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A B S T R A C T   

A fluorescent and low molecular weight rotor (9) based on 1, 8-napthalimide for living cancer cell imaging was 
designed and synthesized. The effects of solvent polarity and viscosity on the fluorescence spectra of compound 9 
were investigated. Rotor 9 exhibited favorable photophysical properties with a large Stokes shift and induced 
high viscosity sensitivity in a glycerol-ethanol system with an approximately 10-fold increase in emission in-
tensity. The addition of different concentrations of BSA to compound 9 in PBS elicited an 8-fold increase in 
fluorescence intensity, suggesting superior environmental sensitivity. Fluorescence lifetime measurements also 
confirmed these results. Furthermore, compound 9 showed time- and concentration-dependent in vitro cellular 
uptake behavior in MCF-7 cells and other cancer cell lines. CLSM assay of tumor sections from MCF-7 nude mice 
also confirmed the possibility of tumor imaging.   

1. Introduction 

Fluorescent dyes are an important class of colorants due to their 
widespread application in paints, textiles, foodstuffs, fertilizers, and 
pharmaceuticals [1,2]. Their fluorescence properties are easily modu-
lated through the implementation of various types of photophysical 
processes such as photoinduced electron transfer (PET) [3–5], intra-
molecular charge transfer (ICT) [6–8], aggregation-caused quenching 
(ACQ) [9] and aggregation-induced emission (AIE) [10–13]. Because of 
these properties, dyes are also widely used for potential applications in 
bio-imaging [14], fluorescent chemo/biosensors [15], organic 
light-emitting diodes (OLEDs), as well as other optical devices [16]. In 
particular, the use of fluorescent dyes in living systems has attracted a 
great deal of academic and industrial interest because they provide an 
excellent tool for detection, imaging, and diagnosis owing to their high 
spatial resolution, real-time analysis and low toxicity [17,18]. 

It is widely reported that fluorescent dyes are sensitive to an array of 
factors, such as ion concentration, rigidity, viscosity and biomolecule 
binding [19]. Environmentally sensitive fluorescent dyes by virtue of 
their sensitivity to various media provide a wealth of information on the 

chemical and physical properties that may affect their applications [20, 
21]. Among these factors, viscosity and protein binding played vital 
roles in different biological functions both at the cellular and organism 
levels [1,22–24]. Several groups have reported that the viscosity of the 
cell membrane can affect the active transportation of bioactive mole-
cules through the membrane, which was linked with many diseases and 
disorders [18,25,26]. However, traditional mechanical methods for the 
quantitative measurement of intracellular micro-viscosity still faces 
challenges. 

Fluorescent viscosity sensors are known as Fluorescent Molecular 
Rotors (FMRs), whose fluorescence intensity is affected by twisted 
intramolecular rotation that is dependent upon the viscosity of the 
surrounding environment [27,28]. Intramolecular charge transfer (ICT) 
is one of the key characteristics of FMRs containing the 
donor–π–acceptor (D-π-A) feature, which reduces the HOMO-LUMO 
band gap, leading to outstanding properties [29,30]. Many typical 
fluorescent sensors have been previously reported such as aniline nitriles 
[31], julolidine malononitriles [32] and stilbenes [31] (Fig. 1). It’s 
difficult to firmly establish relationships between the molecular struc-
ture and viscosity sensitivity and thus there is a requirement to 
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rationally develop fluorescent sensors used to measure viscosity with 
high sensitivity, high spatial and temporal resolution in 
microenvironments. 

In this work, we proposed to prepare an organic fluorescent viscosity 
sensor using the principle of ICT. Molecular rotor 9 (Scheme 1) was 
designed and synthesized with a phenol unit as an electron donor and a 
1,8-naphthalimide as an electron acceptor [33–36]. Compared with 
many existing FMRs, the synthetic route is based on simple reactions and 
only five steps, which reduced the cost [37–41]. The naphthalimide was 
chosen as the fluorophore because of its high fluorescence efficiency and 
sufficient photostability. The photophysical and FMR properties in 
different polarity and viscosity solvents have been studied. Fluorescence 
lifetime further confirmed the photophysical and FMR properties, 
demonstrating high fluorescence contrast compared with existing FMRS 
[37–41]. In addition, in vitro cellular uptake against four cancer cell lines 
and the CLSM assay of MCF-7 nude mice tumor sections were also 
examined to demonstrate the possibility of 9’s application in living 
cancer cell imaging. 

2. Experimental section 

2.1. Materials and instruments 

PEG400 and Rhodamine 6G were obtained from Bidepharm. Bovine 
serum albumin (BSA) was purchased from Energy Chemical. The other 
reagents used were all spectroscopic grade. All solvents were degassed 
and sparged with argon prior to use. UV–visible (UV–Vis) absorption 
spectra and emission spectra and fluorescence spectra were determined 
at room temperature at concentrations around 1 μM with a Varian Cary 
100 spectrophotometer and Hitachi F-4500 fluorescence spectropho-
tometer with slit widths routinely set at 2.5 nm, respectively. Fluores-
cence lifetime was recorded on the F-7000 fluorescence spectrometer 

(Hitachi, Japan). NMR spectra were recorded on a Bruker DRX-400 MHz 
spectrometer. Chemical shifts were reported in ppm and coupling con-
stants (J) were reported in Hz. High-resolution mass spectra (HRMS) 
were performed on an electron spray injection (ESI) ThermoFisher Sci-
entific LTQ FTICR mass spectrometer. High performance liquid chro-
matography (HPLC) analysis was performed at room temperature using 
a Diamonsil C18 (250 mm � 4.6 mm). All images were mounted and 
observed with a LEICA TCS SP8 Confocal Microscope System. Flow 
cytometry analysis measured by a FACSCalibur flow cytometer (BD 
Biosciences, USA). 

2.2. Synthetic procedures for compounds 5-9 

The route used for the synthesis of compound 9 is shown in Scheme 
1, starting from commercially available 4-bromo-1,8-naphthalic anhy-
dride 4. Compound 4 was reacted with n-butylamine at reflux in ethanol 
to generate compound 5 [42,43], which subsequently underwent a 
palladium-catalyzed Suzuki cross-coupling reaction with 2-thienylbor-
onic acid to afford compound 6 in acceptable yield. Compound 7 was 
achieved by bromination of compound 6 with Br2 at a moderate con-
dition, which was further converted to compound 8 by a 
palladium-catalyzed Suzuki cross-coupling reaction with 4-methoxy-
phenylboronicacid with a 58% yield. Finally, target compound 9 was 
afforded by demethylation of compound 8 with BBr3 under N2 with a 
relatively high yield of 42%. All the intermediates and the final product 
were carefully purified by column chromatography fully characterized 
by 1H NMR, 13C NMR and HR-MS spectroscopy (Supporting 
information). 

2.2.1. Synthesis of 6-bromo-2-butyl-1H-benzo[de]isoquinoline-1,3(2H)- 
dione (5) 

Compound 4 (5 g, 18 mmol), n-butylamine (1.6 g, 22 mmol) and 
anhydrous ethanol (40 mL) were added into a single-neck round-bottom 
flask connected with a condenser. The reaction mixture was heated to 
reflux overnight until the color of the solution became dark, and then 
cooled to precipitate. The resulting suspension was filtered and washed 
with cold ethanol twice to obtain the crude product. The crude material 
was purified by column chromatography on silica gel to obtain pale 
yellow solid 5 [42,43] (4.6 g), 76.7% yield, m.p. 106–108 �C. 1H NMR 
(400 MHz, DMSO‑d6) δ 8.52 (dt, J ¼ 12.9, 5.5 Hz, 2H), 8.30 (t, J ¼ 6.1 
Hz, 1H), 8.19 (t, J ¼ 6.2 Hz, 1H), 7.97 (q, J ¼ 7.0 Hz, 1H), 4.02 (q, J ¼
6.5 Hz, 2H), 1.61 (q, J ¼ 7.0 Hz, 2H), 1.35 (p, J ¼ 6.9 Hz, 2H), 0.93 (q, J 
¼ 6.6 Hz, 3H). 13C NMR (101 MHz, DMSO‑d6) δ 163.28, 133.05, 132.03, 
131.82, 131.42, 130.25, 129.55, 129.28, 128.76, 123.24, 122.46, 30.03, 

Fig. 1. The structures of typical fluorescent sensors including aniline nitriles 
(DMABN, 1), julolidine malononitriles (DCVJ, 2), and stilbenes (p-DASPMI, 3). 

Scheme 1. Reagents and conditions: (a) n-butylamine, EtOH, reflux, 76.7%; (b) 2-thienylboronic acid, Pd2(dba)3, P(o-tol)3, K2CO3, (CH3)4NCl, toluene/distilled 
water, 80 �C, 50.5%; (c) liquid Br2, HOAc, RT, 73.3%; (d) 4-methoxyphenylboronicacid, Pd2(dba)3, P(o-tol)3, K2CO3, (CH3)4NCl, toluene/distilled water, 80 �C, 
57.8%; (e) BBr3, DCM, N2, RT, 41.7%. 
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20.27, 14.19. FT-IR (KBr, v, cm� 1): 3231, 3072, 2957, 2871, 2155, 1699, 
1655, 1360, 1231. HR-MS (m/z) (ESI): calcd for C16H14BrNO2 [M þH]þ: 
332.0286, found: 332.0285. 

2.2.2. Synthesis of 2-butyl-6-(thiophen-2-yl)-1H-benzo[de]isoquinoline- 
1,3(2H)-dione (6) 

Under nitrogen protection, compound 5 (300 mg, 0.90 mmol), 2- 
thienylboronic acid (127 mg, 0.99 mmol), K2CO3 (997 mg, 7.2 mmol), 
Pd2(dba)3 (16.5 mg, 18 μmol), P(o-tol)3 (22.0 mg, 72 μmol) and 
(CH3)4NCl (10 mg, 90 μmol) were added into a three-neck round-bottom 
flask. After the mixture was degassed for 30 min, toluene (10 mL) and 
distilled water (2 mL) were added. The reaction contents were subse-
quently heated at 80 �C for 24 h. The resulting mixture was extracted 
with dichloromethane and washed with brine and distilled water. The 
organic extract was dried over sodium sulfate and collected under 
reduced pressure. The crude material was purified through column 
chromatography on silica to obtain 6 as a yellow solid (153 mg), 50.5% 
yield, m.p. 134–136 �C. 1H NMR (400 MHz, CDCl3) δ 8.57–8.46 (m, 3H), 
7.75–7.68 (m, 1H), 7.68–7.61 (m, 1H), 7.46 (dd, J ¼ 5.1, 0.8 Hz, 1H), 
7.29–7.22 (m, 1H), 7.16 (ddd, J ¼ 5.1, 1.8, 0.8 Hz, 1H), 4.11 (dd, J ¼
10.7, 4.2 Hz, 2H), 1.70–1.59 (m, 2H), 1.37 (dd, J ¼ 15.0, 7.5 Hz, 2H), 
0.90 (t, J ¼ 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 164.16, 163.90, 
139.77, 139.02, 132.25, 131.30, 130.60, 129.93, 128.89, 128.60, 
127.93, 127.62, 127.15, 126.90, 122.93, 121.94, 77.33, 77.07, 76.75, 
40.30, 30.21, 20.42, 13.89. FT-IR (KBr, v, cm� 1): 3450, 2960, 2930, 
1697, 1658, 1610, 1592, 1390, 1291, 781. HR-MS (m/z) (ESI): calcd for 
C20H18NO2S [M þ H]þ: 336.0980; found 336.1008. 

2.2.3. Synthesis of 6-(5-bromothiophen-2-yl)-2-butyl-1H-benzo[de] 
isoquinoline-1,3(2H)-dione (7) 

Compound 6 (70 mg, 0.21 mmol) and acetic acid (3 mL) were 
charged with a single-neck round-bottom flask under ambient condi-
tions. After the compound was completely dissolved, liquid bromine 
(Br2) (40 mg, 0.25 mmol) in dichloromethane (1 mL) was added. The 
reaction was kept stirring at room temperature for 1 h. Then the reaction 
mixture was extracted with dichloromethane and washed with saturated 
NaHCO3 solution and brine. The organic extract was dried over sodium 
sulfate and collected under reduced pressure. The crude material was 
purified by column chromatography on silica gel to obtain pale yellow 
solid 7 (63 mg), 73.3% yield, m.p. 162–164 �C. 1H NMR (400 MHz, 
CDCl3) δ 8.61 (dd, J ¼ 7.3, 1.0 Hz, 1H), 8.59–8.53 (m, 2H), 7.75 (dd, J ¼
9.4, 7.5 Hz, 2H), 7.20 (d, J ¼ 3.8 Hz, 1H), 7.09 (d, J ¼ 3.8 Hz, 1H), 
4.22–4.13 (m, 2H), 1.77–1.67 (m, 2H), 1.51–1.40 (m, 2H), 0.98 (t, J ¼
7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 164.05, 163.78, 141.25, 
137.80, 131.79, 131.44, 130.76, 130.55, 129.77, 129.14, 128.65, 
127.41, 123.04, 122.39, 114.46, 40.34, 30.20, 20.40, 13.88. FT-IR (KBr, 
v, cm� 1): 3450, 2963, 2931, 1698, 1655, 1613, 1590, 1388, 1231, 784. 
HR-MS (m/z) (ESI): calcd for C20H17BrNO2S [M þ H]þ: 414.1185; found 
414.1170. 

2.2.4. Synthesis of 2-butyl-6-(5-(4-methoxyphenyl)thiophen-2-yl)-1H- 
benzo[de]isoquinoline-1,3(2H)-dione (8) 

Under nitrogen protection, compound 7 (60 mg, 0.14 mmol), 4- 
methoxyphenylboronic acid (25 mg, 0.16 mmol), K2CO3 (160 mg, 1.1 
mmol), Pd2(dba)3 (2.6 mg, 3 μmol), P(o-tol)3 (3.5 mg, 10 μmol) and 
(CH3)4NCl (1.6 mg, 14 μmol) were added into a three-neck round-bot-
tom flask. After the mixture was degassed for 30 min, toluene (5 mL) and 
distilled water (1 mL) were added. The reaction contents were subse-
quently heated at 80 �C for 24 h. The resulting mixture was extracted 
with dichloromethane and washed with brine and distilled water. The 
organic extract was dried over sodium sulfate and collected under 
reduced pressure. The crude material was purified through column 
chromatography on silica to obtain 8 as a yellow solid (37 mg), 57.8% 
yield, m.p. 158–160 �C. 1H NMR (400 MHz, CDCl3) δ 8.71 (dd, J ¼ 8.5, 
0.9 Hz, 1H), 8.63 (dd, J ¼ 7.2, 0.9 Hz, 1H), 8.58 (d, J ¼ 7.6 Hz, 1H), 7.82 
(d, J ¼ 7.6 Hz, 1H), 7.75 (dd, J ¼ 8.5, 7.3 Hz, 1H), 7.63–7.55 (m, 2H), 

7.31 (d, J ¼ 3.7 Hz, 1H), 7.29 (d, J ¼ 3.7 Hz, 1H), 6.98–6.95 (m, 1H), 
6.95–6.92 (m, 1H), 4.24–4.15 (m, 2H), 3.86 (s, 3H), 1.73 (tt, J ¼ 7.7, 6.6 
Hz, 2H), 1.46 (dd, J ¼ 15.1, 7.5 Hz, 2H), 0.99 (t, J ¼ 7.4 Hz, 3H). 13C 
NMR (100 MHz, CDCl3) δ 164.20, 163.93, 159.71, 146.85, 139.04, 
137.96, 132.30, 131.33, 130.70, 129.95, 129.72, 128.90, 128.20, 
127.14, 126.49, 122.93, 121.68, 114.48, 55.42, 40.31, 30.23, 20.43, 
13.90. FT-IR (KBr, v, cm� 1): 3459, 2961, 1697, 1656, 1585, 1359, 1252, 
1236, 1182, 781. HR-MS (m/z) (ESI): calcd for C27H24NO3S [M þ H]þ: 
442.1399; found 442.1388. 

2.2.5. Synthesis of 2-butyl-6-(5-(4-hydroxyphenyl)thiophen-2-yl)-1H- 
benzo[de]isoquinoline-1,3(2H)-dione (9) 

Compound 8 (50 mg, 0.11 mmol) was dissolved in dry CH2Cl2 (3 mL) 
and the solution was cooled to 0 �C by an ice bath. A solution of BBr3 
(569 mg, 2.3 mmol) in CH2Cl2 (2 mL) was added dropwise to the cold 
solution using a syringe. After the addition was completed, the stirring 
was continued for 1 h at 0 �C and then at rt. After the reaction was 
completed, the mixture was poured onto ice and was extracted with 
dichloromethane. The organic layer was washed with saturated NaHCO3 
solution and brine and dried over sodium sulfate. The crude material 
was purified by column chromatography on silica gel to obtain red solid 
9 (20 mg), 41.7% yield, m.p. 149–151 �C. 1H NMR (400 MHz, DMSO‑d6) 
δ 9.81 (s, 1H), 8.67 (d, J ¼ 8.5 Hz, 1H), 8.47 (d, J ¼ 7.1 Hz, 1H), 8.40 (d, 
J ¼ 7.7 Hz, 1H), 7.85 (dt, J ¼ 8.1, 4.0 Hz, 2H), 7.56 (d, J ¼ 8.5 Hz, 2H), 
7.49 (d, J ¼ 3.7 Hz, 1H), 7.43 (d, J ¼ 3.7 Hz, 1H), 6.86 (d, J ¼ 8.5 Hz, 
2H), 4.01 (t, J ¼ 7.4 Hz, 2H), 1.68–1.55 (m, 2H), 1.36 (dd, J ¼ 14.8, 7.4 
Hz, 2H), 0.94 (t, J ¼ 7.3 Hz, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 
163.15, 162.84, 157.79, 146.50, 137.96, 136.37, 131.78, 130.74, 
130.21, 128.56, 127.97, 127.61, 126.91, 124.14, 122.97, 122.32, 
120.88, 115.93, 29.56, 19.78, 13.68. FT-IR (KBr, v, cm� 1): 3257, 2959, 
1688, 1637, 1607, 1583, 1444, 1354, 1276, 1236, 1172, 780. HR-MS 
(m/z) (ESI): calcd for C26H22NO3S [M þ H]þ: 428.1320; found 
428.1318. 

2.3. Quantum yields 

Absorption spectra were recorded on a Varian Cary 100 spectrom-
eter. Fluorescence spectra were measured with a Hitachi F-4500 fluo-
rescence spectrometer with slit widths routinely set at 2.5 nm. Quantum 
yields (Φ) were determined relative to Rhodamine 6G (Q ¼ 0.95, exci-
tation ¼ 440 nm) [51] and calculated according to the following 
formula: 

Φu¼Φs �
Fu
Fs
�

Au
As

(3)  

Φs equals the fluorescence quantum yield of the standard, typically 
taken from the literature; F presents the integrated spectral fluorescence 
photon flux at the detector and A presents the absorbance at the 
maximum excitation [52]. 

2.3.1. Cell culture 
Human adenocarcinoma A549 cells, human breast carcinoma MCF-7 

cells, human ovarian carcinoma SKOV-3 cells, and human colorectal 
adenocarcinoma HT-29 cells were purchased from the cell bank of the 
Chinese Academy of Sciences (Shanghai, China). A549 cells were 
cultured in F12 media. MCF-7 cells and SKOV-3 cells were cultured in 
DMEM media. HT-29 cells were cultured in McCoy’s 5A medium. All 
media were supplemented with 10% (v/v) fetal bovine serum (FBS) and 
1% (v/v) penicillin/streptomycin. Cells were incubated in a humid at-
mosphere of 5% CO2 at 37 �C. 

2.4. In vitro cellular uptake 

For the purpose of observing the cellular uptake behavior of com-
pound 9, cells were plated in 20 mm glass-bottomed culture dishes at 
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proper densities and incubated for 24 h. Afterwards, different concen-
trations of compound 9 solution were equally added to the above cells 
and the mixture was incubated for different times. The cells were 
washed with PBS and stained with 4% paraformaldehyde and subse-
quently imaged using a Leica TCS SP8 confocal fluorescence microscope 
(Germany). 

2.5. Flow cytometry analysis 

To quantitatively analyze time-dependent cellular uptake, flow 
cytometry was performed to detect the fluorescence intensity of com-
pound 9 inside the cells. Cells were grown in 6-well plates at proper 
densities and incubated for 24 h. Afterwards, 0.4 μM of compound 9 
solution was added to the above cells for another 1, 2, 4 and 6 h. Then, 
the cells were trypsinized, washed three times with PBS along with 
centrifugation of 1300�g for 5 min, resuspended in 0.5 mL PBS and 
measured by a FACSCalibur flow cytometer (BD Biosciences, USA). 

To quantitatively analyze concentration-dependent cellular uptake, 
flow cytometry was performed to detect the fluorescence intensity of 
compound 9 inside the cells. Cells were grown in 6-well plates at proper 
densities and incubated for 24 h. Afterwards, 0.1 μM, 0.2 μM, 0.4 μM and 
1.0 μM 9 solution were added to the above cells for another 6 h. Then, 
the cells were trypsinized, washed three times with PBS along with 
centrifugation of 1300�g for 5 min, resuspended in 0.5 mL PBS and 
measured by FACSCalibur flow cytometry (BD Biosciences, USA). 

2.6. Fluorescence lifetime measurements 

All fluorescence lifetime measurements in solvents presented herein 
were performed using a F-7000 fluorescence spectrometer (Hitachi, 
Japan) coupling a pulsed diode laser. The mean-weighted fluorescence 
lifetime was calculated from both lifetime components (τi) and their 
amplitudes (α) using the equation [45]:  

τ ¼ (τ1
2α1 þ τ2

2α2)/ (τ1α1 þ τ2α2)                                                       (1)  

2.7. Animal studies 

Female BALB/c nude mice used for all in vivo studies were obtained 
from the Shanghai Institute of Material Medica, Chinese Academy of 
Sciences. The mice were housed and maintained under specific- 
pathogen-free conditions with access to enough sterile diet and water. 
All experimental procedures with animals were performed in accor-
dance with the guidelines approved by the Institutional Animal Care and 
Use Committee at East China Normal University. MCF-7 cells (5 � 106) 
were subcutaneously injected into the right flank of the host mice and 
orthotopically xenografted to the nude mice. 

2.8. CLSM imaging of MCF-7 nude mice tumor sections 

At 6 h after the first injection of compound 9 (15 mg kg� 1), the mice 
(n ¼ 3) with proper average tumor sizes (8.78 mm � 6.73 mm) and 
weights (17.5 g) were sacrificed by CO2 inhalation, the tumors were 
excised, embedded in paraffin and sectioned into slices at a thickness of 
8 μm for further CLSM imaging. 

3. Results and discussion 

3.1. Optical properties studies of compound 9 

The optical properties of compound 9 were investigated in various 
solvents with different polarities. Table 1 shows the absorption, exci-
tation and emission maxima and Stokes shift of 9 in different solvents. 
The absorption and emission spectra at a concentration of 1 μM for 9 in 

different solvents are also represented in Fig. 2A–B. 
Compound 9 is a typical donor-acceptor (D-A) type fluorophore with 

two absorption maxima and a large Stokes shift. The small absorption 
maxima are in the range of 310–330 nm which is characteristic of aro-
matic π-π* electron transition. The strong maxima in H2O is at 455 nm, 
while the maxima in the other solvents were found in the range 
410–425 nm (Fig. 2A and Table 1), centered at approximately 415 nm, 
arising from intramolecular charge transfer. In addition, the absorption 
spectra of compound 9 showed a redshift as with the increase of solvent 
polarity due to π conjugation. A large difference in the peak position of 
absorption and excitation spectra was observed, which was mainly due 
to intramolecular charge transfer in the excited state. As shown in 
Fig. 2B, compound 9 displayed positive solvatochromism of its emission 
and its emission maxima shifted to red when the solvent changed from 
cyclohexane to H2O or DMSO. In the solvents more polar than aceto-
nitrile, this long-wavelength emission was quenched, because the ICT 
state is known to be able to go through nonradiative deactivation in 
polar solvents. Quantum yields were observed an increase in cyclo-
hexane, DCM, CHCl3, and EA, from 0.160 to 0.623. The main cause is the 
stabilization of the twisted intramolecular charge-transfer (TICT) state 
due to strong solvation in a more polar medium. This leads to an increase 
in quantum yields [34]. However, much lower quantum yields were 
observed in higher polar solvents such as H2O and alcohol. Higher sol-
vation in polar solvents especially hydrogen bonding in water and 
alcohol results in the effective transformation of excitation energy into 
multiple vibrational quanta, which in contrast would decrease the 
values of the quantum yields. 

3.2. Viscosity sensitivity studies of compound 9 

As shown in Fig. 3, the normalized emission behaviors of compound 
9 at varying viscosities were observed. Polyethylene glycol 400 (PEG- 
400) was used as a viscous solvent. The eleven mixtures of different 
viscosities, ranging from 0% to 100% PEG-400 (V/V) with pure ethanol, 
were used to determine the emission spectra of compound 9. 

The emission intensity spectra of compound 9 were also obtained in a 
mixed solution in EtOH with the percentage of PEG-400 increasing from 
0% to 100% and the concentrations of 9 (1.0 μM) were kept low to 
reduce the possibility of forming hydrogen bonding, aggregation and 
self-quenching [46]. The enhancement of fluorescence was observed as 
the percentage of PEG-400 increased (Fig. 4). The result showed an 
approximately 8-fold enhancement of the fluorescence of intensity for 
compound 9, indicating the viscosity sensitivity. The polarity of the 
solvent is known to affect the emission intensity of the charge transfer 
class of molecules. So, the influence of the increasing polarity of the 
protic and polar solvent (EtOH and PEG400) need to be considered. As a 
measure of polarity, the polarity function of these mixtures was 

Table 1 
Photophysical data of 9 in different solvents.  

solvent ET(30)a λabs 

(nm)b 
λex 

(nm)c 
λem 

(nm)d 
Δv 
(cm� 1)e 

Φf 

H2O 63.1 455 498 598 5255 0.041 
EtOH 51.9 423 441 575 6249 0.032 
CH3CN 45.6 410 435 578 6339 0.034 
DMSO 45.1 425 461 596 6750 0.032 
DCM 40.7 415 437 566 6428 0.453 
CHCl3 39.1 420 442 567 6253 0.507 
EA 38.1 410 436 560 6533 0.623 
Cyclohexane 30.9 415 438 521 4902 0.160  

a Solvent polarity parameter. 
b Absorption maxima. 
c Excitation maxima. 
d Emission maxima. 
e Stokes shift, Δv, were calculated using equation (1)/λabs-1/λem. 
f Quantum yield. 
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calculated. As reported, the polarity function stays constant at approx-
imately 0.45 in EtOH-PEG400 mixtures [47,48], which indicated that 
the polarity of the mixtures would display a weak effect on emission 
intensity. 

The fluorescence emission intensity of compound 9 and the effect of 
the viscosity of the solvent was described by using the Forster-Hoffmann 
equation (Eq. (2)) [44], and UV/Vis was used as the fluorescence 

emission spectra, where I is the emission intensity of the rotors, C is an 
empirical proportionality constant, x is the viscosity sensitivity and η is 
the viscosity of the solvent.  

log I ¼ C þ x log η                                                                         (2) 

The viscosity sensitivity (x), regression coefficient (R2) and intercept 
(C) values and plot graph for compound 9 are shown in Fig. S1 and 
Table 2. The dependence of the emission intensity and solvent viscosity 
of compound 9 shows a relatively high exponent (x) value of 0.55 (R2 ¼

0.9352). These outcomes elucidate that compound 9 has viscosity 
sensitivity, which is a typical characteristic of fluorescent molecular 
rotors. 

3.3. Bovine serum albumin (BSA) sensitivity studies of compound 9 

According to previous research, compound 9 possesses superior 
environmental sensitivity. To further evaluate this property, different 
concentrations of bovine serum albumin (BSA), ranging from 0 to 11 
mg/mL were added to compound 9 in PBS. As shown in Fig. 4, the 
addition of BSA to compound 9 in PBS elicits a significant increase in 
fluorescence intensity and a blue shift in the emission maxima. Quan-
titatively, the fluorescence emission intensity of the 11 mg/mL BSA 
group was approximately 8-fold stronger than that of the blank group, 
which indicated that compound 9 showed the environmentally sensitive 
property. 

3.4. Fluorescence lifetime measurements of compound 9 

The molecular rotor properties are mainly governed by the excited 
state bond twisting or rotation, leading to non-radiative decay from the 
excited state back to the ground state. Thus, we performed fluorescence 
lifetime measurements of compound 9 in different solvents. The mean- 
weighted fluorescence lifetime was calculated from both lifetime com-
ponents (τi) and their amplitudes (α) using the equation [45]:  

τ ¼ (τ1
2α1 þ τ2

2α2)/ (τ1α1 þ τ2α2)                                                       (4) 

First, fluorescence decays measured for compound 9 at different 
solvents are shown in Fig. 5A and B. As shown in Fig. 5A, fluorescence 
decays of compound 9 in DCM, CHCl3, and EA, which exhibited strong 
emission intensity, were measured. An increase in the fluorescence 
lifetime was observed from 1.4 ns to 2.9 ns with the increase of solvent 

Fig. 2. (A) Absorption spectra of compound 9 in different solvents. (B) Corrected fluorescence emission spectra of compound 9 in different solvents. Excited at 
maximum excitation. 

Fig. 3. Corrected fluorescence emission spectra of 9 in EtOH-PEG400 mixtures 
with different ratios. Excited at the maximum excitation. 

Fig. 4. Corrected fluorescence emission spectra of 9 in PBS with increasing 
concentrations of bovine serum albumin (BSA). Excited at the 
maximum excitation. 

Table 2 
Fluorescence emission viscosity sensitivity chart for compound 9.  

Compound Slope (x) R2 Intercept 

9 0.55 0.9352 0.45  
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polarity. The main cause is the stabilization of the TICT state due to 
strong solvation in a more polar medium. This leads to an increase in 
lifetime and quantum yields (Table 1). However, fluorescence lifetime 
was below the limit of detection in higher polar solvents such as H2O, 
DMSO, and alcohol due to the low emission intensity. Moreover, higher 
solvation in polar solvents especially hydrogen bonding in water and 
alcohol results in the effective transformation of excitation energy into 
multiple vibrational quanta, which in contrast would decrease the 
values of the fluorescence time. 

Molecular rotors are fluorophores whose fluorescence lifetime in-
creases with the increase of viscosity [49]. Viscous solvents are used to 
hinder the rotation of molecules, to block the TICT state. Fluorescence 
decays measured for compound 9 at increasing viscosity in 
EtOH-PEG400 mixtures are shown in Fig. 5B. The fluorescence lifetime 
was below the limit of detection in 0–60% PEG mixed solvents due to the 
low emission intensity. In addition, the fluorescence lifetime varies 
markedly with the increase of viscosity, increasing from 100 ps at 70% 
PEG400 to 1.8 ns at 100% PEG400, indicating the viscosity sensitivity of 
fluorescent molecular rotor. 

We also studied fluorescence decays of compound 9 in the presence 
of different concentrations of BSA (Fig. 5B). As a trend, approximately 
an 8-fold increase in fluorescence lifetime of compound 9 was observed 
from 100 ps in 1 mg/mL BSA to 800 ps in 11 mg/mL BSA. This change 
was likely caused by the binding of the rotor 9 to a hydrophobic pocket 
of the protein, as was reported for other FMRs [50]. Deaggregation was 
also observed due to the addition of BSA (Fig. 4), which could lead to the 

enhancement in the emission yield. However, compared to emission 
intensity and fluorescence time, the effect of the addition of BSA was 
weaker than that of viscosity. 

3.5. In vitro time- and concentration-dependent cellular uptake of 
compound 9 in MCF-7 cells 

A functional example of the utility of environmental sensitivity was 
demonstrated in compound 9’s application as a general cell stain in 
confocal imaging. To confirm whether compound 9 could be efficiently 
internalized into tumor cells and used for imaging of the tumor micro- 
environment, the in vitro cellular uptake behavior of compound 9 was 
investigated in tumor cell lines by confocal laser scanning microscopy 
(CLSM). To determine the relatively proper incubation time and con-
centration, time-dependent cellular uptake behavior was first investi-
gated in MCF-7 cells. Cells with appropriate densities were treated with 
0.4 μM of compound 9 at 37 �C for different times (1 h, 2 h, 4 h, and 6 h). 
As shown in Fig. 6, green fluorescence was observed in MCF-7 cells after 
incubation with compound 9 for 1 h, indicating the successful inter-
nalization of the rotor 9. In addition, as the incubation time increased 
from 1 h to 6 h, the observed fluorescence inside the cells was greatly 
enhanced, indicating the time-dependent property of compound 9. 
Based on the results, the concentration-dependent behavior of com-
pound 9 was further evaluated. MCF-7 cells were incubated with com-
pound 9 at different concentrations (0.1 μM, 0.2 μM, 0.4 μM and 1.0 μM) 
for 6 h. As shown in Fig. 7, green fluorescence was observed in all groups 

Fig. 5. The fluorescence decays of compound 9 in different solvents and BSA solution.  

Fig. 6. Time-dependent cellular uptake behavior of compound 9 in MCF-7 cells. Cells were incubated with compound 9 at a concentration of 0.4 μM for different 
time (1 h, 2 h, 4 h and 6 h). (Scale bar ¼ 50 μm). 
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and when all groups were compared, a marked increase in the green 
emissions was seen as the concentration increased, also indicating the 
successful internalization. 

3.6. Flow cytometry analysis 

The quantitative analysis of cellular uptake was then examined by 
flow cytometry and the data also confirmed effective cellular uptake 
(Fig. 8). Notably, the mean fluorescence intensity (MFI) of compound 9 
uptake in the 6 h group was approximately 3.2-fold stronger than that of 
the 1 h group, when MCF-7 cells were incubated with 9 for different 
times (1 h, 2 h, 4 h, and 6 h) at a concentration of 0.4 μM. Meanwhile, 
the MFI of compound 9 uptake in the 1.0 μM group was 5.5-fold stronger 
than that of the 0.1 μM group in the concentration-dependent experi-
ment, which was consistent with previous in vitro CLSM cellular uptake 
assay results, further suggesting the time- and concentration-dependent 
properties of compound 9. 

3.7. In vitro cellular uptake of compound 9 

Inspired by the previous results, compound 9 was used in three other 

cancer cell lines (A549 cells, HT-29 cells, and SKOV-3 cells) and MCF-7 
cells for imaging by CLSM. Cells with appropriate densities were treated 
with 1 μM of compound 9 at 37 �C for 6 h. As shown in Fig. 9, when 
compound 9 was incubated with each of the four cell lines for 6 h, all 
groups were observed to have significant strong green fluorescence in 
the cytoplasm, suggesting the high cellular uptake and wide use in 
cancer cells. Cellular uptake behavior in normal HL7702 cells was also 
evaluated. As illustrated in Fig. 9, compound 9 showed almost negligible 
fluorescence in HL7702 cells, demonstrating lower cell internalization. 
Collectively, these differences between cancer cell lines and a normal 
cell line confirmed the cancer-specific properties of compound 9. 

3.8. CLSM assay of MCF-7 nude mice tumor sections 

Encouraged by these results, sections from MCF-7 nude mice tumor 
tissues (treated for 6 h at 15 mg kg� 1) embedded in paraffin were also 
cut into a section of 8 μm for CLSM assay. As shown in Fig. 10, obvious 
fluorescence was observed in the tumor slides, suggesting the tumor 
imaging ability of 9. These results are consistent with previous in vitro 
assay results, which further elucidates that 9 could be used for living 
cancer cell imaging and the visualization of tumor lesions with highly 

Fig. 7. Concentration dependent cellular uptake behavior of compound 9 in MCF-7 cells. MCF-7 cells were incubated with compound 9 at different concentrations 
(0.1 μM, 0.2 μM, 0.4 μM and 1.0 μM) for 6 h (Scale bar ¼ 50 μm). 

Fig. 8. Mean fluorescence intensity (MFI) of MCF-7 cells determined by flow cytometry analysis. (A) MCF-7 cells were incubated with compound 9 at a concentration 
of 0.4 μM for different times (1 h, 2 h, 4 h and 6 h). (B) MCF-7 cells were incubated with compound 9 at different concentrations (0.1 μM, 0.2 μM, 0.4 μM and 1.0 μM) 
for 6 h. The experiments were performed three times, and the results of the representative experiments are shown. Data were expressed as mean � SD, n ¼ 3. 
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effective tumor response. 

4. Conclusion 

In conclusion, a fluorescent viscosity sensor was established using a 
naphthalimide based fluorescent and low molecular rotor (9). Com-
pound 9 exhibited favorable photophysical properties and high viscosity 
sensitivity in a glycerol-ethanol system which are typical properties of 
molecular rotors. Compound 9 also possessed high environmental 
sensitivity in that the addition of different concentrations of BSA to 
compound 9 in PBS elicited a significant 8-fold increase in fluorescence 
intensity. Fluorescence lifetime measurements further confirmed the 
viscosity and BSA sensitivity properties. Furthermore, compound 9 
displayed obvious time-dependent and concentration-dependent 
cellular uptake behavior in MCF-7 cells and other tumor cell lines. In 

vivo CLSM assay of tumor sections from MCF-7 nude mice also confirmed 
the possibility of using compound 9 in tumor imaging. Overall, all these 
results elucidate that compound 9 could be used for imaging of the 
tumor micro-environment and the detection of cancer lesions. The hy-
droxyl group in compound 9 makes it easier to perform further struc-
tural optimization as probes for different factors, such as H2O2, 
hypochlorite, thiophenol, carbon monoxide and so on. In the future, it is 
possible that compound 9 could be conjugated to different high-affinity 
ligands for investigating various in vivo biochemical process increasing 
its range of applicability. 
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