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Rhodamine B isothiocyanate doped silica-coated (RBITC-SiO;) silica nanoparticles were used as three-
dimensional scaffolds for fluorophore organization. Di(2-propylcarboxyl)amine (—NH—COOH) groups
were conjugated onto the surface of the RBITC@SiO, forming a stable water soluble nanospheres
(RBITC@Si0,—NH—COOH), which could sensitize Fe3* ions selectively. State fluorescence measurements
allowed us to observe the occurrence of an efficient energy transfer process from coordinated Fe>* ions
to the hosted RBITC resulting the turn-off of the emission of RBITC@SiO,—NH—COOH in water solution.
Furthermore, the nanosphere (RBITC@SiO,—NH—COOH) displays enhanced HelLa cells fluorescence
imaging in vitro suggesting selective cancer cell payload delivery. It represents a class of novel multi-
functional nanoparticles that combines the advantages of active cancer-targeting, compatibility with
fluorescence imaging and chemosensors of Fe* ions.
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1. Introduction

The design and development of highly sensitive and specific
probes for various metal ions have been a subject of intense
interest because of their potential applications in clinical
biochemistry and environmental science [1—6]. Metal ion fluo-
rescent probes have been arisen more and more attention
because of it extensive use in the environment and biochemistry
[7,8]. The detection of trace elements implicated in biological
events as well as in environmental issues is still a great challenge
and requires selective sensors [9]. Iron(Il/Il) is an essential metal
ion in cells, being present in the structure of many enzymes and
proteins and therefore essential for cellular metabolism [10]. And
also, most of the process of the cellular level's biology and
chemistry need iron(Il) to participate [11,12]. Therefore, fluores-
cent probes of iron(II/Ill) ions are meaningful to the environment
and life science.

The classical design of a fluorescent sensor for metal-ion
detection includes two moieties; a receptor responsible for the
molecular recognition of the analyte and a fluorophore responsible
for signaling the recognition event [13,14]. Recently, silica core-
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shell fluorescent nanoparticles were widely used as biosensors
and probes for optical images [15,16]. Silica has several advantages
including its ease of preparation through the hydrolysis—
condensation reaction from relatively inexpensive precursor
molecules such as tetraethyl orthosilicate (TEOS) in the presence of
acid- or base-catalysts, the possibility of surface modification with
various well-studied organosilicon compounds, and its non-acute
toxicity. To improve the application of silica nanoparticles in bio-
logical research, fluorescent dye molecules were introduced into
silica nanoparticles using a thiourea-linkage forming reaction
through amino-terminated alkyltrialkoxysilane compounds such as
(3-aminopropyl)triethoxysilane (APS) and dye molecules having an
isothiocyanate functional group, i.e. rhodamine isothiocyanate
(RBITC) and fluorescein isothiocyanate (FITC) [16—18]. In the
previous report, we found that the di(picolyl)amine (dpa) modified
core-shell RBITC@SiO,—dpa nanoparticles can bind Fe(IlI) ion form-
ing RBITC@SiO,—dpa—Fe(Ill) nanospheres, which could image cancer
cell [17]. In this paper, we use silica nanoparticles as three-
dimensional scaffolds for fluorophore organization, and di(2-
propylcarboxyl)amine groups were conjugated onto the surface of
the RBITC@SiO, forming a new nanosphere RBITC@SiO,—NH—COOH,
which could sensitize Fe(Ill) ion, resulting the energy transfer
between the modified Fe(Ill) complex and hosted dyes. We also show
the results of imaging cancer cell targeting using di(2-
propylcarboxyl)amine modified nanospheres.
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2. Materials and methods
2.1. Reagents

Rhodamine B isothiocyanate, Triton X-100, 3-aminopropyl-
trimethoxysilane (APS), Ethanol, Ethyl 2-bromopropanoate,
and solvents were of analytical grade. Rhodamine B iso-
thiocyanate doped silica-coated fluorescent nanoparticles
(RBITC-Si0,) were synthesized as reported [17]. Water was
purified with a Millipore Milli-Q system (25 °C:18.2 MQ cm,
7.20 x 1072 N/m).

2.2. Apparatus

FT-IR characterizations were performed using a Nicolet Nexus
470 FT-IR spectrophotometer in the spectral range of
4000—400 cm™ . The electronic absorption spectrum was recorded
using a UV-2450 UV—Vis spectrophotometer at room temperature.
Photoluminescent emission spectra were measured on a Ameri-
can’s Varian Carry Eclipse spectrofluorometer. TEM was performed
at room temperature on a JEOL JEM-200CX transmission electron
microscope using an accelerating voltage of 200 kV. Mean diameter
and size distribution of the nanoparticles were measured by
dynamic light scattering (DLS) using a Brookhaven 90 plus particle
size analyzer. The surface charge of the nanoparticles was investi-
gated through zeta potentials measurements (Nano-Z, Malvern
Instruments). The content of carboxyl groups in the nanoparticles
was measured by TG-thermogravimetric analyzer (Germany,
NETZSCH STA 449C).

2.3. Preparation of nanoparticles

2.3.1. Preparation of the RBITC@SiO,—NH—COOET

A solution of 0.8075 g APS and 0.7402 g triethylamine and
1.3265 g ethyl 2-bromopropanoate was allowed to reflux 24 h
under a nitrogen atmosphere. After the reaction, the solution was
obtained by centrifugation. Next, 1.016 g RBITC-SiO, were dispersed
by sonication in CHyCl; (15 ml). All the mixed solution was allowed
to reflux 24 h. The nanoparticles were isolated by adding acetone
(10 ml), washed with ethanol and dried in vacuum at 60 °C for
overnight.

2.3.2. Preparation of the RBITC@SiO,—NH—COOH

Nanoparticles (RBITC@SiO,—NH—COOET) (50 mg) was
dispersed in water (15 ml) and the pH was adjusted at 9—10
with 5% NaOH. The solution was stirred at 70 °C for 1 h, then
adjusted the pH to 4—5 with 5% HCl. Nanoparticles were isolated
by adding ethanol (20 ml), and dried in vacuum at 60 °C for
overnight.

2.4. Cellular uptake and imaging

Human cancer cell line HeLa was obtained from Cancer Cell
Repository (Shanghai cell bank). Cells were maintained in RPMI-
1640 medium and DMEM medium (Gibco, USA) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum, antibiotics
(100 U/ml penicillin and 100 U/ml streptomycin), at 37 °C in
a humidified atmosphere of 5% CO,. Hela cells (2.4 x 10%) were
seeded into 24-well plates (Every plate was 100 pul) and cultured for
24 h, then nanoparticles (test nanoparticles (2.0 mg) were
dispersed in H,0 and diluted with culture media) were added and
incubated for 3 h. At last, cells were washed with PBS twice to
remove the free nanoparticles. Nanoparticles uptake and imaging
of HelLa cells were observed using Nikon Ti-E2000 microscope with
live cell system (LCS) which can provide CO,, temperature control

and position fixing. The bright and fluorescence imaging of cells
(ex. 555 nm) were recorded and analyzed.

3. Results and discussions
3.1. Characterization

Di(2-propylcarboxyl)amine (—NH—COOH) groups were conju-
gated onto the surface of the RBITC@SiO, forming a water soluble
nanospheres (RBITC@SiO,-NH-COOH) (Scheme 1).FT-IR spectra of
the RBITC@SiO,—NH—COOET silica nanospheres confirmed the
existence of ester groups with characteristic peaks around at 1749
and 1164 cm™! that correspond to stretching bands of C=0 and
C—0—C, respectively. The peak at 2990 cm~' belongs to the
stretching bands C—H. The strong peaks around at 1101 cm™! also
confirmed the existence of SiO, which corresponds to stretching
band of Si—0. The disappearance of the peaks around at 1749 cm™!
or the appearance of the peak at 1456 cm ™! indicates the formation
of RBITC@Si0,—NH—COOH (Fig. 1).

The bands at 211 nm belong to the mw—=" transition bands
(Fig. 2). 555 nm of T—m=" transition bands belongs to rhodamine B
isothiocyanate. The emission bands at 582 nm of
RBITC@SiO,—NH—COOH show that the surface modified groups
had a little influence on the fluorescence emission of RBITC.

The size of nanospheres was measured with a Hitachi-800
transmission electron microscope. The results from TEM showed
that the size of nanoparticles RBITC-SiO, was 80 4+ 5 nm and
were uniform (Fig. 3a). The diameter of nanospheres
RBITC@SiO,—NH—COOEt and RBITC@SiO,—NH—COOH were in the
range of 150—170 nm and 15—20 nm, respectively (Fig. 3band c), and
the modified nanoparticles RBITC@SiO,—NH—COOH was highly
dispersible in ethanol. Dynamic light scattering (DLS) measurements
showed that the core-shell RBITC@SiO,—NH—COOH had a average
hydrodynamic size of 15 nm (Fig. 4), which was much smaller than
that of RBITC@SiO,—NH—COOET (150—170 nm). The surface charge
of RBITC@SiO,—NH—COOET and RBITC@SiO,—NH—COOH in ethanol
solution is —2.51 mV and 2.32 mV, respectively.

TGA measurements have been conducted for
RBITC@SiO,—NH—COOEt and RBITC@SiO,—NH—COOH. These
results are shown as Fig. 5. The thermal decomposition of
RBITC@SiO,—NH—COOEt proceeds with four decomposition steps.
A 1.25% weight loss in 0—150 °C indicates the existence of surface
adsorbed water molecules. The 30.32% weight loss in 150—245 °Ciis
assigned to the loss of oxethyl groups, further loss of 32.18% in
245—455 °C ascribes to the loss of propionyloxy groups and a 5.4%
weight loss in 245—746 °C is assigned to the loss of the aminopropyl
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Scheme 1. The RBITC@SiO,—NH—COOH.
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Fig. 1. IR spectral. a. RBITC@SiO,, b. RBITC@SiO,—NH—COOH, c. RBITC@SiO,—NH—COOEt.

groups. The first step for the RBITC@SiO,—NH—COOH falls in the
range of in 185—327 °C with the 14.89% weight loss, which is
assigned to the loss of carboxylic groups, confirming the existence
of surface-modified carboxylic groups. The 9.37% weight loss in
327-514 °C is assigned to the loss of propionyloxy groups, further
loss of 52.97% in 514—963 °C ascribes to the loss of the silicon
dioxide shell’s triethoxysilane. The thermal decomposition data
obtained supports the existence of two nanoparticles.

3.2. Fluorescent properties

The emission wavelengths from the fluorescent silica nano-
particles are similar to those of the parent dye molecules and silica
nanoparticles in the aqueous solution producing a very bright
photoluminescence. The Si—OH groups on the surface of silica
nanoparticles were successfully modified with —N(CH3(CH3)
COOH); enhancing the biocompatibility and sensitivity to transi-
tion metal ions. The effect of transition metal ion on the
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Fig. 2. UV spectral of RBITC@SiO,—NH—COOH (1.6 mg) dispersed in water (10 ml).

Fig. 3. Transmission electron micrographs of (a) RBITC@SiO, (b) RBITC@-
Si0,—NH—COOET (c) RBITC@Si0,—NH—COOH.

fluorescence of the RBITC@SiO,—NH—COOH was shown in Fig. 6.
It is found that the fluorescence intensity gradually decreased as
the concentration of Fe>' increased. The fluorescence of
RBITC@SiO,—NH—COOH (0.028 mg/ml) in water solution was
quenched completely when Fe3* ions (42 uM) were added, which is
different from our previous reported RBITC@SiO,—dpa—Fe(IIl)
nanospheres [17]. It was reported that Fe*>* ions could induce the
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Fig. 4. Size distribution of RBITC@SiO,—NH—COOH (a) and RBITC@SiO-, (b) in water.

ring open of the non-fluorescent spirocyclic forms of rhodamine
derivatives giving a fluorescent “on” signal [18,19]. However,
comparing experimental results showed that there was no obvious
change for the emission of RBITC@SiO; when Fe3* was added.
These indicated that there was no direct interaction between Fe3*+
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Fig. 5. TG curves of RBITC@SiO,@—NH—COOEt (a); RBITC@Si0,@ —NH—COOH (b).
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Fig. 6. Emission spectra (excitation at 555 nm) of RBITC@SiO,—NH—COOH (line a,
0.028 mg/ml) in the presence of Fe>* (x10~> M) at pH 7. (a—0: 0,1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 12, 18, 24, 36, 42). The slit width at the excitation and emission of the spectroflu-
orimeter is 5. Inset: emission peak intensities versus Fe>* concentration.

and the hosted dyes. The quench effect for Fe3* on the
RBITC@SiO,—NH—COOH was caused possibly by the interaction
between surface chelated ferric ions and hosted RBITC in
RBITC@SiO,—NH—COOH giving a “turn-off” signal. The Fe>* is an
efficient fluorescence quencher because of its paramagnetic nature
[20]. The energy transfer between chelated ferric ions in the shell
and RBITC in the core was confirmed by UV spectrum with the
enhanced absorption in the range of 200—400 nm, which is similar
to the reported energy transfer procedure from silica core-
surfactant shell nanoparticles to hosted molecular fluorophores
[16]. Other paramagnetic metal ions (Ni>", Mn?*, Gd>*, Cu®>*, Co**)
in the same concentration could not quench the emission of
RBITC@SiO,—COOH (Fig. 7). These indicated that the interaction
between surface chelated paramagnetic metal ions and hosted
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Fig. 7. Emission spectra (excitation at 555 nm) of RBITC@SiO,—NH—COOH (line a,

0.016 mg/ml) in the presence of various metal ions (4.2 x 107> M) at pH 7. (b—i: Zn?,
Ni%*, Mn?*, La3*, Gd3*, Cu®*, Co?*, Fe*).
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Fig. 8. Emission spectra (excitation at 555 nm) of RBITC@SiO,—NH—COOH (line a,
0.33 mg/ml) in the presence of (NH4FeSO,) (x107> M) at pH 7. (a—f: 0,1, 3, 5, 7, 9). The
slit widths at the excitation and emission of the spectrofluorimeter is 5. Inset: emission
peak intensities versus Fe>* concentration.
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Fig. 9. Emission spectra (excitation at 555 nm) of RBITC@SiO,—COOH (line (—),
0.015 mg/ml) in the presence of Fe** (3.9 x 107> M, line (---)) and EDTA (3.9 x 10~ M,

line ()) at tris buffer. The slit width at the excitation and emission of the spectro-
fluorimeter is 5.

RBITC in the RBITC@SiO,—NH—COOH was affected possibly by the
geometry and stability of RBITC@SiO,—NH—COOH-M"" (n = 2,3)
complexes.

The most biologically relevant Fe?* barely perturb the fluores-
cence of the RBITC@SiO,—NH—COOH. Addition of 42 uM concen-
trations of the Fe*™ into aqueous solution of
RBITC@SiO,—NH—COOH induces blue-shift about 10 nm of emis-
sion (Fig. 8). These properties would possibly make
RBITC@SiO,—NH—COOH of value in measurement of overloaded
free Fe3* in vitro essay and distinguish Fe>* from Fe?*. The intensity
and emission wavelength of the RBITC@SiO,—NH—COOH in solu-
tion were not significantly affected by the changes of pH, as
confirmed by the strong emission at 560 nm in aqueous solution at
pH 4-9, indicating that nanoparticles are stable in aqueous solu-
tion. So RBITC@SiO,—NH—COOH can be regarded as a Fe(lIl) ions
chemosensor. Because EDTA has stronger complexation with ferric
ions, it could be used for de-complexation of
RBITC@SiO,—NH—COOH—Fe3*. The quenched fluorescence could
be recovered when an equal amount of EDTA was added (Fig. 9). So,
RBITC@SiO,—NH—COOH can be used as off—on fluorescence sensor
for the Fe3* (quencher) and EDTA (recovering reagent).

3.3. Cell uptake and imaging

The fluorescence image of the RBITC@SiO,—NH—COOH was
assayed using HeLa cells. For HeLa cells treated with RBITC-SiO», the
observed red fluorescence image indicates that these nanoparticles
were located outside of HeLa cells due to the relative larger size and
low water solubility, which resulted in no internalization of the
non-targeted control. In contrast, the intense cellular fluorescence
was observed when Hela cells were incubated with the
RBITC@SiO,—NH—COOH (Fig. 10). Nearly all the cells displayed the
RBITC signal. All emissions from the nanoparticle-containing
culture medium surrounding the cells were removed by washing
the cells with PBS. Electron micrographs of the cells provided direct
evidence that a large number of RBITC@SiO,—NH—COOH were
endocytosed by HeLa cells. The mitochondrial membrane poten-
tials of tumor cells were higher than those of normal cells, most
agents have a positively charged moiety that take advantage of
electrostatic forces in locating its target [21]. These preliminary
data revealed that the targeting ability of nanospheres to HeLa cells
was enhanced greatly due to the di(2-propylcarboxyl)amino groups
conjugated onto the surface of the RBITC@SiO, allowing cellular
uptake through intracellular passive accumulation and mitochon-
drial membrane of cancer cells induced accumulation.

Fig. 10. Fluorescence images of HeLa cells treated with nanoparticles (2.0 mg) and incubated for 3 h. A, control; B, RBITC-SiO,. C, RBITC@SiO,—NH—COOH.
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4. Conclusion

A water soluble stable core-shell  nanoparticles
RBITC@SiO,—NH—COOH showed enhanced fluorescence imaging
of Hela cells, indicating that it can target cancer cells through
intracellular passive accumulation and mitochondrial membrane of
cancer cells accumulation in vitro for fluorescence images. It is
interesting to find that Fe>* ions can selectively quench the emis-
sion of fluorescence core-shell nanoparticles
(RBITC@Si0O,—NH—COOH). So RBITC@SiO,—NH—COOH could be
used as a multifunctional nano-material that enables simultaneous
imaging and chemosensors of Fe3* ions, which is different from
traditional non-aqueous chemosensors of Fe>* jons [22]. These
properties would possibly make RBITC@SiO,—NH—COOH of value
in measurement of free Fe> in vitro essay. This crucial observation
opens up new perspectives in the design of multifunctional struc-
tures based on silica nanoparticles, which could revolutionize the
field of nanosensors and nanodevices.
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