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Abstract Four new fluorescent sensors (1-4) based on
the 4-amino-1,8-naphthalimide fluorophores (Naps) have
been synthesized based on the classical fluorophore-
spacer-receptor model. These four compounds all gave
rise to emission bands centred at ca. 535 nm, which were
found to be highly pH dependent, the emission being
‘switched on’ in acidic media, while being quenched due to
PET from the amino moieties to the excited state of the
Nap at more alkaline pH. The luminescent pH dependence
for these probes was found to be highly dependent on the
substitution on the imide site, as well as the polyamine
chain attached to the position 4-amino moiety. In the case
of sensor 2 the presence of the 4-amino-aniline dominated
the pH dependent quenching. Nevertheless, at higher pH,
PET quenching was also found to occur from the
polyamine site. Hence, 2 is better described as a
receptor1-spacer1-fluorophore-spacer2-receptor2 system,
where the dominant PET process is due to (normally less
favourable) ‘directional’ PET quenching from the 4-
amino-aniline unit to the Nap site. Similar trends and pH
fluorescence dependences were also seen for 3 and 4.
These compounds were also tested for their imaging
potential and toxicity against HeLa cells (using DRAQ5 as
nuclear stain which does now show pH dependent changes

in acidic and neutral pH) and the results demonstrated that
these compounds have reduced cellular viability at
moderately high concentrations (with IC50 values between
ca. 8–30 µmol∙L–1), but were found to be suitable for
intracellular pH determination at 1 µmol∙L–1concentra-
tions, where no real toxicity was observed. This allowed us
to employ these as lysosomal probes at sub-toxic
concentrations, where the Nap based emission was found
to be pH depended, mirroring that seen in aqueous solution
for 1-4, with the main fluorescence changes occurring
within acidic to neutral pH.

Keywords sensors, pH, photoinduced electron transfer,
cellular imaging, confocal microscopy

1 Introduction

Intracellular pH plays a crucial role in many biological
processes [1–5]. Consequently, the development of new
tools for monitoring cellular pH with high selectivity and
sensitivity is of great importance [6]. The 4-amino-1,8
naphthalimide (Nap) structure is a well-known building
block often employed in the formation luminescent sensors
based on the fluorophore-spacer-receptor based photo-
induced electron transfer (PET) design [7]. These mole-
cules are very sensitive to substitution at the 4-position of
the Nap ring due to the “push-pull” nature of the internal
charge transfer (ICT) excited state of the Nap (normally
caused by the presence of an electron-donating amine and
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an electron-withdrawing imide), giving rise to a charge-
separated excited state [8]. This property favours PET
quenching of the excited state of the Nap by electron-rich
receptors located at the 4-position [9]. The applicability of
Nap compounds was broadly studied in our group in anion
and cation sensing, and as DNA binders [10–13]. Recently,
several researchers have employed Nap based structures
for PET sensing of biologically relevant molecules or
processes [14–16]. This includes the works of Sessler and
co-workers, who developed probes for targeting the
mitochondria [17], James and co-workers who developed
probes for sugars [18], Qian and co-workers who formed
many excellent examples of fluorescent Nap sensors for
targeting both ions, and molecules, including DNA [19],
and for observing cellular function [20], while Kelly and
co-workers have made nucleic acid targeting pyridinium
Naps [21,22]. James, Zhu, Gou and co-workers have
developed many examples also ofNap based structures for
sensing and monitoring biomolecules, drug delivery and
intracellular function [23–25], while Pfeffer and
co-workers have developed elegant examples of highly
luminescent Nap sensors for sensing, imaging and
medicinal applications [26,27]. Recently, the group of
Magri has developed Nap based sensors capable of
simultaneously monitoring pH and redox changes based
on the fluorescent properties of ferrocene-Naps derivatives
[28–30]. These examples demonstrate the wide range of
applications of the Nap building block for biochemical
applications. Such Nap systems are normally easily taken
up into cells, and their cytotoxic nature can be modulated
through simple structural design [24]. With this in mind we
recently developed cellular imaging agents based on the
Nap system, or so called pro-probes, where the Nap
emission was used to monitor enzymatic processes in real
time; this also resulting in the selective delivery of a
therapeutic or imaging cargo into cancer cells [25]. The
work presented herein is an extension to our aforemen-
tioned work, where the aim was the development of Nap
based photoinduced electron transfer (PET) sensors that
could monitor changes in the chemical environment of
living cells [9,10,31–33], the structures of the four sensors
1-4 being shown in Fig. 1. Our aim is based on simply
conjugating triethylenetetramine chains at the four position
of the Nap ring, which results in the formation of pH
sensors where protonation of the amines would reduce any
intramolecular PET from the amine to the excited state of
the Nap moieties, resulting in enhancement in their
emission, and employing these in sensing or imaging of
pH changes within cells. In particular, we were interested
in developing structures that could sense changes within
cancer cells, upon localising within their cytosol, which
resulted in lysosomal localisation [24]. Herein, we present
the outcome of our investigation, which included the
analysis of the photophysical properties of 1-4 in both
aqueous solution and biological media.

2 Materials and methods

All solvents and chemicals were purchased from commer-
cial sources and used without further purification. 4-
Bromo-1,8-naphthalic anhydride, benzylamine, 4-amino-
benzylamine and triethylenetetramine were purchased
from Aldrich. Deuterated solvents used for NMR analysis
(CD3Cl, and (CD3)2SO) were purchased from Apollo
Scientific. The 1H NMR spectra were recorded at 400 MHz
using a Bruker Spectrospin DPX-400 instrument. The 13C
NMR spectra were recorded at 101 MHz using a Bruker
Spectrospin DPX-400 instrument. NMR spectra were also
recorded using a Bruker AV-600 instrument operating at
600.1 MHz for 1H NMR and 150.9 MHz for 13C NMR.
Chemical shifts are reported in ppm with the deuterated
solvent as the internal reference. All NMR spectra were
carried out at 293 K. Mass-spectrometry was carried out
using HPLC grade solvents. Electrospray mass spectra
were determined on a Micromass LCT spectrometer and
high resolution mass spectra were determined relative to a
standard of leucine enkephaline. Melting points were
determined using an Electrothermal IA9000 digital melting
point apparatus. Infrared spectra were recorded on a Perkin
Elmer Spectrum One FT-IE spectrometer equipped with
universal ATR sampling accessory. Elemental analysis was
carried out on Exter Analytical CE440 elemental analyser
at the microanalysis laboratory, School of Chemistry and
Chemical Biology, University College Dublin.

2.1 Photophysical measurements

Otherwise stated, all measurements were performed at
298 K in 0.1 mol∙L–1 NaCl solutions in water. The stock
solutions of 1 and 2 were prepared in methanol (spectro-
scopic grade, Aldrich). UV-visible absorption spectra were
measured in 1-cm quartz cuvettes (Hellma) on a Varian

Fig. 1 The photoiniduced electron transfer (PET)Nap sensors 1-
4 developed in this study.
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Cary 50 spectrophotometer. Baseline corrections were
applied for all spectra. Emission spectra were recorded on a
Varian Cary Eclipse Fluorimeter. The temperature was kept
constant throughout the measurements at 298 K by using a
thermostated unit block. The data obtained were analysed
using Origin 8.1®.

2.1.1 Spectrophotometric titrations and binding constants

The formation of the luminescent species was ascertained
by fluorescent titrations of the corresponding solutions of 1
and 2 (5�10–6 mol∙L–1 ) with TBAOH (1, 0.1 and 0.001
mol∙L–1 ) and HClO4 (1, 0.1 and 0.001 mol∙L–1) to vary
the pH values between 2 and 10.

2.2 Cell culture

HeLa (human cervical cancer) cells were grown in
Dulbecco’s Modified Eagle Medium (Glutamax) supple-
mented with 10% fetal bovine serum and 50 µg/mL
penicillin/streptomycin at 37°C in a humidified atmo-
sphere of 5% CO2.

2.2.1 Alamar blue viability assay

HeLa cells were seeded at a density of 5�103 cells/well in
96-well plates and treated with the indicated compounds
for 24 h. Alamar blue (20 µL) was then added to each well
and incubated at 37°C in the dark for 4 h. Plates were then
read on a fluorescence plate reader (SpectraMax Gemini,
Molecular Devices) with excitement and emission wave-
lengths of 544 and 590 nm respectively. Experiments were
performed in triplicate on three independent days with
activity expressed as percentage cell viability compared to
vehicle treated controls. All data points (expressed as
means�S.E.M.) were analysed using GRAPHPAD Prism
(Graphpad software Inc., San Diego, CA).

2.2.2 Confocal microscopy

HeLa cells were seeded at a density of 1�105 cells/well in
glass bottom wells and treated with the indicated
compounds for 24 h. Cells were either imaged straight-
away for live imaging or alternatively cells were fixed in
3% paraformaldehyde for 3 min. Samples were then rinsed
with PBS and stained with DRAQ5 (red nuclear stain).
Samples were then rinsed with a buffer at the indicated pH
followed by addition of 0.5 mL of the same pH buffer and
imaged by confocal microscopy (Olympus FV1000, 60X
oil immersion lens). Samples were then repeatedly rinsed
and imaged in subsequent pH buffers, all imaging settings
were kept the same throughout the experiment. Image
analysis was performed using FluoView Version 7.1
Software. Compounds were excited by a 405 nm argon

laser, emission 500–550 nm, DRAQ5 was excited by a
633 nm red helium-neon laser, emission> 650 nm.

2.2.3 Co-localisation studies

Cells were either transfected with a DsRed mitochondrial
plasmid for 4 h or a CellLight lysosome-red fluorescent
protein (RFP) tag (molecular probes) for 16 h. Cells were
then treated for 24 h with 1 µmol∙L–1 of the indicated
compounds, washed twice with fresh media, stained with
the nuclear dye DAPI and analysed by live confocal
microscopy. DAPI (4′,6-diamidino-2-phenylindole) and
the compounds were excited by a 405 nm argon laser, with
emission 410–450 nm (DAPI) and 500–550 nm (com-
pounds), DsRed and RFP tags were excited by a 633 nm
red helium-neon laser, emission> 650 nm. For emission
spectra, samples were activated by a 405 nm laser and any
emission from 420 to 685 nm was recorded using a Leica
SP8 confocal microscope. Fluorescent intensity for regions
of interest (extracellular (background), organelle and
compound localisation) were analysed and graphed.

2.3 General procedure

4-Bromo-1,8-naphthalic anhydride (0.200 g, 0.722 mmol)
was dissolved in ethanol (5 mL). The correspondent
amine (benzylamine/4-aminobenzylamine) was added
(0.722 mmol) to the previous solution. This mixture was
irradiated in the microwave during one hour, giving rise to
a pale yellow solid.
2-Benzyl-6-bromo-1H-benzo[de]isoquinoline-1,3(2H)-

dione (5) (0.230 g, 97%): m.p. 173°C; 1H-NMR
(400 MHz, (CD3)2SO, d ppm): 8.58 (d, 1H, CH, J = 8.3
Hz) 8.55 (d, 1H, CH, J = 8.3 Hz), 8.33 (d, 1H, CH, J = 7.9
Hz), 8.20 (d, 1H, CH, J = 7.9 Hz), 8.00–7.95 (m, 1H, CH),
7.32 (d, 2H, CH, J = 7.4 Hz), 7.26 (t, 2H, CH, J = 7.4 Hz),
7.19 (t, J = 7.2 Hz, 1H), 5.22 (s, 2H); 13C-NMR (101 MHz,
(CD3)2SO, d ppm): 163.06, 137.14, 132.92, 131.92,
131.50, 131.31, 129.42, 128.95, 128.39, 127.54, 127.11,
121.97, 43.05; IR(neat): 1675, 1653, 1588, 1571, 1436,
1369, 1332, 1294, 1231, 1160, 1127, 1069, 951, 816, 774,
746, 694; HR-ESI-MS: Calcd. for C19H12BrNO2 [M+
H]+ 366.0051, found 366.0083; Analysis calcd. for
C19H12BrNO2: C 61.3, H 3.4, N 3.8; found: C 60.8, H
3.5, N 3.8.
2-(4-Aminobenzyl)-6-bromo-1H-benzo[de]isoquino-

line-1,3(2H)-dione (6) (0.225 g, 82%): m.p. 224°C; 1H-
NMR (400MHz, (CD3)2SO, d ppm): 8.59 (dd, CH, 2H, J =
12.3, 7.9 Hz), 8.37 (d, CH, 1H, J = 7.9 Hz), 8.24 (d, CH,
1H, J = 7.9 Hz), 8.06–7.97 (m, CH, 1H), 7.09 (d, CH, 2H, J
= 8.4 Hz), 6.48 (d, CH, 2H, J = 8.4 Hz), 5.07 (s, CH2, 2H),
5.01 (s, 2H); 13C-NMR (101 MHz, (CD3)2SO, d ppm):
163.44, 148.38, 133.29, 132.32, 131.96, 131.72, 130.38,
129.68, 129.63, 129.42, 124.60, 123.27, 114.05, 43.13; IR
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(neat): 3476, 3372, 1690, 1651, 1618, 1585, 1515, 1439,
1373, 1335, 1285, 1233, 1181, 951, 851, 781, 748, 715;
HR-ESI-MS: Calcd. for C19H14N2O2Br [M + H]+

381.0239, found 381.0243; Analysis calcd. for
C19H13BrN2O2: C 59.9, H 3.4, N 7.3; found: C 59.7, H
3.3, N 7.2.

2.3.1 Synthesis of naphthalimide sensors 2-benzyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione (1) and 2-(4-aminoben-
zyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (2)

General procedure. The precursor (5)/(6) (0.270 mmol)
was added to 3 mL (12.09 mmol) of neat triethylenete-
tramine. The mixture was irradiated in the microwave for
1 h at 120°C giving rise to an orange solution that has been
poured over ice. The formation of a gelatinous orange
suspension was observed after 12 h. For a good separation
centrifugation of the suspension was carried out yielding
an orange solid that was extracted to DCM followed by
NaHCO3 and brine washes. The organic phase was dried
with dried MgSO4 and the volume was reduced under
reduced pressure being possible to isolate a pale orange
solid.
2-Benzyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (1)

(0.059 g, 50%): m.p. 192°C; 1H-NMR (400 MHz,
(CD3)2SO, d ppm): 8.49 (m, 1H, NH) 8.45 (m, 2H,
CH), 8.25 (d, 1H, CH, J = 8.6 Hz), 7.87–7.82 (m, 1H, CH)
7.65 (m, 2H, CH), 7.35–7.15 (m, 5H), 5.15 (s, 2H, CH2),
4.10 (m, 1H, NH2), 3.43 (bs, 4H, CH2), 2.84 (t, 2H, NH2),
2.75 (t, 2H, CH2), 2.65–2.50 (m, 3H, CH2), 2.30 (m, 1H,
NH); 13C-NMR (101 MHz, (CD3)2SO, d ppm): 163.32,
138.35, 134.98, 131.43, 131.33, 128.70, 127.91, 127.71,
127.47, 127.29, 120.55, 107.85, 70.22, 53.27, 44.19,
43.33, 42.89, 17.68; IR(neat): 3347, 3233, 1697, 1656,
1593, 1437, 1380, 1337, 1236, 1078, 950, 825, 780, 763,
706; HR-ESI-MS: Calcd. for C25H29N5O2Na [M+Na]+

454.2213, found 454.2229; Analysis calcd. for
C25H29N5O2: C 69.6, H 6.8, N 16.2; found: C 70.6, H
7.0, N 17.4.
2-(4-Aminobenzyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (2) (0.053g, 45%): m.p. 205°C; 1H-NMR (400 MHz,
(CD3)2SO, d ppm): 8.49 (m, 1H, NH) 8.45 (m, 2H, CH),
8.25 (d, 1H, CH, J = 8.6 Hz), 7.87–7.82 (m, 1H, CH) 7.65
(m, 2H, CH), 7.03 (m, 2H, CH), 6.92 (d, 1H, CH, J = 8.4
Hz), 6.79 (d, 1H, CH, J = 8.7 Hz), 6.43 (m, CH, 2H), 5.02
(m, 2H, CH2), 4.93 (d, 2H, NH2, J = 13.2 Hz), 3.95 (d, 1H,
NH, J = 5.5 Hz), 3.43 (bs, 4H, CH2), 2.83 (t, 2H, NH2),
2.75–2.50 (m, 8H, CH2), 2.29 (m, 1H, NH); 13C-NMR
(101 MHz, (CD3)2SO, d ppm): 164.13, 163.32, 148.09,
134.83, 131.30, 131.19, 129.80, 129.55, 128.46, 127.67,
125.43, 124.79, 124.68, 122.41, 122.27, 114.18, 113.97,
113.92, 112.28, 104.31, 65.33, 53.32, 49.18, 47.67, 43.46,
42.93, 42.46, 15.59; IR(neat): 3443, 3352, 3222, 2922,
1690, 1654, 1584, 1514, 1428, 1380, 1335, 1296, 1238,

1176, 945, 842, 772; HR-ESI-MS: Calcd. for
C25H30N6O2Na [M+Na]+ 469.2322, found 469.2338;
Analysis calcd. for C25H29N5O2: C 67.2, H 6.8, N 18.8;
found: C 66.5, H 7.3, N 17.6.

2.3.2 Synthesis of naphthalimide sensors: 2-benzyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione (3) and 2-(4-aminoben-
zyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4)

General procedure. The precursor (5)/(6) (0.270 mmol)
was added to 3 mL (29.60 mmol) of neat N,N-
Dimethylethylenediamine. The mixture was irradiated in
the microwave for 1 h at 120°C giving rise to an orange
solution that has been poured over ice. The formation of a
gelatinous orange suspension was observed after 12 h. For
a good separation centrifugation of the suspension was
carried out yielding an orange solid that was extracted to
DCM followed by NaHCO3 and brine washes. The organic
phase was dried with dried MgSO4 and the volume was
reduced under reduced pressure being possible to isolate a
pale orange solid.
2-Benzyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (3)

(0.069 g, 78%): m.p. 177°C; 1H-NMR (400 MHz,
(CD3)2SO, d ppm): 8.63 (d, J = 8.4 Hz, 1H), 8.41 (d, J =
7.2 Hz, 1H), 8.25 (d, J = 8.5 Hz, 1H), 7.65 (t, J = 7.7 Hz,
2H), 7.26 (m, 4H), 7.18 (d, J = 6.8 Hz, 1H), 6.77 (d, J = 8.6
Hz, 1H), 5.18 (s, 2H), 2.55 (t, J = 6.6 Hz, 2H), 2.19 (s, 6H),
2.11 (s, 2H); 13C-NMR (100 MHz, (CD3)2SO, d ppm):
164.23, 163.33, 151.15, 138.36, 134.96, 131.37, 129.94,
129.14, 128.70, 127.89, 127.29, 124.81, 122.16, 120.54,
107.83, 104.38, 57.32, 45.73, 45.45, 42.88, 41.37, 40.55,
40.34, 40.13, 39.93, 39.72, 39.51, 39.30, 31.11; IR(neat):
3336, 3225, 1699, 1652, 1584, 1435, 1384, 1336, 1231,
1088, 953, 835, 782, 762; HR-ESI-MS: Calcd. for
C23H24N3O2 [M+H]+ 374.1790, found 374.1621; Ana-
lysis calcd. for C23H23N3O2: C 74.0, H 6.2, N 11.3; found:
C 73.2, H 6.5, N 12.0.
2-(4-Aminobenzyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (4) (0.064 g, 63%): m.p. 197°C; 1H-NMR (400
MHz, (CD3)2SO, d ppm): 8.63 (d, J = 8.4 Hz, 1H), 8.43 (d,
J = 7.2 Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H), 7.64 (at, J = 8.5,
7.2 Hz, 1H), 7.61 (bs, 1H, CH), 7.06 (d, J = 8.3 Hz, 2H),
6.78 (s, 1H), 6.46 (d, 2H, CH, J = 8.2 Hz), 5.02 (s, 2H,
CH2), 4.94 (m, 2H, NH2), 3.46 (d, CH2, 2H, J = 5.9 Hz),
2.58 (t, CH2, 2H, CH2, J = 6.7 Hz), 2.23 (s, 6H, CH3);

13C-
NMR (100 MHz, (CD3)2SO, d ppm): 164.13, 163.32,
150.96, 148.08, 134.78, 131.20, 129.79, 129.53, 128.92,
128.46, 125.43, 124.75, 122.32, 120.48, 114.19, 113.93,
112.28, 108.08, 104.30, 57.34, 45.74, 42.46, 41.37, 31.11;
IR(neat): 3423, 3332, 3220, 2924, 1691, 1645, 1584, 1514,
1431, 1374, 1331, 1296, 1235, 1175, 945, 839, 771; HR-
ESI-MS: Calcd. for C23H24N4O2Na [M+Na]+ 411.1791,
found 411.2103; Analysis calcd. for C23H24N4O2: C 71.1,
H 6.2, N 14.4; found: C 72.2, H 6.8, N 14.8.
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3 Results and discussion

3.1 Design and synthesis

The four PET naphthalimide based pH probes 1-4 were
designed on the PET principle, and the fluorophores-
spacer-receptor concept developed by de Silva [34,35], by
incorporating an amino alkyl chain (1 and 2 triethylenete-
tramine; 3 and 4 N,N-dimethylethylenediamine) to the 4-
position of the Nap moiety, and by incorporating a benzyl
unit at the imide site. Our objective was that the benzyl unit
would potentially function as a PET quencher, or as a
means by which further conjugation of the sensor into
biomolecules via coupling of the aniline unit. All were
synthesized in two steps in moderate to good yields; this

involved the initial condensation of the 4-bromo-1,8-
naphthalic anhydride with either benzylamine or 4-
aminobenzylamine to give 5 and 6 respectively. This was
followed by a substitution of the bromine atom at the 4-
position of 5 and 6, with either neat triethylenetetramine or
neat N,N-dimethylethylenediamine, under microwave
irradiation for 1 h at 120°C, yielding orange solutions.
This was then followed by precipitation of the desired
products upon pouring these solutions over ice, yielding
sensors 1-4 in 45%–70% yields (See full assignment in the
Experimental Section). These PET sensors were charac-
terised using conventional methods, including NMR and
MS. It was noted that in the case of 1 and 2, the resolution
of the 1H NMR indicated that some aggregation occurred
in water at high concentrations, but we have seen such a

Scheme 1 The synthesis of NAP sensors 1-4 developed in this study.
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phenomenon recently for other Nap based structures, such
as those based on glycosylated Naps and 1,8-naphthali-
mide Tröger’s bases [36].

3.2 Ground and excited state spectroscopic investigations

Having synthesised 1-4, their photophysical properties
were probed initially in 0.1 mol∙L–1 NaCl aqueous
solutions using 10–5 mol∙L–1 concentrations. In the case
of 1 and 2, the structures gave rise to ‘typical’ Nap based
absorptions [37,38]; the UV-Vis absorption spectrum of 1
presents five main bands centred at 230 (ε = 17760
M–1$cm–1), 255 (ε = 9680 M–1$cm–1), 280 (ε = 9327
M–1$cm–1) and the characteristic ICT band of the 4-amino-
1,8-naphthalimides at 437 nm (ε = 6680 M–1$cm–1). The
absorption spectrum of 2 showed the same set of bands at
232 (ε = 20500 M–1$cm–1), 255 (ε = 11935 M–1$cm–1), 280
(ε = 9420 M–-1$cm–1) and 437 nm (ε = 7360 M–1$cm–1).
The same behaviour was observed for sensors 3 and 4 with
bands at 255 (ε = 13060 M–1$cm–1), 280 (ε = 12480
M–1$cm–1), 433 nm (ε = 12300 M–1$cm–1), and 253 (ε =
19100 M–1$cm–1), 280 (ε = 15300 M–1$cm–1), and 433 nm
(ε = 13360 M–1$cm–1), respectively.
The Nap systems are commonly used in biological

media due to their rich photophysical properties, which
includes long wavelength fluorescent emission. To probe
this, compounds 1-4 were excited at their ICT bands (432–
437 nm), giving rise in all cases to long wavelength
fluorescent emission bands centred at 530 for 1 and 535 nm
for 2-4, typical of such 4-amino-Nap structures. The
excitation spectra were also recorded for all four structures,
all being structurally identical to that seen for these sensors
in the absorption spectra. The fluorescence quantum yield
(FF) for 1 was determined as 0.67 (in the same media)
while for compound 2, a significantly reduced FF of 0.07
was observed. We attribute these large differences in FF to
the different substituents on the aromatic ring attached to
the amide group; the amine being more electron rich and

possibly more able to participate in PET to the Nap
fluorophores. This is somewhat unusual as pH PET
quenching is normally much weaker form groups located
at the imide side as the electron transfer process is
hampered by the ICT state [39–41]. Hence, structure 2
could be considered as a receptor1-spacer1-fluorophore-
spacer2-receptor2 model, where both receptors can give
rise to quenching in the Nap centre emission [42]. The
fluorescence life-times for sensors 1 and 2 was also
measured in same media giving rise to similar values of
5.98�0.02 and 5.32�0.03 ns for 1 and 2, respectively.

3.3 pH dependent ground and excited state spectroscopic
investigations

Having looked at the fundamental photophysical proper-
ties of 1-4 we next investigated the changes in the ground
and the excited state of these sensors as a function of pH,
by carrying out pH titrations from either acidic media to
alkaline or alkaline to acidic media. As can be seen from
the changes in the absorption spectrum of 1 in Fig. 2(a),
significant changes were observed in both the high energy
transitions as well in the ICT band from 431 to 448 nm; the
absorption being red shifted upon going from acidic to
basic media. Similar changes were seen for 2, Figs. 2(b),
c.f. discussion below. In the case of 1, which has the benzyl
unit at the imide side, one would argue that this
phenomenon is due to the deprotonation of the secondary
amino group at the ‘receptor’ site attached to 4th position
of the Nap ring. In its protonated form the ICT is slightly
affected due to electrostatic repulsion of the ammonium
ion and the 4-amino moiety of the Nap ring that has a
partial d+ due to the ‘push-pull’ nature of the ICT character
[43]. The changes also indicate that some aggregation is
being observed and the clear evidence of an isosbestic
point is not present. As this sensory system is based on the
simpler fluorophore-spacer-receptor model, one would
only expect a minor change in the ground state of the

Fig. 2 Absorption spectra of (a) 1 recorded over the titration range from pH 2 to pH 10, demonstrating that a red shift was observed upon
moving into alkaline media; (b) The same titration for 2 commencing in acidic solution and titrating with a base.
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fluorophores (as the two are covalently separated by a
spacer). However, in the case of 1, these changes are
clearly more pronounced than normally seen for simple pH
PET sensors. Similar effects, (and even slightly stronger
changes) were also seen for 2, Fig. 2(b), where the same
bathochromic shift was observed; in this case being even
more pronounced. For both systems, pH titrations from
alkaline to acidic media were also undertaken. On both
occasions, hyperchromicity was observed, but interest-
ingly enough (without using significant equilibrium times
between additions) a somewhat smaller effect was
observed. Again, this could be due to some aggregation
or slight dilution effects.
To investigate the bathochromic shift seen in alkaline

media further, we also carried out pH titrations of 3 and 4,
commencing in acid solution and adding base. Once again,
similar changes to that observed for 1 and 2were seen here,
with the absorption being shifted towards the red in
alkaline media. This would indicate that the benzyl amine
at the imide site has a significant role to play, and hence it is
possible that these long wavelength shifts observed, and
significant changes in the absorbance, are mainly due to
electrostatic interactions between the protonated aniline
and the ICT state of the Nap moiety, which are more than
normally seen for Nap systems which have aliphatic units
only at the imide site. It has to be also noted that similar
effects could has been observed in other naphthalimide
derived systems with extended aromatic units at the imide
side [44,45]. With this in mind, we next investigated the
effect of pH on the fluorescence emission spectra of the
compounds 1-4 in the same NaCl ionic strength.
For all the sensors, large changes were observed in the

fluorescence emission spectra as a function of pH, the
emission being ‘switched on’ in acidic media, due to
protonation of any amino moieties that can partake in PET
quenching to the Nap excited sates due to increased
oxidation potential upon protonation of these amines.
Upon titration with a base, the emission remained but was

slightly affected until pH 3, after which a significant
change was observed until pH 8, where the emission was
quenched by 75%. These changes were found to be
reversible; however, the emission was found to be
somewhat reduced in intensity upon carrying out the
back titrations, particularly for 1 and 2. Analysis of these
changes at lmax of the ICT transition vs. pH (the profile
being shown as inset in Fig. 3(a) for 1) demonstrated that
there is potentially more than just one simple ‘sigmoidal
step’ associated with these pH dependent changes;
normally these would take place over 2 pH units, while
in the case of 1, the emission is close to being linearly
affected, showing pH dependent luminescence which
spans ca. 7 pH units from pH 2 to 9. Taking into account
that normally such PET sensors operate by a simple
equilibrium and mass-actions, it is clear from the profile
that several protonation (or in this case de-protonation)
steps are happening.
As the PET quenching can only operate here from the

aliphatic amines at the 4-postion of the Nap fluorophores,
this has to be due to stepwise deprotonation events at this
site, which can be affected by conformational changes in
the triethylenetetramine unit. While we were unable to
determine the pKa values accurately from these changes, it
is possible to estimate two pKa values of 4.19 and 6.25 by
fitting these changes. We believe that the major changes are
due to the presence of the two secondary amines in the
triethylenetetramine ‘receptor’ while the pH changes at the
more alkaline pH are possibly due to the distal triethyle-
netetramine, and as was eluded to above, it is possible that
this quenching is due to some degree of folding. Such an
effect has been previously described by de Silva and co-
workers as being due to a ‘steppingstone’ pH quenching
mechanism [46].
In a similar manner we also carried out pH titrations with

sensor 2, which has an aniline unit at the imide site, which
is also pH ‘active’, and hence, can be considered as a
receptor1-spacer1-fluorophore-spacer2-receptor2 model. As

Fig. 3 (a) The overall changes in the fluorescence emission spectra of sensor 1 from pH 2 to 10. Inset: The changes occurring at 535 nm
between pH 2 and pH 10; (b) The same changes observed for sensor 2.
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can be seen in Fig. 3(b), the pH titration carried out with
the sensor 2 showed more intense changes in the emission
spectra recorded giving rise to an almost complete
quenching at pH 10 (Fig. 3(b)). It could be observed that
as before, the maximum of the emission was again
achieved at pH 2. However, the intensity of the emission
decreased in a more pronounced manner than 1 in such a
way that at pH 5 the emission of 2 has been already
quenched by ca. 90% whereas in the case of 1 at the same
pH it had been quenched by ca. 20%. Here, clearly the
emission quenching was more in line with that observed
for systems where a single quenching pathway (which
operates over 2 log units) was operating (c.f. the inset in
Fig. 3(b)). The profile also demonstrates that the quenching
of 2 continued upon further addition of a base giving rise to
an almost complete quenching of the emission above pH 8.
The predominant sigmoidal step we associated with the
protonation of the NH groups at the 4-position of the
naphthalene ring corresponding to a pKa of 4.40, in
conjunction with that occurring at the receptor2 site. This is
somewhat unusual, as normally, the PET transfer is
directional [39,43], with the PET being more effective
from amines positioned at the 4-amino moiety of the Nap,
and in line with the push-pull character of the ICT system,
rather than from the imide side where the PET is opposed
to the push-pull nature of the ICT state. The theoretical
examination for this directionality was originally investi-
gated by Gao and Marcus [47] who concluded that this
directionality was “due to the difference in the electronic
coupling matrix elements (jVj) for the two reactions”, and
consequently, the electron transfer from the 4-amino side
was ~10000 times faster than from the imide side.
However, as we observed above, the FF was almost 10
times higher for 1 than 2, which would indicate that this
PET pathway is activated. Nevertheless, we were able to
estimate other minor sigmoidal steps in the titration of 2,
which can be assigned to PET processes from the

triethylenetetramine receptor. So, while the overall
quenching of 1 and 2 is similar, the emission is clearly
more stepwise for 1 than 2 which can only be due to the
nature of the benzyl groups at the imide sites.
With the view of investigating this further, the pH

dependent emission of 3 and 4 was also studied; the
difference being that these only have a single protonation
site at the 4-amino moiety, the overall titrations and the
changes in the lmax of the ICT band as a function of pH
being shown in Fig. 4. In the titration carried out with 3, the
same kind of pH dependence as for 1 and 2 was observed;
the emission was switched on in acidic media around pH of
3, and ca. 90% ‘switched off’ in alkaline media. A
significant difference was found however, on examining
the isotherm plot for the changes at 535 nm, as here, a big
sigmoidal step was observed centred at pH 8.1, in contrast
with the two sigmoidal steps observed at lower pH values
for 1. Hence, sensor 3 behaves as would be seen in
‘traditional’ Nap based pH sensors, and the back titration
(from base to acid media) was found to be, to a greater
extent, fully reversible within the timeframe of the
titration. This would thus point to a higher acidity of the
group involved in the acid/base equilibrium in sensor 1,
caused by (i) the presence of the triethylenetetramine chain
in the molecule (each protonation event being more
difficult to achieve due to the stepwise protonation of the
triethylenetetramine moieties), and (ii) that the ICT
character of the Nap fluorophores in 1, which induces
significant repulsion, is more strongly felt because of it in 1
vs. 3. When the titration was performed using 4, the same
behaviour was observed (Fig. 4(b)). However, the most
significant difference in the emission of 4, vs. 3, and that
seen for 2, was the formation of a unique sigmoidal step in
the isothermal plot at 535 nm (inset in Fig. 4(b)) that
occurred within acidic pH, being centred at pH 4.3. This
would indicate that the 4-amino-aniline moiety is the most
likely source of the PET quenching in 4 and subsequently

Fig. 4 (a) The overall changes in the emission spectra of sensor 3 from pH 2 to 10 (Inset: The changes occurring at 535 nm between pH 2
and pH 10); (b) The same changes observed for sensor 4.
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in the triethylenetetramine based sensor 2, and that while 1
and 3 can be described as fluorophore-spacer-receptor
systems, 2 and 4 are better described by the receptor1-
spacer1-fluorophore-spacer2-receptor2 model; the PET
process in 4 being dominated by the benzyl moiety. In
summary, the above investigation demonstrates that a
minor functionalization of the sensor structure can have
significant effects on the photophysical properties of the
resulting molecules. Having established that both 1 and 2
gave rise to significant changes in their pH dependent
emission, which occurred within acidic media, we next set
out to investigate if these structures could be employed as
imaging agents within cells for changes in acidic
organelles such as lysosomes.

3.4 Cellular imaging studies of 1-4

The high FF, photostability and pH tuneable nature of the
four PET sensors developed herein and, particularly, the
significant changes in their pH dependent fluorescent
emission within acidic media, of 1 and 2, makes them
potential candidates as targeting imaging agents for pH
changes within cancer cells. As a result, the PET
naphthalimide based pH probes 1-4 were tested against a
common cancer cell line, HeLa cells, for cytotoxic and
imaging potential. All the compounds were shown to effect
reduced cellular viability of HeLa cells after a 24 h
treatment with a range of concentrations of the indicated

compounds in a 96-well plate. After the required
incubation period, Alamar blue dye (20 µL) was added
to each well and samples were incubated for 4 h. Cells
were subsequently analysed for cell viability with IC50

values ranging from 7.4 µmol∙L–1, for compound 4 to 30
µmol∙L–1, for compound 2 (Table 1).

Having established that using low concentrations of
these agents would potentially facilitate their pH imaging
application, we next employed them in confocal micro-
scopy experiments using living cancer cells, which were
treated with 25 mmol∙L–1 of these compounds. The results
for 1 and 2 in cervical cancer (HeLa) cells that were treated
for 24 h before imaging are shown in Fig. 5, under
physiological pH conditions using the nuclear stain
DRAQ5, but the absorption and the emission spectra of
this stain did not overlap with the long Nap wavelength in

Table 1 Cellular viability studies for compounds 1-4 in HeLa cells. A.
HeLa cells B. and IC50 values for each compound (Values represent the
mean of three independent experiments performed in triplicate)
Compound IC50 values /(µmol∙L–1)

1 16.0

2 30.0

3 13.1

4 7.41

Fig. 5 Confocal fluorescence imaging for the pH PET sensors 1 and 2 within HeLa cells that were treated for 24 h with the indicated
compounds, upon excitation by a 405 nm argon laser, collecting the emission between 500‒550 nm; Nap emission being observed as
green fluorescence emission. After the required incubation period, cells were also stained with the nuclear stain DRAQ5, which was
subsequently excited by a 633 nm red helium-neon laser, emission> 650 nm using live confocal microscopy, and shown as red emission.
Images are representative of three independent experiments.
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this media. The results demonstrate that the compound
fluorescence appeared localised to the cytoplasm and this
is consistent with other Nap based structures developed by
our group. Images for living cells treated with 1 and 2 (25
mmol∙L–1) showed that some cells undergo apoptosis as
indicated by cellular shrinkage, condensed chromatin and
the formation of apoptotic bodies, all characteristic features
of apoptosis. However, 1 did display a higher level of
toxicity than 2 that agrees with the cellular toxicity results
showing sensor 1 to be more potent in Fig. 5. Hence, with
the view of employing these Nap sensors as fluorescent
imaging agents, the concentration would have to be lower.
With this in mind, and with a view to investigating if 1 and
2 could be employed to image pH changes within cervical
cancer cells, we also imaged fixed HeLa cells that were
treated at a lower concentration of 1 and 2 of 1 mmol∙L–1 in
different pH buffers. These experiments were carried out
using the nuclear stain DRAQ5, which did not show

changes in the absorption and the emission spectra in
acidic or at neutral pH, though at more alkaline pH, the
DRAQ5 observed a slight red shift in the absorption and
emission, however, these were not accompanied by
enhancement in the emission intensity. The results are
shown in Figs. 6(a) and 6(b) for 1 and 2, respectively, and
clearly demonstrate that no toxicity is observed when the
cells were treated at this lower concentration, and that the
fluorescence is highly pH sensitive within the cellular
media. Comparing 1 and 2 at different pHs, it is clear that
while both systems can report changes in the intracellular
pH, sensor 1 is more emissive at elevated pH values (such
as between pH 6–8) than 2, which is significantly more
emissive at lower pH values (between pH 2–4). This agrees
with the pH dependent fluorescence and the pH profiles
observed above and shown in Fig. 3. It is also worth
pointing out that even though both sensors are somewhat
emissive at medium to alkaline pH 8–10, the fluorescence

Fig. 6 Confocal fluorescence imaging for the pH PET sensors (a) 1 and (b) 2 at 1 mmol∙L‒1, within fixed HeLa cells, which were treated
for 24 h with the indicated compounds. After the required incubation period, cells were fixed in 3% paraformaldehyde and stained with the
nuclear stain DRAQ5. Samples were rinsed and imaged with buffers at the indicated pH. 1 and 2 were excited by a 405 nm argon laser,
emission 500‒550 nm, while DRAQ5, was excited by a 633 nm red helium-neon laser, emission> 650 nm.
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emission is in comparison ‘switched off’ at pH 12 as the
PET process is most active within that media.
In a similar manner the PET sensors 3 and 4 were also

imaged under identical conditions to that above, and as
shown in Figs. 7(a) and 7(b), respectively, both sensors
gave rise to some degree of pH dependent emission. The
luminescence arising from compound 3 was found to be
significantly less than that seen for 4 in acidic media, and
fully quenched at above pH 8. The results demonstrate that
both sets of sensors are clearly able to report on the
differences in pH within the cell, the most significant
changes being observed for 1 and 2.
In order to further investigate the nature of this pH

dependence, intracellular localisation studies were next
undertaken within HeLa cells using both 1 and 2, using
DsRed mitochondrial plasmid and a CellLight lysosome-

(RFP) tags. Live cell imaging with fluorescently labelled
mitochondria and lysosome stains was undertaken, where
such cells were treated with sub-toxic concentrations of
either 1 or 2 and imaged. The results are shown in Fig. 8 for
both compounds (Figs. 8(a) and 8(b), respectively),
demonstrating that 1 and 2 appeared to localise with
lysosomes, using DAPI as a nuclear stain. The emission
spectra of each compound were also recorded in the area of
the cell where lysosomes were associated and results
displayed fluorescence maxima at 518 and 546 nm for
compound 1 and 504 and 546 nm for compound 2 (Fig. 8
(c)). Interestingly, at 530/535 nm, the maxima of the
compounds in solution, there was a reduction in the
fluorescent intensity, highlighting the impact that the
microenvironments of cells have on the photophysical
properties of the compounds. In contrast to lysosomal co-

Fig. 7 Confocal fluorescence imaging for the pH PET sensors (a) 3 and (b) 4 at 1 mmol∙L‒1, within fixed HeLa cells, which were treated
for 24 h with the indicated compounds. After the required incubation period, cells were fixed in 3% paraformaldehyde and stained with the
nuclear stain DRAQ5. Samples were rinsed and imaged with buffers at the indicated pH. 4 and 5 were excited by a 405 nm argon laser,
emission 500‒550 nm, while DRAQ5, was excited by a 633 nm red helium-neon laser, emission> 650 nm.
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localisation, and as can be seen in Fig. 8(b), no emission
was observed in the area of the cell where mitochondria
were associated (Figs. 8(b,d)). The results demonstrating
that both 1 and 2 can be employed as pH sensors within
cells and as reporter imaging agents for lysosomal pH.

4 Conclusions

Herein, four fluorescent Napmolecules were designed and
synthesized as pH sensors and cellular imaging agents. We
have studied the pH dependence of 1-4 and demonstrated
that the fluorescent emissions of all four are highly pH
dependent. The results demonstrated that the presence of
the benzyl moiety at the imide site has significant effect on
the pH dependent PET quenching; particularly for 2 and 4.
For all the systems the emission was ‘switched on’ in
acidic media. For 1, the titration from acidic media to
alkaline almost displayed what is best described as close to

a liner dependence from pH 2! 8, while for 2 the changes
were much sharper, mimicking that normally seen for
classical fluorescent pH sensors, where the emission is
‘switched’ over two pH units within acidic media. In both
cases we were able to fit the spectroscopic data to give
estimated pKa values, which we employed to understand
the nature, or the directionality, of the PET quenching. We
concluded from this investigation that the 4-amino moiety
of the benzyl group in 2 was strongly involved in PET
quenching; the electron rich moiety functioning as a
second H+ receptor, with a pKa around 4.5; while for 2, the
PET could only occur from the triethylenetetramine site.
Hence, the design of 1 can be described as a classical
fluorophore-spacer-receptor model, where, nonetheless,
the benzyl amine has significant effect on the overall PET
process and due to electron repulsion. In the case of 2 the
design is better described as a receptor1-spacer1-fluoro-
phore-spacer2-receptor2 model, where directional quench-
ing from the aniline moiety initially overwrites the PET

Fig. 8 Confocal fluorescence imaging of (a) 1 and (b) 2 at 1 mmol∙L‒1 in HeLa cells with fluorescently labelled lysosomes and
mitochondria stains. These were treated for 24 h with the indicated compounds, washed twice with fresh media and analysed by live
confocal microscopy. For images (a), (b) cells were counterstained with DAPI. DAPI and the compounds were excited by a 405 nm argon
laser, with emission 410‒450 nm (DAPI) and 500‒550 nm (compounds), DsRed and RFP tags were excited by a 633 nm red helium-neon
laser, emission> 650 nm. For emission spectra, shown in (c) and (d) for 1 and 2 in the two media, were activated by a 405 nm laser and
any emission from 420 to 685 nm was recorded using a Leica SP8 confocal microscope.
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from the triethylenetetramine ‘receptors’ to a greater extent
in acidic media, though at less alkaline pH, the PET is
operating from receptor2 site as well. In a similar manner,
this was also observed for 3 and 4, designed on the
fluorophore-spacer-receptor model and possessing a N,N-
dimethylethylenediamine unit as the H+ receptor, as here a
clear distinction was seen between the benzyl and the 4-
amino-benzyl groups; the emission from 3 being only
quenched in alkaline solution while for 4 the emission
significantly quenched in acidic media (mimicking that
seen for 2). Hence, here directional PET quenching is
clearly operating, the pathways being directed by the
nature of the benzyl group.
Having established the pH dependent luminescence of

1-4 we carried out both toxicity studies and localisation
studies of these compounds within cervical cancer (HeLa)
cells. These HeLa cell assays demonstrated the potential of
these compounds as cytotoxic agents, where the com-
pounds were able to induce apoptosis at elevated mmol$L–1

concentrations. However, at 1 mmol$L–1 concentrations, no
such apoptosis was observed, and all the sensors were
clearly present within the cytosol. Using confocal
fluorescence microscopy and co-localisation studies we
were able to confirm that 1 and 2 (as well as 3 and 4, data
not shown) localised within the lysosomes and that these
sensors could in fact be used as fluorescence lysosomal
imaging probes where changes in the intracellular pH were
clearly communicated through direct changes in the
fluorescence intensity of these sensors; the emission
being highly pH dependent within acidic to neutral pH
(the changes within the cellular media mirroring that seen
in solution). This is to the best of our knowledge the first
example of the use of Nap PET sensors that break the rule
of ‘directional PET quenching’ for cellular imaging. We
are currently evaluating and developing this area of
research [48,49] further for practical biochemical applica-
tions of the probes in vivo.
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