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chanism of biological action of
morpholinyl-bearing arylsquaramides as small-
molecule lysosomal pH modulators†

Tao Zhang,‡a Xiao-Qiao Hong,‡b Hai-Tao Zhi,a Jinhui Hu*a and Wen-Hua Chen *a

Lysosomal pH is an important modulator for many cellular processes. An agent that is capable of

regulating lysosomal pH may find a wide range of potential applications in the field of biomedicine. In

this study, we describe the synthesis of a family of morpholinyl-bearing arylsquaramides as small-

molecule lysosomal pH modulators. These compounds are able to efficiently facilitate the

transmembrane transport of chloride anions as mobile carriers across vesicular and cellular

phospholipid membranes. They are capable of specifically alkalizing liposomes, disrupting the

homeostasis of lysosomal pH and inactivivating lysosomal Cathepsin B enzyme. Anion transport is

considered as the probable mechanism of action for the high efficiency of these compounds to

modulate lysosomal pH. The present findings present a novel means to efficiently regulate lysosomal

pH, which is in contrast to the methods shown by conventional lysosomal pH modulators that

generally function by either acting as a weak base/acid, or releasing a basic/acidic component in

lysosomal environments to change lysosomal pH.
1. Introduction

It is known that lysosomes are membrane-bound subcellular
organelles and maintain cellular homeostasis by generating
a highly acidic environment.1 Lysosomal enzymes are respon-
sible for breaking down carbohydrates, nucleic acids, lipids and
proteins,2–6 and usually exert the maximal activity in an acidic
environment (pH 4.5–5.0).7–14 Leakage of protons due to
a defective proton pump or lysosomal permeabilization would
lead to lysosomal alkalization and consequently a decrease or
deactivation in the activity of lysosomal hydrolytic enzymes.15,16

Thus, modulating lysosomal pH may serve as a practical
strategy for regulating cellular processes as well as for devel-
oping therapeutic agents for lysosome-involved diseases.

It is reported that some agents are able to specically
modulate lysosomal pH.1 These so-called lysosomal pH modu-
lators generally function by acting as a weak base/acid, or
releasing a basic/acidic component in lysosomal environments
to elevate/lower lysosomal pH.1 For example, chloroquine and
hydroxychloroquine inhibit lysosomal acidication through
ces, Wuyi University, Jiangmen 529020,

yu.edu.cn

ghua University, Haidian Dist, Beijing

tion (ESI) available: Structural
edures for the anion transport and
https://doi.org/10.1039/d2ra02146c

is work.

2759
elevating lysosomal pH,17–19 whereas poly(lactic-co-glycolic acid)
(PLGA) degrades in an acidic environment to release lactic and
glycolic component carboxylic acids to lower lysosomal pH
(Fig. 1).20–22 In contrast to these conventional lysosomal pH
modulators, in previous studies we introduced the concept of
“lysosome-targeting anionophores”, whereby arylsquaramides
bearing uorescent coumarinyl and lysosome-targeting mor-
pholinyl subunits (e.g., compound A, Fig. 2),23,24 are used to
target lysosomes and disrupt the homeostasis of anions within
liposomes. Signicantly, we have found that such squaramides
are able to elevate lysosomal pH,23,24 and that enhancing their
anion transport activity is favorable to the efficiency to alkalize
lysosomes. This represents a novel approach to efficiently alter
lysosomal pH.24

In the work reported herein, we sought to gain insight into
the correlation between anion transport activity and lysosomal
pH-regulating efficiency, and to better characterize the
Fig. 1 Agents capable of modulating lysosomal pH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures of compounds A and 1–12. For the specific
substituents R1 and R2, see Scheme 1.
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lysosomal pH-modulating properties. Specically, we designed
and synthesized a family of morpholinyl-bearing arylsquar-
amides with no uorophores (i.e., compounds 1–12, Fig. 2), and
systematically investigated their capability and probable
Fig. 3 (a) Relative efflux of chloride anions out of EYPC liposomes enhan
out of EYPC liposomes, induced by compound 12 of varying concentra
solution in 25 mMHEPES buffer (pH 7.0) and extravesicular 500 mMNaN
out of EYPC liposomes enhanced by compound 12 (5 mol%), under the
buffer (pH 7.0) and extravesicular 500 mM NaNO3 in 25 mM HEPES buffe
out of EYPC liposomes enhanced by compound 12 (5 mol%), under the c
7.0) and extravesicular 500 mM NaNO3, NaHCO3 or 250 mM Na2SO4 in
a bulky nitrobenzene membrane, promoted by compound 12 (1 mM) and
500 mM NaNO3 (25 mM HEPES, pH 7.0) for the U-tube chloride receivin
chloride donating aqueous phase and 2 mM TBAPF6 in the nitrobenzene
MQAE-MP in HeLa cells. For MQAE assays, the cells were incubated with
varying concentrations for 2 h, whereas for MQAE-MP assay, the cells w
followed by the treatment with MQAE-MP (5 mM) for 0.5 h. The FI was re
respect to the FI of untreated cells. Each data point represents the mean

Scheme 1 Synthesis of compounds 1–12.

© 2022 The Author(s). Published by the Royal Society of Chemistry
mechanism of biological action to modulate lysosomal pH by
facilitating the transmembrane transport of anions across
vesicular and cellular phospholipid membranes.
2. Results and discussion
2.1 Synthesis

Compounds 1–12 were synthesized as shown in Scheme 1.
Thus, reaction of substituted anilines with excess diethyl
squarate under the catalysis of Zn(CF3SO3)2 gave compounds
13–24.25–28 Reaction of compounds 13–24 with excess N-(2-ami-
noethyl)morpholine under the catalysis of Zn(CF3SO3)2 afforded
compounds 1–12. The structures of compounds 1–12 were
ced by compounds 1–12 (5 mol%). (b) Relative efflux of chloride anions
tions. Assay conditions for (a) and (b): an intravesicular 500 mM NaCl
O3 in 25 mMHEPES buffer (pH 7.0). (c) Relative efflux of chloride anions
conditions of an intravesicular 500 mM MCl solution in 25 mM HEPES
r (pH 7.0) (M ¼ Li, Na, K, Rb or Cs). (d) Relative efflux of chloride anions
onditions of an intravesicular 500 mMNaCl in 25 mMHEPES buffer (pH
25 mM HEPES buffer (pH 7.0). (e) Transport of chloride anions across
detected by a chloride ion selective electrode, under the conditions of
g aqueous phase, 500 mM NaCl (25 mM HEPES, pH 7.0) for the U-tube
organic phase. (f) Normalized fluorescence intensity (FI) of MQAE and
MQAE (5 mM) for 4.0 h followed by the treatment with compound 12 of
ere incubated with compound 12 of varying concentrations for 4 h,

corded by a plate reader at lem/lex ¼ 460/350 nm and normalized with
FI of three independent experiments.

RSC Adv., 2022, 12, 22748–22759 | 22749
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View Article Online
conrmed by means of NMR (1H and 13C) and ESI MS (LR and
HR) (see experimental section and Fig. S1–S52†).
2.2 Anion transport

Vesicular anionophoric activity. Before we investigated the
lysosomal pH-modulating ability of compounds 1–12, we
rstly studied their anion transport activity by measuring the
efflux of chloride anions out of liposomes (100 nm, extru-
sion) composed of egg-yolk phosphatidylcholine (EYPC),
using chloride ion selective electrode (ISE) techniques.29,30

The results are shown in Fig. 3 and Table 1, and indicate that
compounds 1–12 are capable of mediating the transport of
chloride anions across phospholipid liposomal membranes,
but with obvious differences in the activity. For example, at
the concentration of 5 mol% (relative to the concentrations
of EYPC), compound 12 bearing bistriuoromethyl groups
exhibits relative efflux of higher than 60% chloride anions
out of the EYPC vesicles, whereas compound 1 shows negli-
gible chloride efflux. This result suggests that the chloride
efflux ability may be regulated by the substituents. Generally,
the compounds bearing strongly electron-withdrawing
substituents, such as compounds 8, 11 and 12 exhibit rela-
tively high activity. This is in good accord with literature
report that electron-withdrawing substituents on the aryl
subunits of an arylsquaramide are favorable to the anion
transport activity.31

To quantitatively characterize the efficiency of the
compounds showing relatively high chloride efflux activity,
we carried out the concentration-dependent experiments and
analyzed the relationship between the relative chloride efflux
at 260 s and the concentrations of each compound, by using
a Hill equation, relative chloride efflux ¼ kmax � [com-
pound]n/{[compound]n + (EC50)

n}. This analysis gives the
EC50 value of each compound that is dened as the effective
transporter loading when 50% of the maximum chloride
Table 1 Lipophilicity and chloride transport efficiency of compounds 1–

Compound R1 R2 Lipophilici

1 H H 0.79
2 OCH3 H 0.64
3 CH3 H 1.31
4 F H 0.94
5 Cl H 1.40
6 Br H 1.56
7 CN H 0.65
8 NO2 H 0.73
9 CF3 H 1.67
10 H Cl 2.00
11 H NO2 0.67
12 H CF3 2.55

a Calculated using MarvinSketch (Version 6.1.0, weighted Model, ChemA
selective electrode (ISE) techniques, under the conditions of an intravesi
500 mM NaNO3 solution (25 mM HEPES buffer). c DRCl

�
efflux ¼ RCl

�
efflux

a c log P of 3.71 has an EC50 of 0.73 � 0.28 mol% under the same ass
activity. f Estimated due to low to moderate transport activity.

22750 | RSC Adv., 2022, 12, 22748–22759
efflux is reached. As shown in Table 1, compounds 8, 11 and
12 exhibit relatively high activity. It should be noted that
these compounds are 5–6-fold less active than compound A,
which may be ascribed to their lower lipophilicity relative to
compound A.32

To clarify whether the chloride efflux activity is authentic, we
chose compound 12 to measure its effect on the size distribution
and integrity of the EYPC vesicles (Fig. S54 and S55†). As a result,
the diameters of the vesicles were 117.2 � 30.8 nm and 113.3 �
37.9 nm in the absence and presence of 5 mol% of compound 12,
respectively (Table S1†). This result suggests that compound 12
has no effect on the size distribution of the vesicles. Study by
means of calcein leakage assay reveals that no calcein was leaked
from the vesicles aer the addition of compound 12.30,32 These
results suggest that compound 12 has no effect on the integrity of
vesicles and the observed chloride efflux is authentic.

Mechanism of action of chloride efflux. To gain insight into
the probable mechanism of action of compounds 1–12, we
chose compound 12 to re-carry out the chloride efflux experi-
ments in the presence of different alkali metal ions (Li+, Na+,
K+, Rb+ or Cs+) or anions (NO3

�, HCO3
� or SO4

2�).33,34 The
results are shown in Fig. 3c and d, and clearly indicate that the
chloride efflux activity of compound 12 is essentially inde-
pendent of group I alkali metal ions, but varies with the
anions. This result excludes the determining role of those
metal ions in the permeation process, and strongly suggests
that the efflux of chloride anions proceeds via an anion
exchange process.33,34 Then we carried out a U-tube experiment
to address whether compound 12 functions as a channel or
a carrier.35 In this experiment, the chloride-donating phase
was separated from the chloride-receiving phase by a bulky
organic phase. As shown in Fig. 3e, the presence of compound
12 led to a time-dependent increase in the concentration of
chloride anions in the receiving phase, suggesting that chlo-
ride anions were transported from the donating phase to the
receiving phase.
12

ty (c log Pa)

Chloride transportb

DRCl
�

efflux (%)
c EC50 (mol%, ISE)d

2.4 � 0.79 NAe

0.7 � 0.16 NAe

0.5 � 0.01 NAe

3.3 � 0.01 NAe

6.2 � 0.59 NAe

12.6 � 0.19 >10f

10.4 � 1.40 >10f

54.3 � 2.00 3.87 � 0.19
11.9 � 1.04 > 10f

28.5 � 1.75 6.81 � 0.29
50.1 � 1.56 4.19 � 0.18
58.6 � 3.30 4.46 � 0.29

xon, MA). b Measured on liposomal models by means of chloride ion
cular 500 mM NaCl solution (25 mM HEPES buffer) and extravesicular
[5.0 mol% compound]260 s � RCl

�
efflux [DMSO]260 s.

d Compound A with
ay conditions. e Hill analysis not performed due to very low transport

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Taken together, the above-mentioned results suggest that
compound 12 facilitates the transport of chloride anions across
phospholipid membranes as a mobile carrier via the process of
an anion exchange.

In vitro chloride inux activity. As compound 12 is able to
facilitate the transport of chloride anions across vesicular
membranes, we are concerned about whether it exhibits anio-
nophoric activity in living cells. To address this, we measured
the activity of compound 12 to facilitate the inux of chloride
anions into HeLa cervical cancer cells by means of an MQAE [N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide]
assay.36–38 It is known that MQAE is a cell-permeable dye and its
uorescence is specically quenched by chloride anions. As
shown in Fig. 3f, incubation of MQAE with HeLa cells and
subsequent treatment of the cells with compound 12, led to
a concentration-dependent decline in the uorescence of
MQAE. This provides strong evidences that compound 12 is
involved in facilitating the inux of chloride anions into the
intracellular matrix.
Fig. 4 AO staining of (a) untreated HeLa cells and (b–f) HeLa cells treated
1.56 mM; (e) 6.25 mM and (f) 25 mM for 4 h, respectively. Green fluorescenc
12 nm, lem BP 575–640 nm. (g) Graph of the AO fluorescence against
rescence against the concentrations of compound 12.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Since compound 12 has lysosome-targeting morpholinyl
groups, we used MQAE-MP assays to explore its ability to facil-
itate the transport of chloride anions across lysosomal
membranes.39 MQAE-MP is an MQAE derivative that is able to
specically accumulate in lysosomes and has been used to
detect the change in the concentration of chloride anions in
lysosomes.40 As shown in Fig. 3f, treatment of HeLa cells with
compound 12 and subsequent incubation with MQAE-MP, led
to a concentration-dependent increase in the uorescence of
MQAE-MP, indicative of a decrease in the concentration of
chloride anions in lysosomes. The result lends strong support
that compound 12 is able to mediate the efflux of chloride
anions out of lysosomes.
2.3 Lysosomal pH-modulating effect

Alkalization of acidic organelles. To demonstrate the ability
of compounds 1–12 to modulate intracellular pH, we conducted
staining experiments of HeLa cells with acridine orange
(AO).16,41,42 As a cell-permeable dye, AO exhibits a characteristic
with compound 12 at the concentrations of (b) 0.10 mM; (c) 0.39 mM; (d)
e: lex BP 470/40 nm, lem BP 525/50 nm; red fluorescence: lex BP 546/
the concentrations of compound 12. (h) Curve fitting of the AO fluo-

RSC Adv., 2022, 12, 22748–22759 | 22751
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orange uorescence emission when it is protonated and accu-
mulated in acidic compartments such as lysosomes, whereas it
emits green uorescence when the acidic compartments are
basied. It is clear from Fig. 4 and S56–S67† that, when HeLa
cells were stained with AO, granular orange uorescence was
observed in the cytoplasm, suggesting that the orange uores-
cence is due to acidic organelles. Treatment of the HeLa cells
with compounds 1–12 led to a decline in the orange emission.
This result suggests that compounds 1–12 are able to efficiently
basify the acidic organelles.

To quantitatively characterize the efficiency of these
compounds to modulate cellular pH, we carried out
concentration-dependent experiments and determined the EC50

values that are dened as the concentrations required to shi
the orange/green ratios of AO by 50%.43 The EC50 values were
listed in Table 2, and show that compounds 1-12 alkalize acidic
organelles in the order of compound 12 > 11 > 8 > 10 > 9 > 7 > 6 >
5 > 1 z 2 z 3 z 4, which is consistent with their transport
activity on vesicles.

Lysosomal alkalization. The ability of compounds 1–12 to
alkalize acidic organelles inspired us to explore whether they
are able to alkalinize lysosomes. Thus, we carried out the co-
staining experiments of compounds 1–12 with commercially
available LysoSensor Green DND-189, a pH-sensitive uorescent
probe that specically targets lysosomes.44,45 Chloroquine
phosphate (CQP), a well-known lysosomal pH modulator, was
used as a positive control. As showed in Fig. 5 and S68–S80,†
treatment of HeLa cells with each compound led to a concen-
tration-dependent reduction in the green uorescence, indica-
tive of an increase in the lysosomal pH. This observation
indicates that compounds 1–12 are able to alkalize lysosomes.

To quantitatively assess the efficiency of these compounds,
we analyzed the green uorescence intensity against the
concentrations of each compound to give the EC50 values. This
EC50 value is dened as the concentrations required to result in
50% disappearance of the green uorescence of LysoSensor
Table 2 Lysosomal alkalization efficiency of compounds 1–12 and chlo

Compound

Cellular alkalization Lysosom

EC50
b (mM, AO) DpHc EC50

d (m

1 >50 0.03 � 0.15 >50
2 >50 0.08 � 0.11 >50
3 >50 0.09 � 0.20 >50
4 >50 0.00 � 0.04 >50
5 36.9 � 2.25 0.04 � 0.20 39.8 � 2
6 17.3 � 0.55 0.07 � 0.16 17.3 � 0
7 11.3 � 0.60 0.15 � 0.12 14.0 � 0
8 5.56 � 0.22 0.79 � 0.15 5.19 � 0
9 9.56 � 0.60 0.38 � 0.06 10.9 � 0
10 8.25 � 0.82 0.72 � 0.18 8.47 � 0
11 3.31 � 0.30 1.04 � 0.15 3.54 � 0
12 2.38 � 0.09 1.14 � 0.03 3.09 � 0
CQP 1.44 � 0.18 1.36 � 0.02 1.34 � 0

a All the measurements were made on HeLa cells. b Measured by using AO
d Measured by using LysoSensor Green DND-189 assays. e Measured by us
aer treatment for 12 h. f Measured by using Magic Red Cathepsin assays

22752 | RSC Adv., 2022, 12, 22748–22759
Green DND-189 (Table 2). The EC50 values suggest that
compounds 1–12 alkalize lysosomes in the order of compound
12 > 11 > 8 > 10 > 9 > 7 > 6 > 5 > 1 z 2 z 3 z 4. This order is
consistent with the ones obtained in the liposome and AO
assays. Notably, compounds 11 and 12 exhibit comparable
ability to alkalize lysosomes with CQP.

As CQP is inactive in facilitating the efflux of chloride anions
(data not shown), we propose that compounds 1–12 modulate
lysosomal pH in a different mechanism with CQP. The ability of
compounds 1–12 to basify acidic organelles and lysosomes in
HeLa cells parallels their anionophoric activity across liposomal
membranes, which strongly suggests that it is the anion
exchange promoted by compounds 1–12 that could be respon-
sible for the increase of lysosomal pH. Specically, compounds
1–12 facilitate the efflux of chloride anions out of lysosomes and
meanwhile the inux of hydroxide or bicarbonate into the
interior of lysosomes, leading to an increase in the lysosomal
pH.46

Quantitative determination of lysosomal pH. To quantita-
tively determine the effect of compounds 1–12 on lysosomal pH,
we rstly carried out staining experiments with HeLa cells, by
using BCECF-AM [20,70-bis-(2-carboxyethyl)-5-(and-6)-
carboxyuorescein, acetoxymethyl ester] assays.47 BCECF-AM
is a cell-permeable and intracellular pH-sensitive uorescent
probe that does not uoresce by itself. When entering the cells,
BCECF-AM may be sheared into BCECF and AM by intracellular
esterases, which can be retained in the cells to emit uores-
cence. BCECF-AM can be measured ratiometrically because the
ratio of the two emitted uorescence corresponding to its
excitation has a clear linear relationship with pH. As shown in
Fig. S81† and Table 2, aer the treatment with compounds 1–
12, the intracellular pH (pHi) in HeLa cells changes with time
and increases by up to 1.0 unit aer 3 h. Among them,
compounds 11 and 12 showed the strongest effect, which is
comparable to CQP.
roquine phosphatea

al alkalization

M, LysoSensor) DpHe Lysosomal enzymesf (%)

�0.02 � 0.28 92.7 � 2.07
0.01 � 0.21 95.0 � 1.46

�0.14 � 0.14 101.9 � 1.77
0.58 � 0.05 87.7 � 1.08

.48 0.66 � 0.19 75.4 � 1.02

.86 1.03 � 0.05 72.3 � 0.75

.45 1.17 � 0.04 69.9 � 1.21

.36 1.82 � 0.12 46.2 � 0.94

.54 1.28 � 0.15 63.2 � 1.91

.50 1.51 � 0.10 57.2 � 2.37

.18 1.92 � 0.07 42.9 � 2.10

.05 1.90 � 0.01 43.2 � 1.78

.23 2.17 � 0.13 37.3 � 2.45

assays. c Measured by using BCECF-AM assays, aer treatment for 3 h.
ing the assays based on dextran, uorescein and tetramethylrhodamine,
and reported relative to the background.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Next, we used a ratiometric lysosomal pH probe, uorescein-
tetramethylrhodamine-labeled dextran (FRD),38,42,48 to quanti-
tatively measure the effect of compounds 1–12 on the lysosomal
pH (Fig. 6, S82† and Table 2). FRD has a relative molecular
weight of 70 000 and may accumulate in lysosomes by endocy-
tosis. It emits two types of uorescence, green from uorescein
and red from tetramethylrhodamine, respectively. The ratios of
green/red uorescence are well correlated with the pH changes
in lysosomes, whereby uorescein acts as a pH-dependent u-
orophore and tetramethylrhodamine as a pH-independent u-
orophore.49 As a consequence, treatment of HeLa cells with
compounds 1-12 increased the lysosomal pH by up to 1.92
units. These results clearly show that compounds 1–12 are able
to cause lysosomal alkalinization, and notably compounds 11
and 12 are comparable to CQP.

Decreased activity in lysosomal enzymes. It is known that
lysosomes contain a variety of degrading enzymes.2–5,50 These
enzymes, such as Cathepsin B enzyme exert the highest bio-
logical activity in an acidic environment (pH 4.5–5.0), and
Fig. 5 LysoSensor Green DND-189 (1.0 mM) staining of (a) untreated
concentrations of (b) 0.1 mM; (c) 0.39 mM; (d) 1.56 mM; (e) 6.25 mM and (f) 2
BP 525/50 nm. (g) Graph of the LysoSensor Green DND-189 fluorescen
LysoSensor Green DND-189 fluorescence against the concentrations of

© 2022 The Author(s). Published by the Royal Society of Chemistry
lysosomal alkalization leads to a decrease or deactivation in the
activity of lysosomal hydrolytic enzymes.14,38 Thus, we tested the
effect of compounds 1–12 on the activity of Cathepsin B enzyme
using a Magic Red Cathepsin assay. In this assay, when the
Magic Red® MR-(RR)2 Cathepsin B substrate, a cell-permeable,
non-uorescent probe, is hydrolyzed by lysosomal Cathepsin
B enzymes, the two R–R peptide sequences are cleaved from the
Magic Red molecule and as a consequence red uorescence
emits.42

As shown in Fig. 7 and Table 2, treatment of HeLa cells with
compounds 1–12 led to a decay in the red uorescence within
the cells, which suggests that the activity of Cathepsin B enzyme
decreases and compounds 1–12 are able to change the lyso-
somal pH. Quantitative analysis of the red uorescence inten-
sity relative to the control indicates that at the tested
concentration, the red uorescence decreases in the order of
compounds 12 > 11 > 8 > 10 > 9 > 7 > 6 > 5 > 1 z 2 z 3 z 4,
which is in good agreement with the ability of compounds 1–12
to transport anions and alkalize lysosomes.
HeLa cells and (b–f) HeLa cells treated with compound 12 at the
5 mM for 4 h, respectively. Green fluorescence: lex BP 470/40 nm, lem
ce against the concentrations of compound 12. (h) Curve fitting of the
compound 12.

RSC Adv., 2022, 12, 22748–22759 | 22753

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02146c


Fig. 6 (a–n) HeLa cells incubated with fluorescein-tetramethylrhodamine-labeled dextran (0.2 mgmL�1) for 12 h, and then (a) untreated and (b-
n) pretreated with 6.25 mM of compounds 1 (b), 2 (c), 3 (d), 4 (e), 5 (f), 6 (g), 7 (h), 8 (i), 9 (j), 10 (k), 11 (l), 12 (m) and CQP (n) for 12 h, respectively.
Green fluorescence: lex BP 470/40 nm, lem BP 525/50 nm; red fluorescence: lex BP 546/12 nm, lem BP 590–700 nm (o) Impact of 6.25 mM of
compounds 1-12 and CQP on lysosomal pH. The lysosomal pH was determined by using a pH titration curve.

22754 | RSC Adv., 2022, 12, 22748–22759 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a–n) HeLa cells (a) untreated and (b–n) pretreated with 6.25 mMof compounds 1 (b), 2 (c), 3 (d), 4 (e), 5 (f), 6 (g), 7 (h), 8 (i), 9 (j), 10 (k), 11 (l),
12 (m) and CQP (n) for 4 h, respectively, and then incubated with MR-(RR)2 for 30min. Red fluorescence: lex BP 546/12 nm, lem BP 575–640 nm.
(o) Relative FI of MR-(RR)2 in the presence of 6.25 mM of compounds 1–12 and CQP.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 22748–22759 | 22755
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3. Conclusion

In conclusion, we have successfully synthesized a family of
morpholinyl-bearing arylsquaramides as small-molecule lyso-
somal pH modulators. Model and in vitro studies show that
these squaramides are capable of efficiently mediating the
transmembrane transport of chloride anions across liposomal
and cellular phospholipid membranes. In contrast to many re-
ported lysosomal pH modulators that generally function by
acting as a weak base/acid, or releasing a basic/acidic compo-
nent in the lysosomal environments, these compounds are able
to modulate lysosomal pH via a probable mechanism of trans-
membrane anion transport. The present ndings that these
compounds are able to alkalize lysosomes without producing
any cytotoxicity or disturbance to the autophagy of cells,51

strongly suggest that they may serve as ideal tool molecules to
study the biological function of lysosomes.
4. Experimental
4.1 Generals

The instruments used in this study included a Bruker Avance AV
500 NMR spectrometer for measuring 1H and 13C NMR spectra;
Agilent 1260 Innity II Prime-Ultivo and Thermo Scientic™
Orbitrap Fusion™ Tribrid™ mass spectrometers for recording
the LR and HR ESI-MS spectra, respectively; an Avanti's Mini-
Extruder (Avanti Polar Lipids, Inc., Alabaster, Alabama, USA)
assembled with nuclepore track-etched polycarbonate
membranes (100 nm, Whatman, Florham Park, New Jersey,
USA) for vesicle preparation; Mettler-Toledo PerfectIon™ chlo-
ride ion selective electrode assembled with a Mettler-Toledo
Seven Compact S220 ionometer for measuring chloride efflux;
a BioTek Synergy Neo2 microplate reader for conducting MQAE,
MQAE-MP and BCECF-AM assays; and a Leica TCS SP8 micro-
scope for carrying out AO and LysoSensor Green DND-189
staining experiments, uorescein–tetramethylrhodamine-
labeled dextran and Magic Red Cathepsin assays.

The specic reagents used in this study were EYPC from
Sigma Chemical Co. (St Louis, USA); calcein and acridine
orange from J&K Chemical Co (Beijing, China); MQAE from
Macklin (Shanghai, China); LysoSensor Green DND-189 from
Yeasen (Shanghai, China); Magic Red Cathepsin assay kits from
ImmunoChemistry Technologies (Bloomington, USA); BCECF-
AM from Dojindo (Shanghai, China); uorescein–tetramethyl
rhodamine-labeled dextran from Invitrogen (Shanghai, China);
and CQP from Aladdin (Shanghai, China). Compounds 13–21
and 23 and 24, MQAE-MP were prepared according to reported
procedures.25–28,40 All the other chemicals and reagents were
obtained from commercial resources and used as received.
4.2 Synthesis of compound 22

To a mixture of diethyl squarate (151 mL, 1.0 mmol) and
Zn(CF3SO3)2 (91mg, 0.25mmol) in EtOH (1mL) was added drop
wise a solution of 3,5-dichloroaninline (133 mg, 0.82 mmol) in
EtOH (3 mL). The resulting mixture was stirred at room
temperature and the reaction was monitored by TLC (PE/EA, 2/
22756 | RSC Adv., 2022, 12, 22748–22759
1, v/v). 8 h later, the starting material disappeared on TLC and
the reaction mixture was concentrated under reduced pressure.
The obtained residue was puried by chromatography on
a silica gel column, eluted with PE/EA (1/1, v/v) to afford
compound 22 (159 mg, 70%) having 1H NMR (500 MHz, DMSO-
d6) d 10.96 (s, 1H), 7.46 (s, 2H), 7.31 (t, J ¼ 1.8 Hz, 1H), 4.78 (q, J
¼ 7.1 Hz, 2H), 1.42 (t, J ¼ 7.1 Hz, 3H); 13C NMR (125 MHz,
DMSO-d6) d 187.4, 184.3, 179.2, 169.3, 140.7, 134.5, 122.8, 117.7,
70.1, 15.6; negative LR-ESI-MS:m/z 284.0 ([M�H]�) and HR-ESI-
MS for C12H10Cl2NO3 ([M + H]+) Calcd: 286.00322; found:
286.00308.
4.3 Synthesis of compounds 1–12

Compound 1. To a mixture of compound 13 (22 mg, 0.1
mmol) and Zn(CF3SO3)2 (7.3 mg, 0.02 mmol) in EtOH (3 mL)
was added N-(2-aminoethyl)morpholine (14 mg, 0.11 mmol).
The resulting mixture was stirred at room temperature and the
reaction was monitored by TLC (DCM/MeOH, 20/1, v/v). 6 h
later, the starting material disappeared on TLC. The reaction
mixture was ltered under reduced pressure and the obtained
solid was washed twice with methanol to give compound 1
(25 mg, 83%) as a white solid having 1H NMR (500 MHz, DMSO-
d6) d 9.81 (s, 1H), 7.66 (s, 1H), 7.44 (d, J¼ 7.8 Hz, 2H), 7.34 (t, J¼
7.8 Hz, 2H), 7.02 (t, J ¼ 7.8 Hz, 1H), 3.73 (br, 2H), 3.58 (br, 4H),
2.52 (br, 2H), 2.42 (br, 4H); 13C NMR (125 MHz, DMSO-d6)
d 184.4, 180.5, 169.5, 163.8, 139.3, 129.6, 122.9, 118.3, 66.4, 58.8,
53.5, 40.8; LR-ESI-MS: m/z 302.7 ([M + H]+) and HR-ESI-MS for
C16H20N3O3 ([M + H]+). Calcd: 302.14991; found: 302.14993.

Compound 2. Similar procedure as described for compound
1; from compound 14 (60 mg, 0.24 mmol) and N-(2-aminoethyl)
morpholine (39 mL, 0.29 mmol). Yield: compound 2 (69 mg,
87%). 1H NMR (500 MHz, DMSO-d6) d 9.67 (s, 1H), 7.48 (s, 1H),
7.41–7.34 (m, 2H), 6.96–6.91 (m, 2H), 3.74 (s, 2H), 3.73 (s, 3H),
3.58 (t, J¼ 4.3 Hz, 4H), 2.51 (br, 2H), 2.42 (br, 4H); 13C NMR (125
MHz, DMSO-d6) d 183.6, 180.5, 168.9, 165.1, 163.6, 155.3, 132.3,
120.2, 114.7, 66.2, 58.7, 55.4, 53.4, 40.6; LR-ESI-MS: m/z 332.2
([M + H]+) and HR-ESI-MS for C17H22N3O4 ([M + H]+). Calcd:
332.16048; found: 332.16006.

Compound 3. Similar procedure as described for compound
1; from compound 15 (60 mg, 0.26 mmol) and 4-(2-aminoethyl)
morphine (42 mL, 0.31 mmol). Yield: compound 3 (57 mg, 69%).
1H NMR (500 MHz, DMSO-d6) d 9.72 (s, 1H), 7.56 (s, 1H), 7.32 (d,
J¼ 8.3 Hz, 2H), 7.14 (d, J¼ 8.3 Hz, 2H), 3.72 (br, 2H), 3.58 (t, J¼
4.2 Hz, 4H), 2.51 (br, 2H), 2.42 (br, 4H), 2.25 (s, 3H); 13C NMR
(125 MHz, DMSO-d6) d184.1, 180.5, 168.2, 163.7, 136.7, 131.9,
129.9, 118.4, 103.9, 66.3, 58.8, 53.5, 40.7, 20.5; LR-ESI-MS: m/z
316.2 ([M + H]+) and HR-ESI-MS for C17H21N3O3 ([M + H]+).
Calcd: 316.16556; found: 316.16507.

Compound 4. Similar procedure as described for compound
1; from compound 16 (25 mg, 0.11 mmol) and 4-(2-aminoethyl)
morphine (17 mL, 0.13 mmol). Yield: compound 4 (26 mg, 73%).
1H NMR (500 MHz, DMSO-d6) d 9.79 (s, 1H), 7.57 (s, 1H), 7.45–
7.43 (m, 2H), 7.20–7.17 (m, 2H), 3.72 (br, 2H), 3.58 (t, J¼ 4.2 Hz,
4H), 2.51 (br, 2H), 2.42 (br, 4H); 13C NMR (125 MHz, DMSO-d6)
d 184.2, 180.5, 169.3, 163.5, 158.3 (d, J ¼ 237.8 Hz), 135.7, 120.1,
116.2 (d, J ¼ 22.5 Hz), 66.3, 58.8, 53.5, 40.7; LR-ESI-MS: m/z
© 2022 The Author(s). Published by the Royal Society of Chemistry
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320.2 ([M + H]+) and HR-ESI-MS for C16H19FN3O3 ([M + H]+)
Cacld: 320.14049; found: 320.14014.

Compound 5. Similar procedure as described for compound
1; from compound 17 (77 mg, 0.31 mmol) and 4-(2-aminoethyl)
morphine (50 mL, 0.38 mmol). Yield: compound 5 (98 mg, 94%).
1H NMR (500 MHz, DMSO-d6) d 9.87 (s, 1H), 7.62 (s, 1H), 7.45 (d,
J ¼ 8.6 Hz, 2H), 7.40–7.38 (m, 2H), 3.73 (br, 2H), 3.58 (t, J ¼
4.0 Hz, 4H), 2.52 (br, 2H), 2.42 (br, 4H); 13C NMR (125 MHz,
DMSO-d6) d 184.5, 180.5, 169.5, 163.2, 138.3, 129.4, 126.6, 119.9,
66.3, 58.7, 53.5, 40.8; LR-ESI-MS: m/z 336.2 ([M + H]+) and HR-
ESI-MS for C16H19ClN3O3 ([M + H]+). Calcd: 336.11094; found:
336.11044.

Compound 6. Similar procedure as described for compound
1; from compound 18 (80 mg, 0.27 mmol) and 4-(2-aminoethyl)
morphine (44 mL, 0.33 mmol). Yield: compound 6 (86 mg, 84%).
1H NMR (500 MHz, DMSO-d6) d 9.73 (s, 1H), 7.62 (s, 1H), 7.51 (d,
J¼ 8.9 Hz, 2H), 7.39 (d, J¼ 8.9 Hz, 2H), 3.72 (br, 2H), 3.58 (t, J¼
4.0 Hz, 4H), 2.51 (br, 2H), 2.42 (br, 4H); 13C NMR (125 MHz,
DMSO-d6) d 184.5, 180.5, 169.5, 163.2, 138.7, 132.3, 120.3, 114.6,
66.3, 58.7, 53.5, 40.8; LR-ESI-MS: m/z 380.0 ([M + H]+) and HR-
ESI-MS for C16H19BrN3O3 ([M + H]+). Calcd: 380.06043; found:
380.05960.

Compound 7. Similar procedure as described for compound
1; from compound 19 (80 mg, 0.33 mmol) and 4-(2-aminoethyl)
morphine (53 mL, 0.40 mmol). Yield: compound 7 (82 mg, 76%).
1H NMR (500 MHz, DMSO-d6) d 10.13 (s, 1H), 7.78 (d, J¼ 8.8 Hz,
2H), 7.58 (d, J¼ 8.8 Hz, 2H), 3.73 (br, 2H), 3.58 (br, 4H), 2.52 (br,
2H), 2.42 (br, 4H); 13C NMR (125 MHz, DMSO-d6) d 185.3, 180.3,
170.1, 162.5, 143.5, 140.0, 119.5, 118.3, 103.9, 66.3, 58.7, 53.5,
40.9; negative LR-ESI-MS: m/z 325.8 ([M � H]�) and HR-ESI-MS
for C17H19N4O3 ([M + H]+). Calcd: 327.14516; found: 327.14468.

Compound 8. Similar procedure as described for compound
1; from compound 20 (69 mg, 0.26 mmol) and 4-(2-aminoethyl)
morphine (27 mL, 0.20 mmol). Yield: compound 8 (62 mg, 90%).
1H NMR (500 MHz, DMSO-d6) d 10.29 (s, 1H), 8.23 (d, J¼ 9.1 Hz,
2H), 7.81 (s, 1H), 7.61 (d, J ¼ 9.1 Hz, 2H), 3.74 (br, 2H), 3.58 (br,
4H), 2.52 (t, J ¼ 6.0 Hz, 2H), 2.42 (br, 4H); 13C NMR (125 MHz,
DMSO-d6) d 185.6, 180.3, 170.4, 162.3, 145.6, 141.6, 125.9, 117.9,
66.4, 58.6, 53.5, 40.9; LR-ESI-MS: m/z 347.7 ([M + H]+) and HR-
ESI-MS for C16H19N4O5 ([M + H]+). Calcd: 347.13499; found:
347.13391.

Compound 9. Similar procedure as described for compound
1; from compound 21 (77 mg, 0.25 mmol) and 4-(2-aminoethyl)
morphine (37 mL, 0.28 mmol). Yield: compound 9 (86 mg, 87%).
1H NMR (500 MHz, DMSO-d6) d 10.05 (s, 1H), 7.72 (s, 1H), 7.69
(d, J¼ 8.7 Hz, 2H), 7.61 (d, J¼ 8.7 Hz, 2H), 3.74 (br, 2H), 3.58 (br,
4H),2.51 (t, J ¼ 6.1 Hz, 2H), 2.42 (br, 4H); 13C NMR (125 MHz,
DMSO-d6) d 185.1, 180.4, 169.9, 163.0, 142.9, 126.9, 126.9, 124.7
(q, J ¼ 269.4 Hz), 122.5 (q, J ¼ 31.7 Hz), 118.2, 66.4, 58.7, 53.5,
40.9; LR-ESI-MS: m/z 370.7 ([M + H]+) and HR-ESI-MS for
C17H19F3N3O3 ([M + H]+). Calcd: 370.13730; found: 370.13623.

Compound 10. Similar procedure as described for
compound 1; from compound 22 (80 mg, 0.28 mmol) and 4-(2-
aminoethyl)morphine (45 mL, 0.34 mmol). Yield: compound 10
(85 mg, 82%). 1H NMR (500 MHz, DMSO-d6) d 10.03 (s, 1H), 7.69
(s, 1H), 7.48 (s, 2H), 7.20 (s, 1H), 3.73 (br, 2H), 3.57 (br, 4H), 2.52
(br, 2H), 2.42 (br, 4H); 13CNMR (125 MHz, DMSO-d6) d 185.0,
© 2022 The Author(s). Published by the Royal Society of Chemistry
180.4, 169.9, 162.6, 141.8, 134.9, 121.5, 116.6, 66.3, 58.7, 53.5,
40.8; LR-ESI-MS: m/z 370.6 ([M + H]+) and HR-ESI-MS for
C16H18Cl2N3O3 ([M + H]+). Calcd: 370.07197; found: 370.07153.

Compound 11. Similar procedure as described for
compound 1; from compound 23 (77 mg, 0.25 mmol) and 4-(2-
aminoethyl)morphine (37 mL, 0.28 mmol). Yield: compound 11
(67 mg, 68%). 1H NMR (500 MHz, DMSO-d6/TFA-d, 19/1, v/v)
d 11.17 (s, 1H), 8.71 (s, 2H), 8.57 (s, 1H), 8.41 (t, J ¼ 1.8 Hz,
1H), 4.00 (d, J¼ 5.9 Hz, 4H), 3.68 (t, J¼ 11.6 Hz, 2H), 3.52 (d, J¼
11.6 Hz, 2H), 3.44–3.42 (m, 2H), 3.17 (d, J ¼ 10.0 Hz, 2H); 13C
NMR (125 MHz, DMSO-d6) d 185.2, 181.0, 170.2, 163.1, 149.0,
141.9, 117.9, 116.8, 114.5, 111.1, 63.6, 63.4, 56.4, 51.8, 51.6, 38.2;
LR-ESI-MS: m/z 392.2 ([M + H]+) and HR-ESI-MS for C16H18N5O7

([M + H]+). Calcd: 392.12007; found: 392.11890.
Compound 12. Similar procedure as described for

compound 1; from compound 24 (50 mg, 0.14 mmol) and 4-(2-
aminoethyl)morphine (15 mL, 0.11 mmol). Yield: compound 12
(44 mg, 91%). 1H NMR (500 MHz, DMSO-d6) d 10.32 (s, 1H), 8.05
(s, 2H), 7.72 (s, 1H), 7.66 (s, 1H), 3.75 (br, 2H), 3.58 (br, 4H), 2.51
(t, J ¼ 6.1 Hz, 2H), 2.42 (br, 4H); 13C NMR (125 MHz, DMSO-d6)
d 185.1, 180.6, 170.0, 162.5, 141.5, 131.6 (q, J ¼ 33.3 Hz), 123.4
(q, J¼ 271.3 Hz), 118.3, 114.9, 66.4, 58.6, 53.5, 40.9; negative LR-
ESI-MS: m/z 436.8 ([M � H]�) and HR-ESI-MS for C18H18F6N3O3

([M + H]+). Calcd: 438.12468; found: 438.12369.
4.4 Measurement of anion transport, lysosomal targeting
and alkalization

Literature procedures were adopted to carry out the chloride
efflux;29,30,34,52 calcein leakage;30,52 U-tube experiments;30,35

MQAE and MQAE-MP assays;40,49,52 AO assays;41,42,52 LysoSensor
Green DND-189 assays;23,44,45 BCECF-AM assays;47 dextran,
uorescein and tetramethylrhodamine assays38,42 and Magic
Red Cathepsin assays.23,42 Detailed experimental procedures
may be found in the ESI.†
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2 F. Wang, R. Gómez-Sintes and P. Boya, Traffic, 2018, 19, 918–
931.

3 W. Zhang, J. Bai, K. Hang, J. Xu, C. Zhou, L. Li, Z. Wang,
Y. Wang, K. Wang and D. Xue, Front. Cell Dev. Biol., 2022,
10, 817877.

4 H. R. Shin and R. Zoncu, Dev. Cell, 2020, 54, 226–238.
RSC Adv., 2022, 12, 22748–22759 | 22757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02146c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

/2
02

6 
9:

02
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
5 X. D. Lou, M. S. Zhang, Z. J. Zhao, X. Min, A. Hakeem,
F. Huang, P. Gao, F. Xia and B. Z. Tang, J. Mater. Chem. B,
2016, 4, 5412–5417.

6 C. Meyer-Schwesinger, Cell Tissue Res., 2021, 385, 371–392.
7 J. Stinchcombe, G. Bossi and G. M. Griffiths, Science, 2004,
305, 55–59.

8 J. P. Luzio, P. R. Pryor and N. A. Bright, Nat. Rev. Mol. Cell
Biol., 2007, 8, 622–632.

9 K. K. Mahapatra, S. R. Mishra, B. P. Behera, S. Patil,
D. A. Gewirtz and S. K. Bhutia, Cell. Mol. Life Sci., 2021, 78,
7435–7449.

10 X. Zhao, C. Wang, G. Yuan, H. Ding, L. Zhou, X. Liu and
Q. Lin, Sens. Actuators, B, 2019, 290, 79–86.

11 A. Ballabio and J. S. Bonifacino, Nat. Rev. Mol. Cell Bio., 2020,
21, 101–118.

12 R. E. Lawrence and R. Zoncu, Nat. Cell Biol., 2019, 21, 133–
142.

13 Q. Xia, S. Feng, J. Hong and G. Feng, Sens. Actuators, B, 2021,
337, 129732.

14 X.-F. Zhang, T.-R. Wang, X.-Q. Cao and S.-L. Shen,
Spectrochim. Acta, Part A, 2020, 227, 117761.

15 A. Ballabio and J. S. Bonifacino, Nat. Rev. Mol. Cell Biol.,
2020, 21, 101–118.

16 A. M. Rodilla, L. Korrodi-Gregorio, E. Hernando, P. Manuel-
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