increase) which further disqualifies it as a candidate probe. However, it has a relatively high 

extinction coefficient and it may become an interesting red-emitting fluorogen if its 

interaction with HaloTag and thus its fluorescence quantum yield were to be improved. The 

pH sensing ability of the other three probes, pHluo-Halo-1,2&3, were evaluated in more 

details to  study the influence of the protein environment on the fluorescence emission and 

on the pH sensing ability. The protein activates the fluorescence of the three probes with 

similar spectral properties as were observed in 40 % glycerol buffers (Figure S2, Table 1). The 

properties of the HaloTag complexes were studied in acidic (pH 4.3) or slightly basic (pH 8.3) 

conditions to ensure full protonation or deprotonation of the chromophores (Figure 3A). As 

expected from the design rationale, the fluorescence emission of the three probes is dually 

controlled by pH and HaloTag: among the four possible states of the system (bound/unbound 

and protonated/deprotonated), only the deprotonated and protein-bound chromophore is 

fluorescent with an excellent turn-on ratio (Figure 1B and Figure 3A). In particular, pHluo-

Halo-1&2 exhibit a strong activation by the HaloTag protein as well as a good pH dynamic 

range (Figure 3A and Table 1). Both the pH sensitivity and HaloTag activation of pHluo-Halo-3 



are poorer and, considering also its low brightness, it was not studied further. pHluo-Halo-

1&2 have similar pKa values in presence of HaloTag as in 40 % glycerol buffers, showing that 

the protein successfully activates the fluorescence without interfering with the pH sensitivity 

(Figure 3B and Figure S2). A control experiment was performed with a previously reported pH-

insensitive dye Red-Halo2.32 It retains a high fluorogenicity and similar fluorescence intensity 

regardless of pH, showing that the fluorescence variations observed for the HaloTag/pHluo-

Halo complexes are indeed linked to the pH sensitivity of the ligands (Figure S3).  The pKa of 

pHluo-Halo-1 in HaloTag is slightly higher than in glycerol but still lower than the ideal pKa 

value of SEP. For exocytosis monitoring, the important parameter is indeed the ratio between 

the intensity at pH 7.4 and the intensity at pH 5.5 (Table 1). For the latter to be as low as 

possible, the pKa should be closer to 7 but our probes are nonetheless almost entirely 

quenched at pH 5.5.  

With a better dynamic range, especially between pH 7.4 and 5.5, and a higher pKa, pHluo-

Halo-2 presents more promising sensing properties for monitoring exocytosis, but this is 

counterbalanced by the higher brightness of pHluo-Halo-1. The latter is indeed the brightest 

of the series. Its brightness is sufficient to perform imaging experiments but it remains about 

10-fold lower than that of SEP and 3.5-fold lower than that of pHuji (Table 1). However, recent 

reports suggests that it should be possible to enhance the brightness of the HaloTag/fluorogen 

complexes by engineering the HaloTag protein while conserving or maybe improving as well 

the pH-sensing properties of the molecular probes.35,42,43 The photostability was also assessed 

and compared to that of eGFP, using a recently reported protocol based on fluorescence 

spectroscopy under high power LED illumination.44 pHluo-Halo1&2 are less photostable than 

GFP with a 3.5 to 5 times faster photobleaching time (Figure S4). While it may become an issue 

for long-term imaging on the hour scale, this is still sufficient for the experiments performed 

herein on a minute timescale. Finally, we studied the reaction kinetics of the two most 

promising pHluo-Halo probes with HaloTag by following the increase of fluorescence over time 

after addition of the protein with a 10 s interval (Figure 3C). The reaction was found to be very 

fast and the maximum fluorescence intensity is attained right from the first measurement 

point. Consequently, the data could not be fitted to calculate reaction rate constants. HaloTag 

is known for its high reaction speed with tetramethylrhodamine (k2 ≈ 107 M-1s-1) and other 

rhodamine derivatives,45 but the rate constants measured for other molecular scaffolds are 

usually several order of magnitude lower,16,46 as was also observed in our previous studies 

with fluorogenic molecular rotors.31,32 The very fast reaction of HaloTag with pHluo-Halo1&2 

is thus a very positive result as it can ensure a better temporal control over the labeling during 

imaging experiments. 



 

Figure 3. Reaction of the pHluo-Halo probes with HaloTag and characterization of the resulting chemogenetic pH sensors. (A) 

Dual-input activation of the chromophores. Integrated Fluorescence intensity of the free and HaloTag-bound pHluo-Halo 

probes at pH 4.3 or 8.3. For each set of values, the intensities were normalized to the fluorescence of the free probe at pH 

4.3. Conditions: [pHluo-Halo] = 1 µM, [HaloTag] = 1.5 µM. (B) Fluorimetric pH titrations of pHluo-Halo-1 (circles) and pHluo-

Halo-2 (squares) conjugated to HaloTag. Two replicates for each probe are shown in different colors. (C) Reaction kinetics of 

pHluo-Halo-1 (Orange) and pHluo-Halo2 (green) with HaloTag. Conditions: [dye] = 100 nM, [HT] = 2 µM, T = 298 K.  

Evaluation of chemogenetic pHluo-Halo indicators in live cells. We next assessed the 

selectivity and contrast of the selected dyes pHluo-Halo-1 and pHluo-Halo-2 in wash-free 

confocal imaging of live HeLa cells either wild-type or expressing a nuclear HaloTag protein. In 

non-transfected HeLa cells, incubation of 0.5 µM of pHluo-Halo-1 followed by confocal 

imaging without washing steps gives a negligible fluorescence signal, while pHluo-Halo-2 

exhibits a detectable non-specific signal (Figure S5). This is consistent with the hypothesis that 

the non-specific activation is linked to the lipophilicity of the probes. Imaging of HeLa cells 

expressing a HaloTag-NLS protein after incubation of the probes with the same protocol leads 

to efficient nuclear labeling demonstrating that these 2 dyes are cell permeable and react 

selectively with HaloTag in cells (Figure 4A). The comparison of the cytosolic background 

fluorescence intensity in non-expressing cells versus the nuclear signal of expressing cells 

reveals an excellent signal-to-background ratio (Fnuc/Fcyt = 40) for pHluo-Halo-1 contrary to 

pHluo-Halo-2 (Fnuc/Fcyt = 5,2), which is consistent with the non specific signals observed in 

wild-type HeLa cells (Figure 4B and Figure S5). The imaging contrast of pHluo-Halo-1 is much 

higher than what was measured for our other molecular rotor-based fluorogens, and it is an 

excellent fluorogenic protein probe with virtually zero non specific signal.31,35  

After these photophysical and biological characterization steps, pHluo-Halo-1 combines the 

desired properties to build a fluorogenic and chemogenetic pH biosensor in combination with 

HaloTag: a dual-input pH-sensitive fluorescence emission that is activated by a very fast 

reaction with HaloTag and an excellent contrast in cellular imaging. 



 

Figure 4. Selectivity of the pHluo-Halo probes in live HeLa cells. (A) confocal microscopy images of HaloTag-NLS-expressing 

and non-expressing HeLa cells. Cells were incubated with 0.5 µM pHluo-Halo-1 (left) and pHluo-Halo-2 (right) for 15 min and 

imaged in wash-free conditions. The signal is measured in the nuclei of transfected cells, while the background is measured 

in the cytoplasm of non-transfected cells. Turn-on numbers represent median of n = 130 cells. Scale bar = 20 µm. (B) Contrast 

of pHluo-Halo-1 and pHluo-Halo-2 measured in HeLa cells expressing HaloTag-NLS of n = 130 cells.  

Detection of single exocytosis events in HeLa cells. To test the efficiency of our novel 

semisynthetic locally-activated pH biosensor, we applied it to image the exocytosis of the 

tetraspanin protein CD63 (Figure 5A).47,48 CD63 is a transmembrane protein mostly located in 

exosomes, which are small endosome-derived extracellular vesicles found in multivesicular 

bodies (MVB).49 These vesicles play a crucial role in cell-cell communication, and are released 

when MVBs fuse with the plasma membrane (PM).48 Building on the existing CD63-SEP 

plasmid, we replaced the SEP sequence to design a CD63-HaloTag construct and checked its 

correct expression in HeLa cells (Figure S6). We next used this construction combined with 

pHluo-Halo-1 to image the exocytosis of CD63 in HeLa cells using Total Internal Reflection 

Fluorescence (TIRF) microscopy, a technique commonly used for visualizing biological 

processes located at the plasma membrane (PM).5,6,50–52 For data analysis, we used the 

recently developed ExoJ plugin for automatic detection and feature characterization of single 

exocytic events.33 Time-lapse live-cell imaging of 2 minutes enabled the detection of multiple 

fusion events scattered across the PM under basal condition. These events were characterized 

by an abrupt brightening followed by spreading of the fluorescence signal into the background 

(Figure 5B). We focused solely on MVB-PM fusion events that display an intensity profile 

similar to Figure 5B and a number of events where exosomes remain attached to the cell 

surface without releasing their cargo were not included in our analysis.53 To validate the 

correct labeling of CD63-tagged exosomes with our hybrid sensor, we performed dual-color 



TIRF microscopy using co-transfected HeLa cells expressing both CD63-pHuji and CD63-

HaloTag proteins and incubated with pHluo-Halo-1 (Figure 5C).51 The fluorescence of CD63-

pHuji and CD63-HaloTag labeled with pHluo-Halo-1 co-localized with a Pearson’s coefficient 

of 90 % and the dynamics of the recorded exocytic events were similar (Figure 5C and Figure 

S7). To further test the robustness of our hybrid sensor, we stimulated HeLa cells with 

histamine that is known to increase MVB-PM fusion activity and the secretion of CD63.48,51 

Upon addition of 100 µM histamine, the rate of fusion events between MVB and the PM 

immediately increased up to 2-fold compared to basal fusion activity (Figure 5D). The higher 

number of detected events could be attributed to increased fluorescence intensity but the 

exocytic events detected in basal or stimulated conditions exhibited comparable normalized 

peak intensity (∆F/F0) (Figure 5E), indicating an actual increase in the exocytosis of MVB. To 

assess the accuracy of the identification of fusion events, we compared intrinsic parameters 

such as apparent vesicles size and fusion duration with values obtained with the well-

established SEP biosensor (Figure 5F&G). The apparent radius of vesicles obtained with CD63-

SEP or CD63-HaloTag labeled with pHluo-Halo-1 were similar (around 150 nm) and consistent 

with previous qualitative analysis at supra-optical electron microscopy resolution using a 

dynamic correlative light electron microscopy approach (Figure 5F).48 Likewise, the duration 

of the fusion events quantified by the mean lifetime decay were similar for both labeling 

strategies and independent of histamine stimulation (Figure 5G). These results show that our 

pH sensors based on a hybrid chemical and genetic strategy is able to report correctly on 

protein exocytosis and offers new possibilities to label protein while tracking the pH of their 

environment with fast labeling time and high selectivity even in wash-free conditions. 



 

Figure 5. Detection of single CD63 exocytosis in HeLa cells. (A) Experimental scheme: prior to imaging, CD63-HaloTag 

transfected HeLa cells were incubated with cell-permeable pHluo-Halo-1 ligand to specifically label CD63-HaloTag fusion 

proteins. (B) TIRF microscopy images of HeLa cell expressing CD63-HaloTag labeled with pHluo-Halo-1 undergoing fusion. 

Image of the whole cell with a fusion event indicated with orange arrow (top); Normalized intensity traces for a selected 

fusion event (bottom); Time-lapse of the marked exocytotic event (middle, 5 µm); (C) Left, merged stills of dual-color TIRF 

imaging with CD63-SEP and CD63-HaloTag labeled with pHluo-Halo-1 (top) at the moment of MVB-PM fusion (in the white 



dashed square). Scale bar, 10 µm. Enlarged stills of the MVB-PM fusion event 10 s before fusion, at the moment of fusion, 

and 10 s after fusion (middle). Normalized intensity traces for the marked fusion event labeled with CD63-HaloTag + pHluo-

Halo-1 (Green) and CD63-pHuji (Red). (D) Comparison of fusion activity of HeLa cells stimulated with histamine (100 µM). 

n ≥ 8 per condition. In parenthesis are shown median values. Mann-Whitney test (U = 106.5), P = 0.0084. (E) Comparison of 

normalized peak intensity (ΔF/F0) of fusion events from CD63-HaloTag labeled with pHluo-Halo-1 in basal condition (ctrl) and 

after histamine stimulation (100 µM). In parenthesis are shown median values. Mann-Whitney test (U = 2407), P = 0.3243. 

(F) Apparent size of single vesicles population labeled with CD63-SEP and CD63-HaloTag + pHluo-Halo-1 in basal condition 

and after histamine stimulation (100 µM). In parenthesis are shown median values. Kruskal-Wallis (4.148), P = 0.246. (G) 

Event duration τ (ns) of fusion events from CD63-HaloTag labeled with pHluo-Halo-1 in basal condition (ctrl) and after 

histamine stimulation (100 µM). Kruskal-Wallis (4.944), P = 0.176. Outliers were identified using ROUT (Q = 1%) and excluded 

of the analysis. In parenthesis are shown median values. 

Conclusion 

We developed a pH-sensitive molecular fluorescent indicator pHluo-Halo-1 that can be 

targeted and locally-activated in cells by a rapid reaction with the HaloTag protein. It presents 

a good pH-sensitivity and was successfully applied in TIRF microscopy to visualize protein 

exocytosis in live HeLa cells with excellent selectivity in wash-free conditions. The unique 

combination of pH sensitive fluorescence and fluorogenic activation by a genetically-encoded 

protein is a powerful alternative offering more versatility than FP-based biosensors. Such 

hybrid imaging tools indeed enable the study of a protein of interest with a single construct 

that can be combined with a large palette of available fluorophores. The main limitation of 

the hybrid reporters described in this work is their limited brightness which could be improved 

by engineering the HaloTag protein to ensure a better adequation with the fluorogenic ligands 

and thus a higher fluorescence activation. Further molecular engineering of the ligands can 

also lead to new indicators with different sensing (e.g. pKa) or spectral properties. Since 

pHluo-Halo-Red did not give the desired results, the design of red-shifted fluorogenic pH 

indicators remains a important goal to avoid autofluorescence and for in vivo applications. We 

thus believe that the results described herein, can open new directions for the development 

of hybrid pH biosensors to study protein trafficking and regulation.  

Supporting Information 

Additional figures, materials and methods, synthetic procedures and NMR spectra are 

available in the supporting information. 
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