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A B S T R A C T   

Fluorescence based intracellular pH nanoprobes have been developed that overcomes the limitations imposed by 
shallow penetration depth of ultraviolet excitation, photostability, phototoxicity, and interference from back
ground autofluorescence. In this study, we have constructed a F€orster Resonance Energy Transfer (FRET) based 
pH nanoprobe using upconversion nanoparticle (UCNP) as a donor (excitation/emission @ 980/540 nm, green 
channel), and mOrange fluorescent protein (excitation/emission @ 548/566 nm, red channel) as acceptor. The 
UCNP-mOrange nanoprobe could be fluorescently imaged with 980 nm excitation, having deep penetration 
depth, by a fluorescence microscope on a coverslip, or uptaken in a single HeLa cell. The cellular upatake of these 
nanoparticles were confirmed by transmission electron microscope study. The FRET probes, with a FRET effi
ciency of ~20% at physiological pH of 7.0, have simultaneous self-ratiometric and ratiometric features varying 
linearly with local pH. The probe exhibits high accuracy, sensitivity, reversibility, and stability over a wide range 
of pH (3.0–8.0). The fluorescence intensity ratio from individual green, and red channels in fluorescence 
microscopic images could be used to estimate the pH of the intracellular compartments of HeLa cell from the pH 
dependent ratiometric calibration. Nigericin mediated intracellular pH (3.0, 5.0, and 7.0) could be accurately 
estimated from the CLSM derived FRET ratio. The pH probes demonstrate high stability and reversibility when 
switched between pH 3, and 8 for at least 5 cycles.   

1. Introduction 

pH in an intracellular matrix plays an important role in controlling 
cellular signal transduction (Clark et al., 1999; Golovina and Blaustein, 
1997), enzymatic activities (Han and Burgess, 2010), cell growth and 
apoptosis (Gottlieb and Dosanjh, 1996; Loiselle and Casey, 2003), cell 
metabolism (Loiselle and Casey, 2003), ion transporting (Zhao et al., 
1995), endocytosis (Yuli and Oplatka, 1987), and even cell adhesion 
(Chun and Jacobson, 1993). Alteration of intracellular pH may lead to 
dysfunction in a cell. Most importantly, abnormal pH may cause or 
indicate cancer (Webb et al., 2011), neurological problem (e.g., Alz
heimer’s disease) (Davies et al., 1993), and other fatal diseases (Kellum, 
2000). Therefore, intracellular pH is a primary indicator of cell health 
that needs to be monitored as diagnostic tools. The pH can also be used 
as a trigger for drug release/delivery approaches within a cell (Duan and 

Nie, 2007). Electrode or probe based pH monitoring is easy for samples 
and solutions available in the bulk. The measurement becomes chal
lenging inside a cell and hence the need for fluorescence based probes. 

Several techniques, including Hþ permeable microelectrodes (Wray, 
1988), Raman spectroscopy (Kneipp et al., 2007; Talley et al., 2004), 
absorption spectroscopy (Dennis et al., 2012), fluorescence spectroscopy 
and imaging (Dennis et al., 2012; Gert-Jan Kremers and Davidson; Li 
et al., 2016; Llopis et al., 1998) have drawn attention for monitor
ing/measuring intracellular pH. Among all, fluorescence imaging based 
technique requires simple sample preparation and has better sensitivity 
(Li et al., 2016; N€areoja et al., 2017), and most importantly, can be 
performed noninvasively. Among these fluorescence based techniques, 
employment of F€orster Resonance Energy Transfer (FRET) is most 
common (Arppe et al., 2014; Chen et al., 2012) as it enables to have both 
ratiometric (N€areoja et al., 2017), and self-ratiometric measurements (Li 
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et al., 2016) described later. In a typical FRET ‘donor-acceptor’ nanop
robe construct, at least one is pH sensitive and is a pH indicator (Arppe 
et al., 2014). pH sensitive organic dyes (Li et al., 2016), or pH sensitive 
fluorescent proteins (FP) (Dennis et al., 2012) are generally used. Flu
orophores like FPs (Llopis et al., 1998), quantum dots (QDs) (Dennis 
et al., 2012), carbon nanodots (Shi et al., 2012), and upconversion 
nanoparticles (UCNPs) are used (Li et al., 2016; N€areoja et al., 2017). 
Dennis et al., (2012) demonstrated a FRET based nanoprobe using QD, 
and mOrange FPs for ratiometric intracellular pH sensing. In another 
recent study by Tuomas et al. (N€areoja et al., 2017), UCNPs and polymer 
based FRET probe is used for intracellular pH sensing. However, these 
probes suffer from inherent problems such as short excitation wave
length of donor, penetration depth, rapid photobleaching of pH indi
cating dyes, cellular toxicity, stability, and sensitivity. In addition, none 
of the FRET probes are designed to have simultaneous ratiometric, and 
self-ratiometric measurement of intracellular pH. Therefore, to over
come the intrinsic problems a new class of probe has to be constructed. 

In this work, we have constructed a UCNP (NaGdF4:Yb3þ, Er3þ) 
donor, and pH sensitive mOrange FP acceptor as a novel FRET probe for 
intracellular pH sensing. As the UCNPs are excited in the infrared (IR), 
this probe can overcome all the mentioned difficulties in terms of 
providing a better penetration depth, photostability, minimum back
ground autofluorescence, minimum photobleaching, biocompatibility, 
and reversibility. Most importantly, these nanoprobes can have simul
taneous ratiometric and self-ratiometric measurements of intracellular 
pH. 

2. Experimental 

2.1. Materials 

For the synthesis of the oleic acid capped NaGdF4:Yb3þ,Er3þ UCNPs, 
GdCl3, YbCl3, ErCl3, Oleic acid (OA), 1-octadecene (ODE), ammonium 
fluoride (NH4F), NaOH and analytical grade chemicals, such as ethanol, 
cyclohexane, and methanol were all purchased from Sigma Aldrich, 
USA. 

For the citrate coating on UCNPs, diethylene glycol (DEG) (Vetec 
chemical, USA), sodium citrate dehydrate (JT Baker, USA), chloroform 
and toluene (Alfa Aesar, UK), and hydrochloric acid were purchased and 
used as received. 

2.2. Synthesis of OA capped upconversion nanoparticles (UCNPs) 

The Yb3þ/Er3þ-doped NaGdF4 nanocrystals were prepared by ther
mal decomposition method as reported previously by Liu et al., (2013). 
Typically, GdCl3 (80%), YbCl3 (18%), ErCl3 (2%) were first mixed with 
14 mL of OA and 16 mL of ODE in a 100 mL three-necked flask. The 
resultant mixture was then heated to 150 �C under nitrogen atmosphere 
to form a homogeneous solution. When the above solution is cooled 
down to 50 �C, 10 mL of methanol solution containing NaOH (2.5 mmol) 
and NH4F (4 mmol) is added drop by drop while stirring for 30 min. 
Subsequently, methanol in the system was removed by keeping the re
action system at 100 �C. Later, the mixture was heated to 300 �C for 1 h 
under flowing nitrogen, and then cooled down to room temperature 
(25–26 �C). The resultant precipitate containing the UCNPs were 
washed with ethanol 5 times and finally redispersed in cyclohexane until 
next use. 

2.3. Surface modification of UCNPs by citric acid ligand (Cit-UCNPs) 

For surface-ligand exchange reaction, we followed a standard 
chemical route as reported previously by Cao et al., (2010). In this 
synthesis process, DEG (15 mL) and sodium citrate dehydrate (588.2 
mg) were mixed for 45 min with a speed of 500 rpm, and then heated to 
110 �C for 40 min under a continuous flow of Ar gas. Afterwards, 10 mg 
of OA capped UCNPs were dispersed in a solution containing chloroform 

and toluene (3:2 v/v) were injected into the above reaction chamber, 
and heated to 160 �C. After the chloroform and toluene had evaporated, 
the reaction chamber was re-heated up to 220 �C for 3 h. Later, the re
action was terminated by cooling down to room temperature. The 
resultant solution was then treated with 0.1 M HCl solution, and the 
products were subsequently precipitated. The precipitates were 
collected by centrifugation (14000 rpm, 15 min) and washed three times 
with ethanol and deionized (DI) water, and redispersed in DI water. 

2.4. Expression, amplification, and purification of mOrange fluorescent 
proteins (FPs) 

The His6-tagged mOrange FPs were derived from pRSET-b mOrange 
plasmid. mOrange proteins were expressed in E. coli (BL21) competent 
cells. Later, we lysed the bacterial cell membrane, by performing me
chanical lysis, using mechanical probe sonicator. Finally, we collected 
the proteins after centrifugation of the sample. To purify the as obtained 
proteins, we used His GraviTrap purification kit (GE Health care, Swe
den). The detailed experimental steps are shown schematically in the 
Electronic Supporting Information (Fig. S1, ESI) and a step-by-step 
protocol can be found in the ESI. The purity of the as-obtained mOr
ange FPs is investigated via SDS-PAGE gel electrophoresis (Wurtele and 
Nikolau, 2000). 

2.5. Construction of Cit-UCNP-mOrange FRET nanoprobes (UCMF) 

The Cit-UCNP-mOrange FRET nanoprobes (UCMF) were constructed 
via EDC (1-ethyl-3-(3-dimethylaminopropyl) carbadimide) (Sigma 
Aldrich, USA) chemistry (Dennis et al., 2012). For the probe construc
tion, we have used 2 mL of Cit-UCNPs (1.5 mg mL� 1) with 2 mL of 
mOrange FPs (0.35 mg mL� 1), and 3 mL of EDC (6 mg mL� 1) were 
incubated overnight at 4 �C with gentle shaking (200 rpm). By-products, 
such as free UCNPs, excess mOrange FPs, and unreacted EDC were 
removed using a centrifugation filter device with a 100 kDa molecular 
weight cutoff (PALL, USA). 

2.6. Characterisation of UCNPs, Cit-UCNPs, and UCMF 

The optical absorption spectra of as-synthesized materials were 
recorded by UV–Vis–NIR spectrometer (Jasco V770, USA) in the range 
of 200–2700 nm. Fluorescence spectra were recorded by a Fluorolog 
spectrophotometer (JY Fluorolog 3 with iHR 320, Horiba, Japan), 
equipped with a 980 nm cw laser excitation (SDL, China). The surface 
charge of all the materials used, including the nanocomposites, was 
measured with a Zeta potential machine (NanoPlus Particulate System, 
USA). The morphology and crystal structures were imaged by High 
Resolution Transmission Electron Microscope (HR-TEM, JEM-2010F, 
JEOL, Japan). 

To examine cellular internalization of the nanoprobes, we preformed 
bio-TEM on the HeLa cells. The HeLa cells were dispensed into a 10 cm 
dish at a concentration of 106 cells/well and incubated for 24 h for cell 
attachment. Thereafter, UCMFs were added to the above dish at a con
centration of 200 ppm. After 24 h of incubation, the cells were washed at 
least three times with PBS, trypsinized, centrifuged, fixed, dehydrated, 
and embedded in resin. Subsequent to resin hardening, the block was 
sectioned with a ultramicrotome (Leica EM UC7, Germany) to allow 
electron transparency. Several of these sections (with embedded cells) 
were observed by TEM. 

For the FRET imaging, we have used an inverted fluorescence mi
croscope (Zeiss Axiovert 200) equipped with a 980 nm cw laser (CNI, 
China), and compatible optics and a wide-view dual-mode CMOS cam
era (Hamamatsu, Japan) to record high resolution images. 

2.7. Spectroscopic FRET (pH dependent) measurement of UCMF 

The spectral characteristics of the UCMF nanoprobe were measured 

S. Ghosh et al.                                                                                                                                                                                                                                   



Biosensors and Bioelectronics 155 (2020) 112115

3

over a range of pH (3–8) by mixing 200 μL of probe with 800 μL of 20 
mM phosphate-buffered saline (PBS)/citrate buffer with adjusted 
different pH values. The FRET emission spectra were measured with the 
Fluorolog spectrophotometer with excitation at 980 nm. To evaluate the 
reversibility of pH sensing, UCMF were dispersed into buffered solution 
and the pH of the solution was changed from pH ¼ 3.0 to 8.0, and vice 
versa for five pH cycles using 1 M HCl and 1 M of NaOH. Later, from the 
measured fluorescence spectra we obtained the self-ratiometric, and 
ratiometric calibration curves as a function of pH. 

2.8. FRET ratio imaging and in-vitro pH calibration of UCMF 

After completion of the spectroscopic study, we performed imaging 
of the as-prepared UCMF FRET nanoprobes under a FRET ratio imaging 

system. To get the in-vitro or in-cell epi-fluorescent signals of UCMF 
FRET nanoprobes, namely the UCNP and mOrange, the FRET ratio 
image system (Chiu and Yang, 2012) was used with some modifications. 
Briefly, it is equipped with a 980 nm laser, and a mercury lamp as 
excitation sources, an inverted microscope (Axiovert 200M, Zeiss) with 
a 60x oil objectives (NA ¼ 1.45, Olympus, Japan), and a shutter with a 
dichroic mirror, and an emission filter to block the 980 nm NIR leak. A 
Wide-View module (Gemini, Hamamatsu; with filters ET530/40X nm 
for UCNP and ET600/75 nm for mOrange and a T560lpxr-UF1 nm 
dichroic mirror), a CMOS camera (ORCA-Flash4.0 LT, Hamamatsu, 
Japan), and a software (HCImage, Hamamatsu, Japan) was used to 
conduct the FRET ratio image capture procedure. The emission signals, 
either UCNP (510–550 nm in the green channel) and mOrange 
(560–630 nm in the red channel) were acquired simultaneously under 

Fig. 1. Morphology, and surface proper
ties of as-synthesized nanoparticle 
nanoprobes. TEM images of (a) OA-UCNPs, 
(b) Cit-UCNPs. (c) FTIR spectra of OA- 
UCNPs, and Cit-UCNPs. (d) TEM image of 
UCMF. (c) HR-TEM image of a single UCMF. 
The yellow circle with solid line shows the 
single upconversion nanoparticle, and mOr
ange fluorescent proteins (red circle with 
dashed line). (d) Zeta potentials of OA- 
UCNPs, Cit-UCNPs, and UCMF. (For inter
pretation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   

Fig. 2. FRET characterisations of UCMF. 
(a) Spectral overlapping between the emis
sion of FRET donor (Cit-UCNPs), excitation 
of FRET acceptor (mOrange FPs). (b) 
Upconversion fluorescence emission and 
FRET emission spectra of Cit-UCNPs, and 
UCMF, respectively. (c) Deconvolution of 
the emission spectrum of Cit-UCNPs, under 
illumination with 980 nm laser. (d) Decon
volution of the FRET emission spectrum of 
UCMF, which shows a sensitized emission 
band at 566 nm (black arrow), and is coming 
from mOrange FPs.   
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the excitation of the 980 nm laser. 10 μL of nanoprobe solution was 
dropped on a thin glass coverslip, and the FRET images were recorded. 
To obtain the pH calibration curve, we have diluted the UCMFs into 
different pH buffered solution and dropped on a glass coverslip to record 
the FRET images. 

2.9. Cell cytotoxicity of UCMF via MTT assay 

To check cellular toxicity of these UCMFs, the MTT assay (Chen et al., 
2019) was performed. HeLa cells were cultured in DMEM media (with 
10% fetal bovine serum, and 1% penicillin, streptomycin). Later, HeLa 
cells were seeded in a 96-well plate at a density of 10000 cells/well and 
incubated for 24 h at 37 �C under 5% CO2. Then, 150 μL of concentration 
controlled (0, 50, 100, 200, 400 ppm) UCMF (diluted in DMEM media) 
were added to the culture medium, each concentration being repeated in 
five parallel wells (n ¼ 5). After being incubated for 24 h, the cells were 
washed twice with 1x PBS, and then 150 μL of 3-(4,5-dimethylth
iazol-2-yl)-2,5-diphenyltetrazolium (MTT-Sigma Aldrich, USA) was 
added into each well and incubated for another 4–5 h. Subsequently, the 
media was removed and the formed formazan crystals were dissolved in 
150 μL dimethyl sulfoxide (DMSO, Sigma Aldrich, USA). To quantify the 
cell viability, the optical density at 570 nm of each well was recorded by 
an ELISA multiplate reader (TECAN, Switzerland). 

2.10. Intracellular FRET imaging 

To acquire the live cellular FRET images, HeLa cells (10000 cells/ 
well) were cultured and seeded in a 29 mm glass bottom dish (Cellvis, 
USA) for 24 h at 37 �C, and 5% CO2. 100 μL of UCMF (200 ppm) solution 
were added to the above dish. After 24 h of incubation, the dish was 
washed twice with 1x PBS. Then the HeLa cells, with the UCMFs, were 
taken for FRET ratio imaging. For in situ calibrations of the pH nanop
robes, intracellular pH was adjusted to that of the extracellular pH 
environment controlled by an ionophore ‘Nigericin’ (481990, Calbio
chem, Merck, USA). Nigericin would enforce ion diffusion through the 
cell membrane to ensure the same pH inside the cell as the extracellular 
medium which can be measured easily with a pH meter. For this pur
pose, HeLa cells (with UCMFs) were washed and incubated in pH (3.0, 
5.0, and 7.0) controlled citrate/phosphate buffer medium. Afterwards, 
each well was treated with 20 μM of Nigericin (Li et al., 2016; N€areoja 
et al., 2017) and incubated for 30 min at 37 �C, and 5% CO2. 

3. Results and discussions 

3.1. Structural morphology and surface characterisation of OA-UCNPs, 
Cit-UCNPs, and UCMF 

We begin with the morphological characterisation of the as- 
synthesized UCNPs used in this study. Fig. 1a shows the hexagonal 
morphology of the OA-UCNPs prepared by thermal decomposition 

Fig. 3. pH dependent FRET measure
ments of UCMF. (a) Schematic demonstra
tion of the pH dependent energy transfer 
between the Cit-UCNP (FRET donor), and 
mOrange FPs (FRET acceptor). In an alkaline 
environment, energy transfer (ET) from 
FRET donor to FRET acceptor is maximum, 
resulting in decrease in UCNP emission, 
whereas the ET is zero at acidic environ
ment. (b) pH dependent fluorescence emis
sion spectra of UCMF, under the 
illumination with 980 nm light. (c) 
Enhanced spectra (green dashed box in 
Fig. 3b) for the UCNPs emission. (d) 
Enhanced spectra (orange dashed box in 
Fig. 3b) for the mOrange FPs emission. (e) 
The self-ratiometric (donor emission only, 
I540 to I655), and ratiometric (acceptor 
emission, at 566 nm (I540) to donor emission, 
at 540 nm (I540)), analysis as a function of 
pH. The line joining the data points is a 
linear fit. The adjacent R2 for self- 
ratiometric, and ratiometric fitting is 0.98, 
and 0.94, respectively. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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method (Chen et al., 2014a). Fig. 1a shows nearly monodispersed 
UCNPs with an average diameter of 15 � 2 nm. However, these 
OA-UCNPs is usually dispersed in cyclohexane, and therefore cannot be 
used in biological studies. In such cases, the surface ligand of the 
as-prepared OA-UCNPs, can be exchanged for biocompatibility. In this 
case, we have adopted the ligand exchange strategy to remove the oleic 
acid with citric acid (Cit-UCNPs). Since the ligand exchange reaction is 
performed at relatively elevated temperature (220 �C), it is important to 
investigate the Cit-UCNP shape and size. Fig. 1b shows the uniform 
distribution of Cit-UCNPs. The overall size (15 � 2 nm) of these 
Cit-UCNPs remain unchanged from the OA-UCNPs and are chemically 
stable. 

For the confirmation of complete replacement of OA by –COOH on 
the UCNP surface, we have done Fourier-transform infrared (FTIR) 
spectroscopy of the two UCNPs sample, OA-UCNPs, and Cit-UCNPs 

(Fig. 1c) (Cao et al., 2010; Xu et al., 2016). The broad transmission 
dip at 3450 cm� 1 for both the OA- and Cit-UCNPs can be attributed to 
the O–H stretching vibration (Hu et al., 2009). The transmission dips at 
~2930, and ~2854 cm� 1 for OA-UCNPs can be assigned to the asym
metric, and symmetric stretching of CH2 group in the long alkyl chain 
(Hu et al., 2009). The dip at 3008 cm� 1 is attributed to the ¼ C–H 
stretching vibration. The features near ~2930, and 2854 cm� 1 coming 
from the OA-ligands are missing in the Cit-UCNP spectrum, indicating 
complete replacement by –COOH. In addition, bands at 1553, and 1458 
cm� 1 corresponding to asymmetric and symmetric stretching of the 
carboxylic group, respectively, marked its presence (Hu et al., 2009). 

FRET probe, UCMF, formed using Cit-UCNPs and mOrange FPs have 
been constructed via EDC mediated chemical route (Dennis et al., 2012). 
In principle, EDC act as a cross linker that would activate a covalent 
amide bonding between carboxyl terminated group from the citric acid 
ligand (attached to the UCNPs), and the N-terminal of the mOrange FPs. 
Fig. 1d shows a fashioned array of UCMFs with a uniform size distri
bution. Fig. 1e shows the higher magnification TEM of a single UCMF. 
Under TEM, UCNPs appears in dark (yellow circle), and mOrange pro
teins appeared with a poor contrast due to low electron density in the 
proteins (Chen et al., 2014b; Liu et al., 2017). The overall size of the 
UCMFs has increased to 25 � 0.5 nm because of the mOrange protein 
shell of 4.8 � 0.5 nm thickness around the UCNPs (Shu et al., 2006). 

The surface charge of OA-UCNPs, Cit-UCNPs, and UCMFs was 
measured and compared. The Zeta potential for OA-UCNPs (in hexane), 
Cit-UCNPs, and UCMFs (in water) is � 4 (Lü et al., 2008), � 35 (Lü et al., 
2008; Wilhelm et al., 2015), and � 22 mV (Brewer et al., 2005), 
respectively (Fig. 1f). The changes in surface potential further confirmed 
the successful surface modification and protein conjugation on the 
UCMFs. 

3.2. Optical properties of OA-UCNPs, Cit-UCNPs, and UCMF 

Figure S2 (ESI) represent the optical absorption and upconversion 
emission characteristics of the UCNPs, before and after surface modifi
cation. Fig. S2a shows the UV–Vis–NIR absorption spectra of UCNPs, and 
Cit-UCNPs with a feature at ~980 nm for both OA-UCNPs and Cit- 
UCNPs (Chen et al., 2014a). The slight decrease in the absorption 
strength in the Cit-UCNPs may have occurred due to various reasons, 
including change in solvent type (Boyer et al., 2010; Sedlmeier and 
Gorris, 2015), refractive indices of solvent (Toptygin et al., 2002), 
collisional quenching (Lakowicz, 2006), dopant ions leakage during 
surface modification (Boyer et al., 2010), and so on. Fig. S2b shows 
optical photographs of colloidal solutions containing OA-UCNPs (in 
cyclohexane), and Cit-UCNPs (in DI water) emitting green light when 
illuminated with 980 nm laser. Figure S2c,d (ESI) shows the 
power-dependent upconversion emission spectra of OA-UCNPs, and 
Cit-UCNPs, respectively. The characteristic emission bands of the 
OA-UCNPs and Cit-UCNPs appeared at 365, 408, 520, 540, and 655 nm 
(Figs. S2c and d, ESI) (Chen et al., 2014a; Huang et al., 2013) due to the 
Er3þ (emitter) doping. In addition, the upconversion fluorescence 
emission intensity (I) increased with increasing illumination power. 

Fig. 4. FRET analysis. (a) FRET efficiency of UCMF over the relevant pH range 
(3–8). (b) The ratio of the relative emission intensity I540/I566 (excited with 980 
nm laser) when pH varied with HCl and NaOH solutions from 3.0 to 8.0, 
repeatedly over 5 cycles. The lines joining the data points are a guide to the 
eye only. 

Table 1 
Comparison of characteristics of different FRET probes for intracellular pH sensing.  

Probe type Exc. (nm) Penetration depth Donor QY (%) FRET efficiency (%) Sensitivity (Ratiometric) Sensitivity (Self-ratiometric) Ref. 

UCNP-FITC 980 deep 5 – – 3.56/pH Li et al. (2016) 
UCNP-pHrodo 980 deep 5 – 0.34/pH – N€areoja et al. (2017) 
QD-mOrange 400 shallow ~80 50 (pH ~7) 0.32/pH – Dennis et al. (2012) 
UCNP- pHrodo 980 deep 5 – 0.04/pH – Arppe et al. (2014) 
UCNP-mOrange 980 deep 5 20 (pH ~7) 0.01/pH 0.17/pH This work. 

- indicates values not reported. 
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3.3. Characterisation of mOrange FPs 

Figure S3 (ESI) shows the purity and fluorescence spectra of mOr
ange FPs. Impure residues will obscure the emission characteristic of a 
FP (Huang et al., 2010). The most common method of analyzing the 
purity of an isolated protein is to use SDS-PAGE electrophoresis. The 
above-mentioned technique has the additional advantage to determine 
the molecular weight of a protein. From the electrophoretic study 
(Fig. S3a, ESI) we have calculated the purity of mOrange to be ~70% 
pure. These proteins show characteristic molecular weight of ~25 kDa 
(Shaner et al., 2004) as observed before. Fig. S3b shows the excitation 
and emission spectra of mOrange FPs. The excitation and emission 
maximum appears at 548, and 566 nm, respectively, matching previous 
reports (Huang et al., 2010; Shaner et al., 2004). The inset in Fig. S3b 
shows the purified mOrange FPs solution. 

3.4. Spectroscopic FRET measurements of UCMF 

Fig. 2 shows the spectroscopic FRET analysis of the UCMFs. From 
Fig. 2a, we can observe that the broad excitation spectrum range of the 
mOrange FPs (acceptor) is straddling the green emission band of Cit- 
UCNP (donor), satisfying one primary requirement of FRET (Gert-Jan 
Kremers and Davidson; Huang et al., 2010). Fig. 2b shows a comparison 
of the emission spectra of Cit-UCNPs, and UCMFs, illuminated with 980 
nm laser. Clearly, the emission spectrum of Cit-UCNPs showed no 
component at 566 nm, which was only present, as an extended but weak 
shoulder, for the UCMFs due to the mOrange FPs. The 540 nm emission 
intensity (I540) from the Er3þ in the UCNP overshadowed the 566 nm 
emission from the mOrange relegating it as a weak shoulder. However, 
we have deconvoluted both the emission spectrum to extract the 
contribution from the mOrange and show the significant differences 
between the two spectra (Fig. 2c and d). The UCNP emission could be 

deconvoluted into 4 clear peaks at 520, 528, 540, and 548 nm (Fig. 2c). 
The UCMF emission showed the additional contribution of the 566 nm 
emission originating from the mOrange (Fig. 2d). The excitation of 
mOrange being around 548 nm, this 566 nm emission, under 980 nm 
excitation, is only possible through FRET. 

Fig. S4 shows the pH dependent fluorescence study of individual 
FRET donor Cit-UCNPs and acceptor mOrange FPs. The pH dependent 
emission spectra, and the variation of the intensity of the spectral 
components of Cit-UCNPs (in DI-water), illuminated with 980 nm laser, 
was found to be pH insensitive within 3.0–8.0 (Figs. S4a and b, ESI). In 
contrast, mOrange FPs have shown strong pH sensitivity for the 566 nm 
band (Figs. S4c and d). As the pH decreases (towards acidic environ
ment), the excitation and emission strengths decreased. The slope of the 
variation was particularly strong between pH 5.0–8.0 indicating high pH 
sensitivity (Dennis et al., 2012), qualifying the mOrange as a pH indi
cator. The change in the mOrange emission, from strong to weak, with 
pH is also reversible as we show in a video (Video 1, ESI). Now, when the 
FRET probe is constructed using Cit-UCNPs, and mOrange FPs, pH 
dependent synergistic effects can be expected. 

Fig. 3 shows the pH dependent spectroscopic FRET analysis of the 
UCMFs. As observed before, under acidic environment, the FPs are 
inactive and thus do not exhibit the absorption properties necessary for 
energy transfer (Fig. 3a). The inactive FPs could again be activated at 
high pH values. This process is reversible (Video 1, ESI), and should go 
on for several cycles if the UCMFs are stable without any loss of signal 
strength. 

Fig. 3b–d represents the pH dependent FRET emission signals from 
the UCMF. Fig. 3b shows that the I540 of the UCNP is decreasing, and 
consequently, the I566 of the mOrange FPs is increasing with increasing 
pH, and vice versa. The changes in the emission can be enhanced when 
zoomed in (Fig. 3 c,d). Similar phenomena have been observed in other 
types of FRET probes (Arppe et al., 2014; Dennis et al., 2012; Li et al., 

Fig. 5. FRET imaging of UCMFs. (a) Schematic demonstration of the sample (10 μL UCMF) preparation on glass cover slip. (b) FRET signal from aggregated UCMF 
illuminated with 980 nm laser. (c) Only UCNPs signal (green channel) obtained from the FRET image (b). (d) Only mOrange FPs signal (red channel) obtained from 
the FRET image (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2016). 
One additional strength of these newly constructed UCMF probes is 

the emission at 655 nm, outside the absorption spectrum of the FP, that 
remains virtually unchanged with pH cycling. The constant I655 can be 
used as a reference, or normalization factor to understand and quantify 
any pH dependent spectral changes. Previous studies either showed 
ratiometric analysis, utilizing relative donor and acceptor emission that 
changes as a result of FRET at different pH, or self-ratiometric mea
surement involving the ratio between two signals of the same donor, one 
of which is affected by the FRET and the reference signal which is pH 
independent and is unaffected by FRET (Li et al., 2016). Interestingly, in 
our probe, we have both the ratiometric and self-ratiometric features 
because of the presence of the pH independent I655. For these new class 
of probes, UCMF, both the I566/I540 (ratiometric) and I540/I655 (self-
ratiometric) values can be plotted as a function of pH (Fig. 3e) to 
generate a reliable calibration line. Both the self-ratiometric and ratio
metric variations yielded high R2 linear fits indicating highly sensitive 
and accurate pH sensing (Li et al., 2016). The sensitivity of the pH 
measurement is given by the slope of the calibration curves (Fig. 3c). 
The sensitivity for the self-ratiometric, and ratiometric measurements 

are found to be 0.17, and 0.01 per unit variation of pH, respectively. 
After the demonstration of FRET in the UCMFs, it is important to 

quantify the energy transfer efficiency (E) and the reversibility of the 
constructed probe. The FRET efficiency over the range of pH values can 
be calculated using the following equation (Dennis et al., 2012) 

E ​ ¼ ​ 1 ​ � ​
FDA

F’
DA

(1)  

where, FDA is the donor emission at 540 nm of a conjugated probe at the 
given pH, and F’

DA is the same donor emission at the most acidic pH 
measured, i.e., when the energy transfer can be assumed to be minimal. 
Fig. 4a presents a maximum E of ~20% at pH values between 7 and 8. A 
low E ~0% was observed at pH ¼ 3.0. QD based FRET probes have 
shown E values as high as 50% (Dennis et al., 2012) attributed to the 
high quantum yield in the one-photon absorbing fluorophores. Howev
er, the QDs require UV excitation which will induce strong background 
autofluorescence during FRET measurements. The UCMFs, on the other 
hand, show low quantum yield because of the multiphoton absorption. 
However, having 980 excitation for the UCMFs, the problems of auto
fluorescence and PD can be virtually ruled out. We have shown by Video 
1 (ESI) the reversibility of the mOrange emission under cyclic pH 
change. Fig. 4b shows the pH reversibility of the UCMFs. The I566/I540 
ratios changed values from ~0.04 under pH ¼ 8.0, to ~0.01 under pH ¼
3.0 and maintained these values for at least over 5 pH cycles. Such 
demonstration of probe parameter reversibility, with pH, matches with 
previously reported data (Li et al., 2016). 

A comparison of the FRET probe (donor and acceptor) materials, the 
donor quantum yield, FRET efficiency, pH sensitivity by ratiometric and 
self-ratiometric analysis is provided in Table 1. 

3.5. In-vitro FRET imaging, and pH estimation 

In addition to spectroscopy, the UCMF probes must also pass the 
microscopic imaging tests to be qualified for intracellular pH sensing. 
Fig. 5 shows the FRET imaging of UCMFs dropped on a glass coverslip 
(Fig. 5a) and illuminated with 980 nm light. Fig. 5b shows the fluores
cent overlaid FRET image of the aggregated UCMFs. Individual UCMFs 
cannot be resolved under the microscope objective. Individual signals 
from the Cit-UCNPs and the mOrange could be recorded in the green 
(Fig. 5c), and the red channel (Fig. 5d), respectively. The presence of 
these two emission signals under 980 nm excitation proves the FRET 
phenomenon in the probes. The fluorescence, and the FRET is thus 
established both by spectroscopy, and microscopic imaging. 

Another confirmation of FRET could be obtained by photobleaching 
the acceptor molecules (Gert-Jan Kremers). Here, the mOrange FP is 
photobleached with prolonged 520–540 nm irradiation (mono
chromated Hg-lamp) and the UCNP donor emission is imaged under 980 
nm excitation. The hypothesis is that as the mOrange emission decreases 
because of photobleaching, the green emission from the UCNP in the 
probe should increase. Fig. S5 represents the FRET validation study. 
Fig. S5a shows that the mOrange FPs are losing its brightness as a 
function of the photobleaching time while the green emission from the 
Cit-UCNPs increased. Later, we have measured the intensity from the 
images that are obtained, and the ratio of the green channel signal 
(UCNPs) to the red channel signal (mOrange) is plotted with time 
(Fig. S5b). The calculated ratio (ImOrange/IUCNP) is found to be decreasing 
with photobleaching time. The energy transfers between Cit-UCNPs and 
mOrange FPs is established. 

In Fig. 6 we demonstrate pH dependent FRET imaging. At alkaline 
pH (7.0), where the energy transfer is maximum, we could observe the 
signal from both the donor and the acceptor (Fig. 6a). However, at a low 
pH (3.0), due to inefficient energy transfer, we could only observe the 
emission signal from Cit-UCNPs (Fig. 6a). We have taken 5 regions of 
interest (ROI), and measured the intensities at each ROI and then 
calculated the mean intensity with different pH values. To obtain a FRET 

Fig. 6. pH dependent ratiometric FRET imaging. (a) FRET images of UCMF 
dispersed in different pH buffer (pH ¼ 3–7), dropped on a glass cover slip, and 
their corresponding intensities measured by ImageJ software. The error bar 
indicates intensity values from at least five region of interests. The line joining 
the data points are just a guide to the eye only. (b) The FRET intensity ratio 
(mOrange FPs signal, in red channel, to UCNPs signal, in green channel) as a 
function of pH. The line joining the data points is a linear fit with adjacent R2 ¼

0.98. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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ratio calibration curve, we have plotted the mean intensity ratios be
tween the acceptor signal (ImOrange) and donor signal (IUCNP) as a func
tion of pH (Fig. 6b). The ratio ImOrange/IUCNP was found to vary linearly 
with pH (Fig. 6b) as we have obtained spectroscopically also. The slope 
of the line (Fig. 6b) indicates the pH sensitivity of the FRET nanoprobes. 

3.6. Cell cytotoxicity study of UCMF 

For intracellular studies, biocompatibility of the UCMFs is a concern. 
We have performed the MTT assay (Chen et al., 2019) to investigate the 
biocompatibility of the UCMFs in HeLa cells. Figure S6a (ESI) represents 
the viability of the HeLa cells incubated with different concentrations of 
nanoprobes for 24 h. Cell viability is >80% even when the concentration 
of the UCMFs is as high as 400 ppm. Below this concentration (400 
ppm), the UCMFs can be assumed to be biocompatible for the cells, and 
therefore suitable for pH sensing. 

The internalization of these UCMFs, and its location in the cells, was 
confirmed by TEM. Figs. S6b–d (ESI) represents the UCMFs inside the 
HeLa cells which were incubated with 200 ppm of UCMFs. The TEM 
image confirms the presence of uptaken nanoparticles in the cytoplasm, 
and intracellular compartments such as endosomes and lysomes. Similar 
TEM results were also obtained in our previous studies with UCNPs in 
3T3 cells (Gupta et al., 2018) and graphene oxide in B16F10 cells ((Kao 
et al., 2019). 

3.7. Intracellular FRET based pH mapping 

The constructed FRET nanoprobes, UCMFs, qualified for intracel
lular studies based on FRET efficiency exceeding 0.1%, and significant 
change in FRET ratio with pH (Campbell, 2009). To demonstrate the 
ability of UCMFs in intracellular pH sensing, we have carried out 
live-cell fluorescence imaging. 

Fig. 7 represents the intracellular FRET imaging data. We incubated 
HeLa cells with UCMFs (200 ppm) for 24 h and washed (twice with PBS 
buffer) them to remove any uninternalized probes prior to imaging. The 
superimposed bright field overlay image in Fig. 7a shows the green, and 
yellow fluorescence of the UCMFs internalised by the HeLa cells. Fig. 7b 
and c shows the green channel (Cit-UCNPs), and the red channel signal 
(mOrange FPs), respectively. Fig. 7d shows the dark field overlaid FRET 
image. Clearly, when the green and red channel signals were present, 
simultaneously, the ImOrange/IUCNP is low and the net fluorescence is 
yellow (ROI 1, 4, 5). When the green channel signal dominated, indi
cating high ImOrange/IUCNP, the overlaid signal is predominantly green 
(ROI 2, 3). Visually, we can consider that yellow ROIs indicate relatively 
alkaline, and the green ROIs are relatively acidic. 

To estimate the precise pH values in the particular compartments 
where the UCMFs have accumulated, we have calculated the ImOrange/ 
IUCNP ratio, and inserted these values on the calibration curve (in Fig. 6b) 
and estimated the pH values. Table 2 shows the FRET intensity ratio in 

Fig. 7. In-vitro (in cell) FRET imaging of UCMF, 
internalised within HeLa cells. (a) Superimposed 
of bright field image with ratiometric FRET signals 
(excitation - 980 nm) of UCMFs localised in 
different cellular compartments of HeLa cells. (b) 
Only UCNPs signal obtained in green channel. (c) 
Only mOrange FPs signals obtained in red channel. 
(d) Overlaying FRET images containing both green 
channel and red channel signals. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Table 2 
FRET intensity ratio ImOrange/IUCNP in different cellular compartment and corresponding pH range.  

Region of Interest (ROI) FRET ratios (ImOrange/IUCNP) pH (Estimated from calibration curve) Intracellular Organelles/Cytoplasm Ref pH values 

1 0.75 ~7.2 Cytosol 6.8–7.2(Llopis et al., 1998) 
2 0.25 ~2.7 – – 
3 0.35 ~3.6 Late endosomes/Lysosome 4.0–4.5 (N€areoja et al., 2017) 
4 0.72 ~7.0 Cytosol 6.8–7.2 (Llopis et al., 1998) 
5 0.75 ~7.2 Cytosol  
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different ROIs, and their corresponding pH values. For instance in ROI 1, 
ImOrange/IUCNP ~0.75, and the estimated pH value obtained is 7.2, which 
matches with the standard cytosolic pH value (Llopis et al., 1998). 
Similar values were obtained for ROI 4, 5. But for ROI 3, ImOrange/IUCNP is 
~0.35, corresponding to pH ¼ 3.6 normally found in early/late endo
somes (N€areoja et al., 2017). From the superimposed image we could 
also conclude that the UCMFs mostly accumulated in the cytosol and in 
the endosomes in this study. However, problems exist for ROI 2, where 
the estimated pH value is found to be ~2.7, which is abnormal for any 
cellular compartment (Dennis et al., 2012). This may occur as a result of 
an error in image collection and probably can be solved by collecting 
more images and then applying statistical analysis. The UCMF probes 
did provide a better resolution and features in intracellular pH sensing. 
For example, Tuomas et al. (N€areoja et al., 2017) and Cuixia et al. (Li 
et al., 2016) have done similar studies using pH-sensitive dyes as 
acceptor molecule which are unstable and less biocompatible than 
mOrange FPs (Alford et al., 2009; Dennis et al., 2012). Dennis et al., 
(2012) did use mOrange FPs a FRET acceptor, however, with QDs as 
donor, which normally requires shallow penetrating UV excitation, and 
could induce autofluorescence, and damage the cells. Many of these 
above-mentioned studies address the photostability and toxicity issue of 
the nanoprobes as critical. The UCMFs are free from such concerns. 
Therefore, intracellular pH sensing is possible by using these UCMFs 
which can be used in theranostics, to specifically address drug deliver
y/release issues, and cellular diagnostics for drug design. 

3.8. In situ calibration of intracellular pH 

Next, to demonstrate the sensitivity of the UCMF to estimate the 
intracellular pH we have used Nigericin to modulate the intracellular pH 
(Li et al., 2016; N€areoja et al., 2017). Here, instead of probing the 
cellular compartments, the homogeneous intracellular pH was probed 
with the UCMFs (Mindell, 2012). 

Fig. 8 represents the FRET images of HeLa cells in buffers with 
different pH of 7, 5, and 3. The use of the ionophore, Nigericin, would 
ensure identical pH value inside the cells. At an alkaline pH of 7.0 
(Fig. 8a), we could select and observe individual emission signals from 
both the UCNPs (green) and mOrange FPs (orange), from the UCMFs 
uptaken in the cells. The bright field overlay image shows the location of 
the UCMFs within the cell, and the dark field overlay shows a yellow 
integrated emission from the UCMFs. The FRET intensity ratio (red 

channel to green channel) obtained is 0.71 � 0.03. This FRET ratio 
matches well with our previous calibration curve shown in Fig. 6b. For 
the case of mildly acidic pH (pH ¼ 5.0, Fig. 8b) the FRET intensity ratio 
dropped as mOrange FPs loses their ability to absorb energy from the 
UCNPs, and thus resulting in decrease in red channel signal. At the high 
acidic pH (¼ 3.0, Fig. 8c), the FRET efficiency was very low to inhibit 
mOrange excitation, and the green channel signal dominated. This 
vanishingly small red channel signal resulted in the integrated emission 
(darkfield overlay) to be predominantly green coming from the UCNP’s 
540 nm emission. To obtain a standard deviation and accuracy of the pH 
controlled FRET ratio, as mentioned in Fig. 8, we have performed the 
FRET imaging for four independent measurements (Figs. S7–S9, ESI). 
The above results indicate that the UCMFs can be used for intracellular 
pH estimation with excellent reproducibility and accuracy. 

4. Conclusions 

In conclusion, we have constructed a highly sensitive FRET based 
nanoprobe (UCMFs), with upconversion nanoparticles (UCNPs) as the 
donor, and mOrange fluorescence proteins as the acceptor, for intra
cellular pH sensing. The UCNP excitation of 980 nm provides longer 
penetration depth, express minimum autofluorescence, and high pho
tostability to enhance the pH probe performance. FRET has been 
confirmed both spectroscopically, and by fluorescence imaging. The 
FRET efficiency of the probes is ~20% at pH ¼ 7.0. The emission in
tensity ratio, ImOrange/IUCNP, scales linearly with the pH of a solution. 
Specific values of the ImOrange/IUCNP ratio could be maintained under 
repeated pH cycling between 3.0 (acidic), and 8.0 (alkaline) environ
ment signifying reversibility of the probes. The UCNPs emit pH insen
sitive 650 nm light, and hence the nanoprobe can perform both self- 
ratiometric, and ratiometric measurements unlike most of the reported 
pH probes. HeLa cells show viability up to 80% even when incubated 
with 400 ppm of the probes for 24 h. The UCMF uptake in HeLa cells is 
demonstrated through 980 nm excited fluorescence microscopy and 
visualized by TEM study. Dual-channel imaging measurements for the 
donor and acceptor emission enables the calculation of the ImOrange/ 
IUCNP ratio (by ImageJ) and estimation of the pH of the intracellular 
compartments within which these probes accumulated. Intracellular pH 
was controlled at different values (3.0, 5.0, and 7.0) by the use of an 
ionophore Nigericin, and the pH was estimated from the FRET ratio (red 
channel to green channel signal) obtained from the imaging studies. The 

Fig. 8. Nigericin mediated in situ pH 
sensing in HeLa cells. Fluorescence imag
ing of UCMF internalised HeLa cell(s) with 
nigericin modulated pH of (a) 7.0, (b) 5.0, 
and (c) 3.0, respectively. From left to right (L 
to R): Bright field image, green (UCNP) 
channel, red (mOrange) channel, and dark 
field overlay of the red and green channel 
images. The FRET intensity ratio (red to the 
green channel) is mentioned in each dark 
field overlay panel. The standard deviations 
in the FRET ratios were obtained from four 
independent measurements. Common scale 
bar of 10 μm. (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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FRET ratios obtained matched well with the pH calibration curve. These 
results show the efficacy, reproducibility, and stability of the UCMFs as 
intracellular pH probes that can be utilized in early detection of cancer 
and other pH malfunctions in cells. 
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