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A reversible frequency upconversion probe for
real-time intracellular lysosome-pH detection and
subcellular imaging†

Zhe Dong, Qingxin Han, Zuolin Mou, Ge Li and Weisheng Liu *

Lysosomal pH is known to be acidic, which plays a vital role in various processes in living organisms.

Frequency upconversion luminescence exhibits the unique ability to convert low energy photons into high

energy photons, which can be used in live samples due to its deep penetration, low tissue damage, etc.

The development of sensitive frequency upconversion probes with a low pKa, high sensitivity, and specific

selectivity for lysosomal pH detection is of great importance. Herein, we report a novel frequency

upconversion luminescence probe, NRH-Lyso, by conjugating the rhodamine derivative NRH and the

lysosome targeting functional group 4-(2-aminoethyl)morpholine. NRH-Lyso shows a sensitive response

to acidic pH and excellent selectivity in the presence of metal ions, anions, and small molecules. Due to

the structural transformation of lactam ring opening and closing of NRH-Lyso, the probe shows an almost

80-fold enhancement in emission intensity when the pH changes from 7.0 to 4.0 under 808 nm laser

excitation. The living cell imaging data reveals that NRH-Lyso can selectively detect lysosomal pH changes

with excellent photostability and low cytotoxicity. All these features make NRH-Lyso a good candidate to

investigate the lysosomal pH-associated physiological and pathological processes.

Introduction

Intracellular acidic pH plays various pivotal roles in various
biological processes1 such as cell growth,2 apoptosis,3,4

endocytosis,5 autophagy,6 and receptor-mediated signal
transduction7 in eukaryotic cells. Due to their ability to adjust
the pH of the inner environment in cells to acidic, lysosomes
are considered as one of the most important organelles.
Lysosomes contain various hydrolytic enzymes, which play
key roles in immunologic defense,8 intracellular digestion,9

and ion metabolism.10 Furthermore, aberrant variation in the
lysosomal pH can induce dysfunction in enzymes and proteins
inside the lysosomes that can only exhibit activity and func-
tions in an acidic pH environment (4.5–5.5).11,12 According to
previous studies, an abnormal change in lysosome pH can lead to
several diseases such as cancer,13 Alzheimer’s disease,14 shock,15

and lysosome storage diseases.15,16 Therefore, the development
of an efficient way to real time monitor the lysosome pH in
living cells is of importance to investigate the physiological and
pathological processes.

In the past few decades, fluorescence spectrometry has
attracted significant attention than other methods for pH detec-
tion due to its simple operation, high sensitivity, high selectivity,
high spatial and temporal observation, fast response, and non-
invasiveness in living cells or tissues.17–28 Although numerous
attempts have been made to develop intracellular pH probes,29–43

their applications in pH detection are still limited due to the
extremely limited penetration depth and strong auto-fluorescence
of these methods in the ultraviolet and visible range. It has
been reported that long-wavelength emissive probes can reduce
the abovementioned shortcomings.44–47 However, there still are
several limitations that impede their applications in living samples
including low fluorescence quantum yield, inappropriate pKa

range, and high background fluorescence.
Nowadays anti-Stokes luminescent materials, including

lanthanide-doped upconversion nanoparticles and triple–triple
annihilation-based materials, are good candidates for sub-
cellular pH detection in living tissues due to their unique
ability to convert longer wavelength excitation to shorter wave-
length emission.33,48–54 However, controlling the size of these
materials, which will make it easy for them to pass through the
cell membrane into the inner tissues while maintaining their
original optical properties, is still a major challenge in biological
applications.55,56 Two-photon absorption (TPA) is another well-
used anti-Stokes luminescence process in bio-detection and other
bio-applications. However, the realization of TPA needs extremely
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high excitation energy, which limits easy and convenient applica-
tions (Scheme 1).57,58

Frequency upconversion luminescence (FUCL) is another attrac-
tive choice for generating anti-Stokes emission. It is characterized
by continuous optical pumping from the vibrational–rotational
energy sublevels of the ground states of FUCL molecules followed
by the emission of radiation with a shorter wavelength.59–62

Different from lanthanide upconversion luminescence and
TPA, which occur between the zero level of the ground state
(S0) and the first excited state (S1), FUCL starts from the
thermally vibrational–rotational energy sublevels of the ground
state (S0

0) with the continuous absorption of pump photons
accompanying the luminescence to the lowest levels of the
ground state (S0).59,61,63–65 Notably, FUCL is a typical one photon
process, and the additional energy is provided by the heat
originating from the original Boltzmann distribution of dye
molecules. Compared to UCNPs, the luminescent unit of FUCL
is a single organic dye molecule, which is much smaller than
nanoparticles and exhibits relatively higher absorptivity and
tunable excitation and emission wavelengths. To date, limited
examples of FUCL organic dyes have been reported,55,66,67 and
none have been applied for real-time intracellular detection of
lysosomal pH and subcellular imaging.

In this study, we designed a novel FUCL lysosome pH probe,
NRH-Lyso, via the chemical conjunction of the rhodamine
derivative NRH with the lysosomal targeting group 4-(2-amino-
ethyl) morpholine. Li’s group used NRH as the main skeleton
of their copper probe, and it showed excellent FUCL abilities
and low biotoxicity.66,67 NRH-Lyso shows frequency lumines-
cence (lex = 808 nm) and NIR fluorescence (lex = 685 nm) by
responding to acidic pH. Detailed pH titration, reversibility,
and selectivity of the probe under two excitations were systemi-
cally investigated. Furthermore, the potential applications of
NRH-Lyso in living samples were further evaluated via fluores-
cence imaging techniques.

Experimental
Materials and methods

All chemicals were purchased from commercial suppliers
and used without further purification. All solvents were of
reagent grade and used without further purification unless
especially noted. All reactions were monitored through thin-
layer chromatography (TLC) using UV light. Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)

was purchased from Adamas Reagent Co., Ltd. Lysosome
tracker Green DND-26 (LTG) was purchased from Shanghai
Yeasen Biotechnology Co., Ltd. Britton–Robinson (BR) buffers
were prepared by mixing 40 mM acetic acid, boric acid, and
phosphoric acid. The pH of the BR buffers was adjusted
by adding different amounts of diluted NaOH solution and
measured by a pH-10C digital pH meter. 1H NMR (400 MHz)
and 13C NMR (101 MHz) spectra were obtained using a Bruker
AVANCE III HD 400 MHz digital NMR spectrometer with
tetramethylsilane as the internal standard. Mass spectra (ESI)
were obtained using an LQC system (Finngan MAT, USA) and a
Bruker Daltonics Esquire 6000 mass spectrometer. All UV-vis
spectra and fluorescence spectra were obtained using a Shimadzu
UV-2700 spectrophotometer and a Hitachi F-7000 fluorescence
spectrophotometer at room temperature, respectively. The
808 nm laser was purchased from Changchun Lslaser Co.,
Ltd. The DHJF-8002 low-temperature stirring reaction bath
was purchased from Zhengzhou Great Wall Scientific Industrial
and Trade Co., Ltd.

Synthesis and characterization of NRH

The synthetic route for NHR is shown in Scheme 3. Compounds
1 and 2 were obtained via the reported procedures.55,66,67

Compound 1 (6-(N,N-diethylamino)-9-(2-carboxyphenyl)-1,2,3,4-
tetrahydroxanthylium perchlorate, 3 mmol), compound 2 (2-(2-
anilinovinyl)-1-ethyl-3,3-dimethyl-3H-indolium iodide, 3 mmol),
and KOAc were added to a flask and dissolved in 15 mL acetic
anhydride and then stirred under an argon atmosphere at 50 1C
for 0.5 h. This reaction was quenched by pouring 100 mL water
in the flask, and then, filtration was employed to obtain the
crude product. Subsequently, the product was purified via silica
chromatography using dichloromethane/methanol (V : V = 100 : 1
to 10 : 1) as the eluent to obtain NRH as a green solid. 1H NMR
(400 MHz, CDCl3) d (ppm): 8.14 (d, J = 8 Hz,1H), 8.04 (d, J =
12 Hz, 1H), 7.47 (m, 2H), 7.02 (t, J = 8 Hz, 2H), 6.87 (d, J = 8 Hz,
1H), 6.81 (d, J = 8 Hz, 1H), 6.55 (d, J = 8 Hz, 1H), 6.44 (s, 1H), 5.66
(d, J = 12 Hz, 1H), 3.44 (m, 6H), 2.55 (m, 6H), 1.70 (s, 6H), 1.22
(t, J = 8 Hz, 6H), 1.08 (t, J = 8 Hz, 3H). ESI-MS m/z [M+]: 573.3.

Synthesis and characterization of NRH-Lyso

PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexa-
fluorophosphate 0.5 mmol) was added to a solution of NRH
(0.5 mmol) in anhydrous dichloromethane. This mixture
was stirred under an argon atmosphere at 0 1C for 0.5 h. Then,
4-(2-aminoethyl) morpholine (1.0 mmol) was added dropwise to
the mixture solution. The reaction mixture was left stirring at
room temperature overnight. The solvent was evaporated under
reduced pressure to obtain the crude product. The residue was
purified through a silica gel column using petroleum/ethyl
acetate (V : V = 10 : 1) to obtain NRH-Lyso as a yellow powder.
1H NMR (400 MHz, CD3OD) d (ppm): 7.83 (d, J = 8 Hz, 1H), 7.58
(t, J = 8 Hz, 1H), 7.53 (d, J = 8 Hz, 2H), 7.29 (t, J = 8 Hz, 1H), 7.20
(t, J = 8 Hz, 1H), 7.14 (t, J = 8 Hz, 1H), 6.81 (d, J = 8 Hz, 1H), 6.68
(d, J = 8 Hz, 1H), 6.38 (s, 1H; d, J = 12 Hz, 1H), 6.25 (d, J = 8 Hz,
1H), 5.50 (d, 12H), 3.72 (q, J = 8 Hz, 2H), 3.58 (t, J = 8 Hz, 4H),
3.40 (q, J = 8 Hz, 6H), 2.32–2.65 (m, 8H), 1.68 (m, 6H), 1.34

Scheme 1 Different luminescence mechanisms of FUCL (left), lanthanide
upconversion (middle), and two-photon absorption (right).
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(m, 4H), 1.21 (t, J = 8 Hz, 3H), 1.17 (t, J = 8 Hz, 6H). 13C NMR
(101 MHz, DMSO-d6): 168.76, 156.39, 152.89, 148.85, 148.49,
144.22, 138.61, 132.52, 131.54, 128.39, 128.28, 127.55, 123.72,
123.40, 122.23, 121.32, 119.76, 119.25, 118.93, 108.45, 105.60,
104.56, 102.31, 97.14, 91.33, 67.38, 66.21, 56.02, 53.25, 5.28,
44.05, 36.42, 36.18, 27.52, 27.44, 26.61, 24.87, 22.81, 22.08,
11.58, 9.96. ESI-MS m/z [(M + H)+]: 686.0.

Results and discussion
Synthesis of NRH-Lyso

The lysosome pH targeting probe NRH-Lyso was easily synthe-
sized in two steps, as illustrated in Scheme 2. Compounds 1
and 2 were synthesized using previously reported methods,
dissolved in acetic anhydride, and heated to produce NRH.
NRH-Lyso was obtained from NRH via a typical reaction with
4-(2-aminoethyl) morpholine in anhydrous CH2Cl2 with PyBOP
as the catalyst. The final structure of NRH-Lyso was characterized
via 1H NMR, 13C NMR, and ESI-MS.

Spectroscopic properties of NRH-Lyso to pH

The spectroscopic properties of NRH-Lyso were measured in
Britton–Robinson (BR) buffers (40 mM) containing 1% DMSO
at various pH values, and the corresponding spectra are shown
in Fig. 1. The fluorescence spectra were measured under two
different excitations: 685 nm and 808 nm.

The UV-vis spectra of NRH-Lyso at different pH values are
displayed in Fig. 1a. As shown, the solution of NRH-Lyso was
turquoise, but it changed to colorless when the pH of the BR
buffer was higher than 6.0 due to the stable non-fluorescent
spirolactam form of NRH-Lyso in an alkaline environment.

When the pH increased from 3.5 to 8.0, the broad absorp-
tion peak at 710 nm showed an intense decrease along with a
weak increase in the absorption band at 390 nm. Moreover, as
shown in Fig. 1b, the fluorescence spectra show a significantly
enhanced NIR luminescence signal of NRH-Lyso at 740 nm
corresponding to the H+-induced ring opening of NRH-Lyso,
which shows more than an 80-fold increase under 808 nm
excitation; this demonstrates that NRH-Lyso is a highly sensi-
tive probe under acidic conditions.

As shown in Fig. 1c, the changes in the highest fluorescence
intensity (at 740 nm) of the pH titration curve could be set as a
function signal of pH, which yielded a pKa of 4.51, thus
demonstrating that NRH-Lyso could detect lysosomal pH changes
in living cells. NRH-Lyso also displayed excellent linearity

(R2 = 0.99397) of luminescence intensity versus pH value in
the range of 4.0–5.0 (Fig. S2, ESI†). NRH-Lyso also showed good
reversibility between pH 4.0 and 7.0. We then investigated the
underlying mechanism of upconversion emission in NRH-Lyso
under 808 nm laser excitation. As shown in Fig. S3 (ESI†), the
luminescence intensity of NRH-Lyso showed excellent linearity
(R2 = 0.99837) with excitation power ranging from 0.1 W to
0.7 W; this indicated that the luminescence form of NRH-Lyso
excited at 808 nm belonged to a single and not a multiple
process.55,61,63,64,68 We then explored the relationship between
luminescence intensity and temperature. As shown in Fig. S4
(ESI†), the normalized fluorescence intensity increased when
the temperature increased.61,63,64,67–69 Thus, we can conclude
that this type of luminescence in NRH-Lyso occurring under
808 nm laser excitation is frequency upconversion. To further
investigate the spectroscopic properties of NRH-Lyso, different
experiments including pH titration and time response experi-
ments under 685 nm excitation were also performed, where we
also observed the same variation under 685 nm excitation. The
results showed good coherence with the results, such as excellent
linearity in the pH range of 4.0–4.8 and the same phenomena,
obtained under 808 nm excitation (Fig. S6–S9, ESI†).

As shown in Fig. 2, the fluorescence intensity at both 685 nm
and 808 nm excitation of NRH-Lyso at pH 7.0 and pH 4.0

Scheme 2 Response mechanism of NRH-Lyso to acidic pH, and a schematic
of its FUCL.

Scheme 3 Synthetic route of the lysosomal pH probe NRH-Lyso.

Fig. 1 (a) UV-Vis spectra of 10 mM NRH-Lyso in BR buffer with varying pH
values. Insert: Photos of the BR solutions with different pH: left 7.0 and
right 4.0. (b) Fluorescence spectra of 10 mM NRH-Lyso in BR buffer with
varying pH values, excitation: 808 nm laser. (c) Plots of normalized
fluorescence intensity vs. pH (pKa = 4.51). (d) pH reversibility study of
NRH-Lyso in BR buffer at two different pH values (4.0 and 7.0).
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showed negligible changes in the presence of common cations
such as Na+, K+, Li+, Ca2+, and Mg2+, heavy and transition-metal
ions, such as Hg2+, Cd2+, Co2+, Ni2+, Zn2+, Mn2+, Cu2+, Pb2+,
Ag+, Al3+, Cr3+ and Fe3+, HPO4

2�, CO3
2�, and various biological

molecules including amino acids, glucose, and reactive
oxygen species (HClO and H2O2), which exhibited negligible
interference in the fluorescence of NRH-Lyso. In addition,
the fluorescence intensity of NRH-Lyso generally remained
stable in the presence of common anions (Ac� and H2PO4

�).
Moreover, the aforementioned analytes had little influence on
the fluorescence intensity of NRH-Lyso at pH = 4.0. The same
results were obtained under 685 nm excitation (Fig. S10, ESI†).
These results demonstrate that NRH-Lyso exhibits a specific
fluorescence response to acidic pH with negligible interference
from other analytes.

Fluorescence imaging in living cells

To evaluate the potential biological applications of NRH-Lyso in
living samples, cell imaging experiments were performed on
RAW 264.7 cells using confocal laser scanning microscopy
(CLSM). We first performed imaging experiments using RAW
264.7 cells at different times under 808 nm laser excitation. As
shown in Fig. 3, the fluorescence intensity in the cytoplasm
almost reached saturation in 30 min.

Bright spots with NIR fluorescence could be observed in
the cytoplasm near the perinuclear regions of the live RAW
264.7 cells. Then, imaging experiments on RAW 264.7 cells
stained with different concentrations of NRH-Lyso were also
performed. After 30 min incubation, clear NIR fluorescence
of NRH-Lyso was detected at concentrations as low as 5 mM
(ESI,† S11). These two abovementioned results demonstrate
that the NRH-Lyso probe can penetrate the cell membrane in
a certain period; thus, we have chosen 30 min and 10 mM as
the best incubation time and concentration in the following
tests, respectively.

4-(2-Aminoethyl) morpholine is a well-used lysosome target-
ing functional group.70,71 Therefore, we introduced it into our
luminescence functional group NRH as the targeting site such
that NRH-Lyso could selectively stain lysosomes in living cells.
Consequently, colocalization experiments with the commercial
lysosome dye LysoTracker Green DND-26 (LTG) were conducted
to identify the intracellular location of NRH-Lyso. As shown in
Fig. 4, NRH-Lyso shows red luminescence under 808 nm laser
excitation, and LTG exhibits green fluorescence under 488 nm
excitation in living cells. The overlap between the red and green
fluorescence images was studied to evaluate the organelle
locating ability of our probe. NRH-Lyso and LTG had nearly
the same distribution in the living RAW 264.7 cells. In the final
results, the corresponding coefficient was 0.95. The above-
mentioned imaging test data demonstrates that NRH-Lyso is a
good candidate for selectively locating lysosomes in living cells.

Furthermore, we tested the ability of NRH-Lyso to sense
cellular pH values in living cells. RAW 264.7 cells were incubated
with NRH-Lyso (10 mM) for 30 min, and the incubating media
were replaced by PBS buffer containing 10 mM nigericin and
5 mM monensin at different pH values (pH 4.0, 4.5, 5.0, 5.5, 6.0,
and 7.0). After incubation for another 30 min, the cell culture

Fig. 2 Fluorescence responses of the NRH-Lyso probe (10 mM) to
different potential interfering agents in pH 4.0 and 7.0 BR buffer solutions.
(Ex = 808 nm 1. Control, 2. Ag+, 3. Al3+, 4. Ca2+, 5. Cd2+, 6. Co2+, 7. Cr3+,
8. Cu2+, 9. Fe3+, 10. Hg2+, 11. K+, 12. Li+, 13. Mg2+, 14. Mn2+, 15. Na+,
16. Ni2+, 17. Pb2+, 18. Zn2+, 19. Arg, 20. Asp, 21. Cys, 22. Glu, 23. GSH,
24. Hcy, 25. His, 26. Leu, 27. Lys, 28. Ser, 29. Thr, 30. Trp, 31. Tyr, 32. Val,
33. Ac�, 34. CO3

2�, 35. H2PO4
�, 36. HPO4

2�, 37. Glucose and 38. H2O2).

Fig. 3 CLSM images of the RAW 264.7 cells stained with NRH-Lyso
(10 mM) at different times. (a–g) 0 min, 10 min, 20 min, 30 min, 40 min,
50 min and 60 min. (h) Average fluorescence intensity of each sample
at different times.

Fig. 4 CLSM images of the RAW 264.7 cells stained with NRH-Lyso
(10 mM) and LTG (100 nM). (a) Bright-field image. (b) Fluorescence image
of NRH-Lyso in the Cy5 channel. (c) Fluorescence image of NRH-Lyso in the
FITC channel. (d and e) Overlay of (a), (b), and (c). (f) Fluorescence intensity
correlation plot of NRH-Lyso (Cy5 channel) and LTG (FITC channel).
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plates were washed with the corresponding PBS buffer three
times before cell imaging was performed. The NIR fluorescence
intensity of NRH-Lyso in the living cells decreased from pH 4.0
to 7.0 due to the formation of the spirolactam NRH-Lyso, which
showed no fluorescence (Fig. 5). Hardly any fluorescence could
be detected in the RAW 264.7 cells at a pH of 6.0. It should be
noted that the NIR fluorescence of NRH-Lyso was distributed
throughout the cell; however, this abnormal phenomenon was
also observed in the literature.

All these data indicate that NRH-Lyso exhibits good sensi-
tivity during lysosome pH changes monitored in living cells.

Cytotoxicity

A standard MTT experiment was employed to evaluate the
cytotoxicity of this probe in living cells. After incubation at
37 1C for 24 h, the cell viabilities of the RAW 264.7 cells were
relatively high (Fig. 6). The cell viability was maintained at
above 90% at the concentration used in the abovementioned
experiments. Even when the concentration of NRH-Lyso was
increased to 20 mM, the cell viability was still higher than 77%.
Therefore, NRH-Lyso exhibits very low cytotoxicity.

Conclusions

In conclusion, we synthesized a novel lysosomal pH monitoring
probe, NRH-Lyso, based on the rhodamine derivative NRH.
NRH-Lyso showed great frequency upconversion luminescence
response (740 nm) to acidic pH due to the H+-induced ring

opening non-fluorescence form of NRH and could specifically
recognize lysosomes in living cells. By conjugating the lyso-
some targeting group 4-(2-aminoethyl)morpholine with NRH,
the probe could specifically recognize lysosomes in living cells.
Furthermore, NRH-Lyso exhibits a suitable pH detection range
(pKa = 4.51), high sensitivity, good selectivity, good reversibility,
excellent photostability, and low cytotoxicity. NRH-Lyso was
successfully used for imaging lysosomal pH in live cells. The
present study provides a general platform for the development
of a series of frequency upconversion rhodamine-based probes
and organelle targeting probes for the detection and imaging of
a wide range of analytes in living samples.
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