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Two water soluble and high selective 1,8-naphthalimide fluorescent probes for protons have been syn-
thesized by simple and efficient one-step reaction under very mild conditions. Their photophysical
characteristics in Britton-Robinson buffer have been studied. All detections were carried out in aqueous
media and a large number of biologically relevant ions showed no obvious interferences with the detec-
tion. Fluorescent imaging of living cells treated with the probe in different pH media indicated that the
probe could provide extracelluar pH information by the cell’s fluorescence.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Intracellular pH (pH;) and extracelluar pH (pHe) play many crit-
ical roles in cell, enzyme, and tissue activities because they are
closely related to the physiological process of cells and organelles
[1-4]. Monitoring pH changes inside and outside living cells is
therefore very important for studying cellular internalization path-
ways and extracelluar environments, as well as diagnosing and
removing diseases [5-8]. Among several cellular pH measure-
ment methods, fluorescent probe techniques are extensively used
owing to the great advantages of operational simplicities, high
sensitivities, no destruction to cells and in situ and real-time
observation of pH changes [2]. Many fluorescent probes for mon-
itoring pH value at the cellular level have been reported, such
as the fluorescein-based dyes (including the most widely used
BCECF: 2’,7’-bis(2-carboxyethyl)-5-(and -6)-carboxyfluorescein)
[9-11], benzoxanthene dyes (including the second most widely
used C.SNARF-1: 5-(and -6)-carboxy-seminaphthorhodafluor-1)
[12-14], 1,8-naphthalimide dyes [15,16], anthracene dyes [17-19],
cyanine-based dyes [1,20-24], BODIPY-based dyes [25-28],
rhodamine-based dyes [29] and nanoparticles [30-32]. Most of
them were used to detect pH;. The pH; fluorescent probes have
made great contributions to the study of vital movement and
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nosogenesis. However, some problems still exist, for example, the
solubility, cell membrane permeability, photobleaching, cytotoxic-
ity of the dyes, and the leakage of the dyes from cells [2]. Moreover,
pHe fluorescent probes are rarely reported. Therefore, new fluo-
rescent probes for pH; and pHe measurement are highly desirable
[29].

1,8-naphthalimide (Naph) is among the most frequently used
signaling fragments in the synthesis of fluorescent probes [33-39].
The Naph derivatives have not only high quantum yield and
good photostability but also favourable compatibility and high
selectivity by adjusting the substituents connected to the N-atom
of the imide fragment and the 4,5- or 3,4-position of the Naph
moiety. The Naph has widely been exploited in the design of pho-
toinduced electron transfer (PET) probes and the receptors were
mostly tertiary amines [40,41]. N,N-dimethylethylenediamine
(DMEDA) and N,N-diethylethylenediamine (DEEDA) are
two of the typical receptor-providers which can readily
introduce (2-(dimethylamino)ethyl)amino (DMAEA) and (2-
(diethylamino)ethyl)amino (DEAEA) units to the Naph and provide
dimethylamino (DMA) and diethylamino (DEA) receptors. The
commercial LysoSensor green DND-153 for pH; measurement
has DMA as its receptor [42], other probes with DMA or DEA
receptors are reported sensitive to Cr3*, Fe3* and H* [43]. The pH
detections with this kind of probes in the literature are generally
troubled with the insufficient water solubility of the probes and the
interference from the coexist cations [44-47]. Herein, we report
two water soluble and high selective fluorescent pH probes from
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Scheme 1. Synthesis of probes 1 and 2.

1,8-naphthalimide and DMAEA (or DEAEA), and their application
in fluorescent imaging of living cells at different pHe.

2. Experimental

The intermediate 4-nitronaphthalic anhydride was prepared
according to the literature [48]. Probe 1 and probe 2 were syn-
thesized by one step reaction between 4-nitro-1,8-naphthalic
anhydride and DMEDA (or DEEDA) under very mild conditions
(Scheme 1), which is simpler and more efficient than the litera-
ture methods [49,50]. Probe 1 was used as a potential DNA-binding
antitumor agent in the literature [49] and probe 2 was used for the
repair of meniscal lesions in the literature [50].

2.1. Synthesis of probe 1

2-(2-(dimethylamino)ethyl)-6-((2-(dimethylamino)ethyl)

amino)-1H-benzo[delisoquinoline-1,3(2H)-dione (1): To a solu-
tion of 4-nitro-1,8-naphthalic anhydride (0.2g, 822 uM) in
N,N-dimethylformamide (3mL), N,N-dimethylethylenediamine
(1.2mL, 11mM) was added dropwise at room temperature.
The solution was stirred for 8 h at 45°C, then, the solvent was
removed under reduced pressure. Silica gel chromatography
(methanol/chloroform, volume ratio 1/30) afforded 0.22g of 1.
Yield: 75.0%. m.p. 119-121°C. IR (KBr, cm~1): 3418.5, 2943.6,
2837.4, 1682.2, 1641.4. 'H NMR (CDCl3, 400 MHz) § (ppm): 2.34
(s, 6H), 2.38 (s, 6H), 2.66 (t, 2H, J=12.0Hz), 2.74 (t, 2H, J=12.0 Hz),
3.38 (m, 2H), 4.32 (t, 2H, J=14.4Hz), 6.31 (s, 1H), 6.66 (d, 1H,
J=8.0Hz), 7.62 (t, 1H, J=8.0Hz), 8.14 (d, 1H, J=8.0Hz), 8.45 (d,
1H, J=8.0Hz), 8.57 (d, 1H, J=7.2Hz). 13C NMR (CDCl3, 300 MHz)
S (ppm): 38.04, 40.32, 45.28, 45.98, 57.07, 57.27, 104.55, 110.06,
120.50, 123.05, 124.75, 126.68, 129.97, 131.30, 134.77, 149.87,
164.34, 164.95. LC-MS: m/z 355.2 (M+H)*. Elementary analysis:
Ca0H26N40, (354.2); Caled (%): C67.77,H 7.39, N 15.81, found (%):
C67.38,H7.27,N 15.46.

2.2. Synthesis of probe 2

2-(2-(diethylamino)ethyl)-6-((2-(diethylamino)ethyl)amino)-
1H-benzo[delisoquinoline-1,3(2H)-dione (2): To a solution
of 4-nitro-1,8-naphthalic anhydride (0.2g, 822uM) in N,N-
dimethylformamide (3 mL), N,N-diethylethylenediamine (0.9 mL,
6.4mM) was added dropwise at room temperature. The
solution was stirred for 8h at 45°C, then, the solvent was
removed under reduced pressure. Silica gel chromatography
(methanol/chloroform, volume ratio 1/30) afforded 0.24g of 2.
Yield: 70.5%. m.p. 51-52°C. IR (KBr, cm~1): 3330.8, 2966.3, 2820.4,
1682.5, 1646.5. TH NMR (CDCl3, 400 MHz) § (ppm): 1.11 (m, 6H),
1.13 (m, 6H), 2.65 (m, 4H), 2.69 (m, 4H), 2.80 (t, 2H, J=12.0Hz),
2.87 (t, 2H, J=11.6Hz), 3.35 (m, 2H), 4.28 (t, 2H, J=15.6), 6.52
(s, 1H), 6.66 (d, 1H, J=8.0Hz), 7.62 (d, 1H, J=8.8 Hz), 8.09 (d,
1H, J=8.4Hz), 8.45 (d, 1H, J=8.0Hz), 8.58 (d, 2H, J=8.0Hz). 13C
NMR (CDCl3, 300 MHz) § (ppm): 12.24, 12.40, 37.76, 40.17, 46.61,

47.85, 50.06, 50.71, 104.69, 109.90, 120.65, 123.09, 124.84, 126.51,
130.02, 131.24, 134.81, 149.99, 164.33, 164.93. LC-MS: m/z 411.3
(M+H)*. Elemental analysis: Cy4H34N40, (410.3); Caled (%): C
70.21, H 8.35, N 13.65, found (%): C 69.14, H 8.22, N 13.38.

3. Materials and methods

The salts used in stock solutions of metal ions were NaCl, KClI,
MgClz, CaClz, Cl‘Cl3-6H20, MnSO4-H,0, FeC13-6H20, FeClz-7H20,
COC12-6H20, NI(NO3 )2-61‘[20, CUC12-2H20, ZH(NO3 )2 ~6H2 o,
CdCl,-2.5H,0, HgCl, and Pb(NOs3),. Silica gel 60 (200-300
mesh, HaiYang) was used for column chromatography. Analytical
thin layer chromatography was performed using YinLong silica
gel (precoated sheets, 0.25mm thick). All the reagents were of
analytical grade.

The probes and metal salts were dissolved in water to form
50mM and 500 mM stock solutions respectively. When exam-
ining the fluorescence (FL) response of probes upon protons,
50 pL stock solutions of the probes were diluted to 50 uM with
Britton-Robinson buffer at different pH values. When investigat-
ing the effect of metal ions on fluorescence of the probes, 50 L
stock solutions of the probes and a few L stock solutions of metal
salts were mixed and diluted with Britton-Robinson buffer. In the
detected solutions, the concentration of the probes was 50 wM and
the concentration of different metal ions was changed from 500 M
to 10 mM.

IR was recorded on a Nicolet Magan-550 spectrometer. LC-MS
was carried out on an Agilent 1200/6220 spectrometer. 'H NMR
and 13C NMR spectra were tested on a Varian Unity Inova spec-
trometer, operating at 300 MHz and 400 MHz, respectively. The
elementary analysis was done on a Carlo-Erba EA1110 CHNO-S.
UV-vis spectra were performed on a U-3900 spectrophotometer.
Fluorescence spectra were taken on a Fluoromax-4 spectrofluo-
rometer (slit width: 1nm; T: 25°C). Fluorescence quantum yield
was determined with rhodamine B as a reference (&;=0.97). pH
values were measured on a Mettler-Toledo FE20 pH meter. Melting
points were examined by an X-6 micro melting point apparatus.

Cell images were taken on Nikon ECLIPSE TE2000-U Fluores-
cence Inverted System Microscope. BmN (Bombyx mori) insect cells
were seeded in a 24-well plate at a density of 5 x 10% cells per
well in culture media TC-100 with 10% foetal bovine serum (Sigma)
at 27 °C. After 48 h, the cells were separated into four groups and
incubated in TC-100, TC-100 with probe 2 (250 M), TC-100 with
probe 2 (250 M) and HCI (2 mM), TC-100 with probe 2 (250 uM)
and NaOH (3 mM) for another 25 min at 27 °C, respectively. After
removing most of the media, the cells were imaged on the fluores-
cence microscope.

Density functional theory (DFT) calculations were performed
using the Gaussian 03 program package [51]. The ground-state
structure geometries were optimized using Becke’'s three-
parameter hybrid exchange functional with the Lee-Yang-Parr
correlation functional (B3LYP) method [52] in conjunction with
the 6-31 G(d) basis set [53]. Frequency analysis was employed to
identify the structure with the lowest energy.

4. Results and discussion
4.1. Photophysical characteristics of probes 1 and 2

Probes 1 and 2 are easily dissolved in water and form 50 mM
aqueous solutions. Fig. 1 exhibits that two probes have simi-
lar absorption and fluorescence (FL) spectra in Britton—-Robinson
buffer. Mirror symmetry of the fluorescence and absorption spec-
tra in the long-wavelength region indicates the preserved planarity
of the probe molecular structure in the exited state [43]. The
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Fig. 1. Absorption and fluorescence spectra of probes 1 and 2 in Britton-Robinson
buffer. Top: probe 1; bottom: probe 2; c: 50 wM; T: 25°C; pH=7.08; dex =434 nm.
Slit width: 1 nm.

maximum absorption wavelengths of 1 and 2 are both 434nm
with the molar extinction coefficient 15400M~1cm~! for 1 and
16900M~'cm~! for 2. The maximum emission wavelengths are
534nm with the fluorescence quantum yield 0.524 for 1 and
536 nm with fluorescence quantum yield 0.573 for 2 under the
same conditions. The fluorescent quantum yield (@) of the probe
has been calculated using Eq. (1):
2
Py = b, 3 A0 "D (1)
r s nDr

where the subscript s and r stand for the sample and reference,
respectively. @ is the emission quantum yields, A represents the
absorbance at the excitation wavelength, S refers to the integrated
emission band areas and np is the solvent refractive index.

4.2. pH sensitivity of probes 1 and 2

Probes 1 and 2 are sensitive to pH value of the media. Fig. 2
presents their fluorescence spectra in Britton—-Robinson buffer at
different pH values. It is clear that the fluorescence is on in acidic
media and off in alkaline media. When the pH values change
from 11.8 to 2.3, the fluorescence enhancement (FE) is 13.6 and
25.6 times for probes 1 and 2, respectively. Here, the FE was
the ratio of maximum fluorescence intensity at pH 2.3 to that
at pH 11.8. The changes in the fluorescence intensity as a func-
tion of pH are the result of the PET process from the C-4 position
peripheral dialkylamino unit to the naphthalimide fluorophore, like
other 4-N,N-dialkylaminoethylamino-N-alkyl-1,8-naphthalimides
[54-58].

The advantage of introducing dialkylamino unit to imide posi-
tionliesin the efficientimprovement of the probe’s water solubility.
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The good water solubility of the probe makes all detections can be
carried out in aqueous media and improves the probe’s practicabil-
ity. Alvino et al. [59] introduced two, three and four dimethylamino
(DMA) groups in perylene structure and obtained two water soluble
perylene dyes with three and four DMA groups. The UV-vis absorp-
tion spectra of the perylene dyes in concentrated hydrochloride
aqueous media showed pH-dependent and lost their typical band
over 600 nm due to the protonation of the nitrogen atoms, but pH-
dependent color changes were not observed in Britton-Robinson
buffer of probes 1 and 2, which is similar to that of Alvino’s pery-
lene dye with two DMA groups. Tiirkmen et al. [60] synthesized
a perylene dye with two N,N-dibutylamino groups which could
be dissolved in aqueous media as hydrochloride acid. Its fluores-
cence intensity could be increased by acidic species based on the
same PET mechanism as probes 1 and 2, but all of ZnCl,, Co%* in
methanol, acetic acid, TiO, or SiO, particles could enhance its flu-
orescence. The FE was about 1.5-fold for the perylene dye with
addition of acetic acid. Georgiev et al. [61] reported two tetraester-
and PAMAM-branched perylene diimides. The PAMAM-branched
dye was water soluble and displayed a good pH sensor activity
(FE=6.4) in water/DMF (1:1, v/v) solution. The tetraester dye could
not be dissolved in water, but its pH sensing ability was substan-
tially higher (FE=184) in water/DMF (1:1, v/v) solution. The two
compounds were also sensitive to Cu2*, Pb2* and Fe3* ions in DMF.
Our probes 1 and 2 have excellent water solubility and high selec-
tivity and sensitivity to proton in aqueous media within a wide pH
range and without any organic solvents, as described in the next
section.

The pKa values calculated [62,63] according to Fig. 2 are 8.50
for probe 1 and 8.96 for probe 2, which indicates that 1 and 2 are
alkaline and prone to bound protons. Furthermore, the optimized
structures of the ground state probe 1 and probe 2 (as shown in
Fig. 3) and the Mulliken atomic charges of the structures are calcu-
lated by DFT calculation at the B3LYP/6-31G (d) level. The Mulliken
charges of N19 and N23 atoms linked to the imide side and the
4-position distal end of probe 1 are —0.369572 and —0.368928,
respectively, and that of the corresponding N18 and N22 atoms
in probe 2 are —0.379851 and —0.379019, respectively. The very
close negative charges for N19 and N23, as well as N18 and N22
indicate that both the amino groups in probes 1 and 2 are likely to
be protonated at low pH values although the amino group linked
to the imide side is a little more basic.

4.3. Selectivity of probes 1 and 2 to various ions

Fig. 4a and b show the selectivity of probes 1 and 2 to various
ions, respectively. Upon addition of Na*, K*, Mg2*, Ca%*, Cr3*, Mn?Z*,
Fe3*, FeZ*, Co%*, Ni2*, Cu?*, Zn?*, Cd?*, HgZ*, Pb2* (tenfold concen-
tration of the probe) to the 50 M probe solutions, no significant
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Fig. 2. Fluorescence response of probes 1 and 2 upon different pH values in Britton-Robinson buffer. Inset: plot of fluorescence intensity depending on the pH values
(excitation at 434 nm, 25°C). (a) Probe 1 (50 wM), from top to bottom, pH: 2.30, 4.47, 6.51, 7.09, 7.67, 8.19, 8.71, 9.09, 9.46, 10.17, 10.87, 11.81. (b) Probe 2 (50 M), from top

to bottom, pH: 2.33, 4.50, 6.50, 7.08, 7.66, 8.18, 8.72, 9.10, 9.48, 10.19, 10.89, 11.82.
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Fig. 3. Structure of the ground state probe 1 and probe 2. Grey, silvery, blue and red circles represent carbon, hydrogen, nitrogen and oxygen atoms, respectively. (For
interpretation of color mentioned in this figure legend the reader is referred to the web version of the article.)

fluorescence intensity changes were observed. However, the same
amount of H* led to a remarkable enhancement in fluorescence
intensity, and the fluorescence intensity changes caused by H* are
not obviously influenced by the coexisting Na*, K* (10 mM), Mg?2*,
Ca?* (5mM), Cr3*, Mn?Z*, Fe3*, Fe?*, Co?*, Ni?*, Cu?*, Zn%*, Cd?*,
Hg?*, Pb%* (500 M), C1~ (28 mM ), PO43~ (40 mM), SO42~ (500 M),
NO3~ (3mM) at pH 6.59, 7.17 and 7.74, which can be seen from
Fig. 4c. The results indicate that probes 1 and 2 have high selectiv-
ity to protons in Britton-Robinson buffer. Furthermore, probe 1 is
more sensitive to H* than probe 2, as presented in Fig. 4a and b,
while probe 2 is less affected by the coexisting ions, as shown in
Fig. 4c.

4.4. Living cell imaging with probes 1 and 2

We choose probe 2 which is less disturbed by the other ions to
explore its applications in bioimaging. The situation was that the
Bombyx mori (BmN) cells cultured in the media without probe 2 at
pH 6.24 were invisible under excitation, the cells incubated in the
media with probe 2 (250 wM) at pH 6.47 exhibited green fluores-
cence, the cells cultured in the media with probe 2 (250 M) and

HCl (2 mM) at pH 5.51 exhibited weak green fluorescence, while
the cells incubated in the media with probe 2 (250 M) and NaOH
(3mM) at pH 7.55 emitted strong green fluorescence (presented in
Fig.5).Itis clear that the fluorescence intensity of the cells increased
when the pHe of the 2-containing culture media increased from
5.51 to 7.55. The fact that the higher the pHe is, the brighter the
cells become indicates that probe 2 can provide pHe information
for studying physiological and pathological processes.

The proposed mechanism for the cell fluorescence off-on from
low pHe to high pHe may be explained as follows: probe 2, HCI
and NaOH are in the culture media and they mainly influence the
extracelluar pH (pHe) since living cells have excellent ability to
keep intracellular pH; stable by ion transport systems in the cell
membrane and high buffering capacity of the cytoplasm [64]. The
fluorescence of probe 2 can be displayed in the culture media or
the cell, which is determined by the pH (pHe and pH;), and the
cell-membrane penetrating ability of the probe and the protonated
probe. The changes of cell image fluorescence mainly result from
the amount of probe 2 entrapped and protonated by the cells.
According to the fluorescence data given above, low pH will cause
strong fluorescence. When the pHe of the culture media is low,
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Fig. 4. Fluorescence responses of 1 and 2 in the presence of different ions in Britton-Robinson buffer (excitation at 434 nm, emission at 534 nm for 1 and 536 nm for 2). (a)
and (b) Fluorescence enhancement (FE) of 1 and 2 (50 wM) caused by different ions (500 uM). (c) Fluorescence maxima of 1 and 2 (50 wM) at different pH. White column:
without extraneous ions; black column: with Na*, K* (10 mM), Mg?*, Ca?* (5 mM), Cr3*, Mn?*, Fe3*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*, Cd?*, Hg?*, Pb?* (500 wM), C1- (28 mM), PO43~

(40 mM), SO42- (500 M), NO3~ (3 mM).
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Fig. 5. Images of BmN cells incubated in different pHe media. (a)-(d) Fluorescence images: (a) without probe 2 at pHe 6.24; (b) with probe 2 (250 wM) at pHe 6.47; (c) with
probe 2 (250 wM) and HCI (2 mM) at pHe 5.51; (d) with probe 2 (250 wM) and NaOH (3 mM) at pHe 7.55. (e)-(h) are corresponding microscopic images of (a)-(d), respectively.
Color figures can be viewed in the online issue, which is available at http://ees.elsevier.com/jphotochem]/.

the probe molecules are primary protonated by the extracelluar H*
and elicit high fluorescence in culture media. The charged probe
molecules have poor cell membrane permeability so that only the
very few rest of nonprotonated probe molecules can enter into the
cells, protonated by the intracellular H* and result in very weak

cell fluorescence. The cell fluorescence increases while the culture-
media fluorescence decreases along with the pHe rises. When the
cells were exposed to the high-pHe culture media, the H* in the cul-
ture media was not enough to protonate the probe, a large number
of probe molecules entered into the cells and accumulated inside
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Fig. 6. Images of BmN cells incubated in media with probe 2 (150 wM) at pH. 6.36: (a) microscopic images and (b) fluorescence images. Color figures can be viewed in the

online issue, which is available at http://ees.elsevier.com/jphotochem/.
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Fig. 7. Images of BmN cells incubated in media with probe 2 (250 M) and HCI (8 mM) at pH. 4.63: (a) microscopic images; (b) and (c) fluorescence images before and after
removing the culture media, respectively. Color figures can be viewed in the online issue, which is available at http://ees.elsevier.com/jphotochem/.

cells due to relative low intracellular pH;, leading to dark culture-
media image and bright cell fluorescent image.

Fig. 5a and b can prove the cell-membrane permeability of probe
2 because cells cultured without probe 2 at pHe 6.24 were invisible
and cells cultured with probe 2 at pHe 6.47 emitted green fluo-
rescence under excitation. The results reveal that the probe can
penetrate the cell membrane, enter into the cells, be protonated
by the intracellular H* and illumine the cells. Moreover, to inves-
tigate if the dye molecules can be internalized and entrapped in
the highly acidic endolysosomal pathway, we incubated the cells
in media with lower concentration (150 wM compared to 250 M)
probe 2 at lower pHe (6.36 compared to 6.47) in order to make
fewer probe into the cell. The results show that the fluorescence of
probe 2 is observed inside the cells, and the probe seems to enrich
in some places in the cytoplasm which may be low pH organelle
such as lysosome, as shown in Fig. 6b.

To support the supposition that the protonated probe molecules
have poor cell membrane permeability, the cells were incubated in
media with probe 2 (250 wM) and HCI (8 mM) at pH 4.63 (It is the
pHe). It can be seen that the culture medium emits high fluores-
cence so that the cells in it almost could not be seen, as shown in
Fig. 7b, which implies that probe 2 was protonated and aggregated
outside cells where the pH was low. After removing the culture
medium, the cell images are nearly dark, as exhibited in Fig. 7c,
which indicates that the charged probe 2 has poor cell-membrane
permeability and could not internalized by the cells.

Overall, the cell membrane was permeable to the neutral dye
molecules but not to the protonated dye ones, the positive charges
of the protonated amino groups prohibit the probe across the cell
membrane. This phenomenon is similar to the literature result
that the esterified version of the neutral probe is cell-membrane

permeable until cytosolic esterases cleave the ester to yield a
carboxylic acid and carboxylic acid is deprotonated, the negative
charges of the deprotonated carboxylates deprive the probe of its
cell-membrane permeability [65,66].

5. Conclusions

Two water soluble 1,8-naphthalimide derivates have been
reported. They are highly selective to protons and can be used as
fluorescent pH probes. All detections can be carried out in aqueous
media and a large number of biologically relevant ions showed no
obvious interferences with the detection. The results from living
cell image indicate that the synthesized compounds can perme-
ate cell membrane and have potential applications in biological
systems.
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