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A B S T R A C T

Optically switchable fluorescent molecule is useful for developing photo-functional materials. However,
most of the conventional fluorescent molecule is in a class of “always-on” type, which does not possess a
fluorescence switching function. In this work, switchable fluorescent nanoparticles based on self-
assembly of amphiphilic derivative of rhodamine B is synthesized and evaluated for its optical properties.
The fluorescent nanoparticles functioned as a photo-switchable and self-erasable nanoprobe by
reversible intramolecular ring opening cyclization of the rhodamine B derivative in dispersion and free-
standing hydrogel.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Photochromic materials have attracted increasing interest
because of their potential applications in optical memory and
optical data storage [1–3], optical molecular switches [4,5], and
sensors [6–8]. In particular, fluorescent photochromic materials
allow higher visibility and sensitivity compared to the photochro-
mic molecules, which undergo visible color changes upon photo
irradiation. An approach to design the on/off fluorescence switch-
ing system is based on the quenching and fluorescence resonance
energy transfer (FRET) concept, by controlling the intra- or inter-
molecular electron transfer and energy transfer [9–12]. Several
fluorescent switching molecules that responded to the pH [13–16],
light [17], metal ions [18], and biomolecules, such as DNA and
proteins [19,20], have been developed.

Light source has several advantages to control the on/off
fluorescence switching. For example, the light irradiation can
achieve rapid on/off switching, long range control, wavelength
specificity, and precise spatial control. These advantages allow on
demand remote control for super resolution imaging [21–23],
manipulation of cell functions [24,25], technology for controlled
drug release [26–28], and high-speed optical rewritable system
[29]. Consequently, the development of molecules which allow

fluorescence on/off switching by light irradiation is having an
increasing interest in the broad science field. Nonetheless, the
availability of this type of fluorescence molecules remains scarce.

Rhodamine B (RhB) is one of the “always-on” type fluorescent
probes. Several reports have indicated that chemically modified
RhB, rhodamine spiroamide, exhibits photochromic property by
intramolecular ring opening cyclization reaction [30–34]. Herein,
we report a unique amphiphilic RhB derivative which possesses
chromism property and fluorescence on/off switching capability in
aqueous dispersion and hydrogel by sensing pH change and UV
light (Scheme 1). The amphiphilic structure permits the sponta-
neous incorporation of the RhB derivative into nanoparticle
molecular self-assemblies in aqueous media.

2. Materials and methods

2.1. Materials

Rhodamine B, L-glutamic acid, 1-hexadecanol and gellan gum
(PhytagelTM) were purchased from Sigma-Aldrich Corp. (St. Louis,
MO). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[monomethoxy poly(ethylene glycol) (2000)] (PEG-DSPE) was
purchased from NOF Corp. (Tokyo, Japan).

2.2. General procedures

The NMR spectra in CDCl3 were recorded on a Bruker 400
Ultrashield (400-MHz) spectrometer (Bruker, Fällanden,
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Switzerland). Analytical TLC was performed on commercial plates
coated with silica gel (TLC MERK, silica gel 60 F254). MS spectra
were measured with a liquid chromatograph-mass spectrometer
(LCMS-2020; Shimadzu, Kyoto, Japan).

2.3. Synthesis of compounds

L-glutamic acid (2.96 g, 20 mmol), hexadecyl alcohol (11.62 g,
48 mmol) and p-toluenesulfonic acid (monohydrate, 4.56 g,
24 mmol) were dissolved in benzene (150 mL). The mixture was
refluxed for 14 h at 110 �C with a Dean-Stark receiver. The solvent
was evaporated and the residue was dissolved into chloroform
(150 mL). The chloroform solution was washed with saturated
NaHCO3 aqueous solution (2 times), followed by distilled water (2
times). Na2SO4 (5 g) was added to the chloroform solution and kept
at room temperature for 12 h. After removing the Na2SO4 by
filtration, the solvent was evaporated and the residue was
dissolved into hot methanol (350 mL). After recrystallization from
methanol on ice, 1, 5-dihexadecyl-L-glutamate was obtained as a
white solid (7.7 g, yield 65%). TLC (silica gel) chloroform/methanol
(4/1): Rf 0.90. 1H NMR (CDCl3, 400 MHz, d ppm): 0.88 (t, 6H,
��CH3); 1.26 (s, 52H, ��CH2��CH2�); 1.62 (m, 4H,
��CO��O��C��CH2�); 1.83, 2.07 (m, 2H, glu b-CH2); 2.46 (m,
2H, glu g-CH2); 3.46 (m, 1H, glu a-CH); 4.07, 4.11 (t, 4H,
��CO��O��CH2�).

Rhodamine B (240 mg, 0.5 mmol) and N,N0-dicyclohexylcarbo-
diimide (DCC) (103 mg, 0.5 mmol) were dissolved in chloroform
(5 mL). The mixture was stirred for 4 h at room temperature. 1, 5-
Dihexadecyl-L-glutamate (226 mg, 0.38 mmol) and DMAP (46 mg,
0.38 mmol) were added to the mixture and stirred for 14 h at room
temperature. The reaction mixture was purified by column
chromatography (Silicagel 60, mobile phase; chloroform/metha-
nol, 8/1) and amphiphilic rhodamine B derivative (RhB-G16) was
obtained (200 mg, yield 52%). TLC (silica gel) chloroform/methanol
(8/1): Rf 0.94. 1H NMR (CDCl3, 400 MHz, d ppm): 0.88 (t, 6H,
��CH3); 1.15 (t, 12H, ��CH3); 1.26 (s, 52H, ��CH2��CH2�); 1.44, 1.51
(m, 4H, ��CO��O��C��CH2�); 1.90, 2.03 (m, 2H, glu b-CH2); 2.17
(m, 2H, glu g-CH2); 3.32 (q, 8H, ��CH2�), 3.69 (t, 1H, glu a-CH); 3.
85 (m, 4H, ��CO��O��CH2�); 6.22–6.54 (m, 6H, ArH); 7.11 (m, 1H,
ArH); 7.47 (m, 2H, ArH); 7.90 (m, 1H, ArH). 13C NMR (CDCl3,
400 MHz, d ppm): 12.54, 12.64, 14.12, 22.69, 24.96, 25.39, 25.63,
25.80, 25.90, 28.36, 28.59, 29.27, 29.32, 29.37, 29.56, 29.63, 29.67,
29.71, 31.07, 31.93, 33.97, 44.34, 44.41, 54.32, 64.26, 65.12, 65.87,
77.22, 97.39, 97.78, 104.49, 105.80, 107.53, 108.24, 122.88, 124.05,
128.12, 129.33, 130.79, 131.89, 132.48, 148.83, 148.86, 152.81,
153.56, 153.82, 167.32, 170.11, 172.90. MS (ESI) m/z (M+) 1021.

2.4. Preparation and characterization of self-assemblies

RhB-G16 and PEG-DSPE were dissolved in benzene at 1/10,
molar ratio and the solution was freeze-dried. The obtained
mixture of RhB-G16 and PEG-DSPE was stored in freezer (�20 �C).

The mixture was dispersed in phosphate buffered saline (PBS) with
vortex mixer for 5 min. The diameters of the resulting assemblies
were ascertained using a particle size analyzer based on dynamic
light scattering (Zeta-Sizer Nano ZS; Malvern Instruments, Ltd.,
Malvern, Worcestershire, UK). The average diameter � standard
deviation (SD) was calculated.

2.5. Effect of pH on the optical properties of the nanoparticle
dispersion

The mixture of RhB-G16 and PEG-DSPE (1/10, molar ratio) was
dispersed in PBS (pH 1–10) ([RhB-G16] = 10 mM). UV–vis spectra of
the dispersion were recorded with UV–vis spectrophotometer (V-
670; JASCO Co., Tokyo, Japan). The fluorescence intensity of the
dispersion was measured with fluorescence spectrophotometer
(lex = 556 nm, lem= 575 nm, F-2700; Hitachi Ltd., Tokyo, Japan).
Signal-to-background ratio (S/B) in fluorescence intensity at
various pH was plotted where the background was the fluores-
cence intensity at pH 7.4.

2.6. Measurement of fluorescence quantum yield

According to a previous reported procedure [35], the fluores-
cence quantum yields of the mixture of RhB-G16 and PEG-DSPE (1/
10, molar ratio) were measured using Eq. (1).

F ¼ Fst�Ast

A
� I
Ist

ð1Þ

where F, A, and I are fluorescence quantum yield, absorbance and
integral fluorescence intensity of the samples, and Fst, Ast, and Ist
are fluorescence quantum yield, absorbance and integral fluores-
cence intensity of the reference. Rhodamine B was used as the
reference, of which Fst is 0.31 in water [36]. The UV–vis spectra
were recorded with UV–vis spectrophotometer (V-670; JASCO Co.,
Tokyo, Japan), and the A and Ast values were measured at l = 510
nm. Fluorescence emission spectra were obtained using the
fluorescence spectrophotometer (lex = 510 nm, F-2700; Hitachi
Ltd., Tokyo, Japan), and then I and Ist values were integrated.

2.7. Fluorescence on/off switching by UV irradiation

The mixture of RhB-G16 and PEG-DSPE (1/10, molar ratio) was
dispersed in PBS (pH 7.4, [RhB-G16] = 10 mM). The dispersion was
put in a square quartz cell. The UV light (l = 302 nm) was irradiated
to the dispersion on a transilluminator (LAS-1000 UV mini;
Fujifilm, Tokyo, Japan). The spectral change was measured by UV–
vis spectrophotometer (V-670; JASCO Co., Tokyo, Japan) and
fluorescence spectrophotometer (lex = 556 nm, lem = 575 nm, F-
2700; Hitachi Ltd., Tokyo, Japan). Increase of fluorescence emission
intensity at 575 nm by continuous excitation at 302 nm was
measured to determine the rate constant of fluorescence on from
off form (kon). Decrease of fluorescence emission intensity at
575 nm (lex = 556 nm) after UV irradiation (l = 302 nm) for 1 min
was measured to determine the rate constant of fluorescence off
from on form (koff).

2.8. Fluorescence imaging in hydrogel

1.5% gellan gum hydrogel (75 � 75 �1.4 mm) containing the
mixture of RhB-G16 and PEG-DSPE (1/10, molar ratio) was
prepared (PBS, pH 7.4, [RhB-G16] = 50 mM). The hydrogel was
masked and then exposed to short-wave UV light (l = 302 nm) on a
transilluminator (LAS-1000 UV mini; Fujifilm, Tokyo, Japan) for
30 s. The fluorescence images were acquisitioned on the transillu-
minator under long-wave UV light (l = 365 nm).

Scheme 1. Conceptual scheme showing the reversible change in optical properties
of amphiphilic rhodamine chromophore based on ring opening cyclization reaction.
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