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A new fluorescent chemosensor 1, which based on hydroxyapatite (HA) nanoparticles covalently
functionalized with a difluoroboron dipyrromethene, has been prepared by nucleophilic substitution
of the fluorescent dye 3-chloro-4,4-difluoro-8-(4-tolyl)-5-[bis(pyridine2-ylmethyl)amino]-4-bora-
3a,4a-diaza-s-indacene (2) with surface-modified HA nanoparticles. The HA particles were prepared
by using SiO, as templates (THA) with 3-(aminopropyl)triethoxysilane (THA-APTES). Substitution
of the electron-withdrawing chlorine in 2 by an electron-donating amino group of HA changes the
properties of the nanoparticles 1 and the corresponding fluorescent dye 2. Absorption and emission
maxima of 1 in ethanol are red-shifted by 75 and 30 nm, respectively, in comparison with those of
2. In contrast to no selectivity of dye 2 for Cd** or Zn*" in EtOH/H,0 (95/5 V/V) solutions, the
nanofluorescent probe 1 forms 1:1 complexes with Cd** or Zn**, producing an instant color
change along with large hypsochromic shifts in the absorption and fluorescence spectra by 70 and
35 nm, respectively, and large cation-induced fluorescence amplifications.

Keywords: Hydroxyapatite (HA) nanoparticles; BODIPY-functionalized; Nanofluorescent sensor;
Cadmium and zinc complex formation

1. Introduction

The design, synthesis, and spectroscopic/photophysical characterization of fluorescent
chemosensors continue to be topics of research [1,2]. Derivatives of 4,4-difluoro-4-
bora-3a,4adiaza-s-indacene [3—5] (better known under the commercial name “BODIPY” or
difluoroboron dipyrromethene) have become popular fluorophores in modern materials and
life science [6]. The qualities of BODIPY comprise relatively high molar absorption
coefficients and fluorescence quantum yields, narrow emission bandwidths with high peak
intensities, robustness towards light and chemicals, and excitation/emission wavelengths in
the visible spectral region. Spectroscopic properties of BODIPY derivatives can be
fine-tuned synthetically, introducing suitable substituents at positions of the difluoroboron
dipyrromethene core.
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Often, dyes are combined with material substrates to modulate properties, enhance
stability, and reduce toxicity. Many multifunctional imaging and sensing dyes combine
controlled material synthesis with nanofabrication [7,8]. In the last few years, researchers
have taken advantage of BODIPY derivatives, modified them with diverse nanoparticles,
such as Fe3;0,4 or Ni core and silica shell [9,10] or gold nanoparticles [11]. However, the
spectroscopic properties and selectivity to ions between them and their corresponding
BODIPY sensor have hardly changed.

In comparison with metal nanoparticles mentioned above, HA nanoparticles seem more
attractive as host materials of fluorescent nanocomposites because of excellent biocompati-
bility and lower price. To improve the application of HA nanoparticles to biological
research, fluorescent dye molecules were introduced into HA nanoparticles by using a
thiourea-linkage formed in reaction of amino-terminated alkyltrialkoxysilane compounds,
such as (3-aminopropyl)tricthoxysilane (APTES) and dye molecules, having an isothiocya-
nate functional group, i.e. Fluorescein isothiocyanate [12]. The photostability and the lack
of acute toxicity have become the most appreciated properties of fluorescent HA and have
opened a new era of bioimaging. However, BODIPY fluorescent probes based on HA
nanoparticles have not yet been reported. While there are several positions on the BODIPY
chromophore which can be functionalized, suitable substituents at the third- and fifth
position(s) can shift the excitation and emission bands as a function of solvent polarity/
polarizability. Recently, we described that the easily obtained 3,5-dichloro-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene derivatives can be substituted with a wide range of oxygen-,
carbon-, nitrogen-, and sulfur-centered nucleophiles [13—15]. Nonsymmetrically substituted
BODIPY derivatives with an N-substituent at the third position had wider absorption and
emission bands and larger Stokes shifts than symmetric BODIPY dyes.

Bis(pyridin-2-ylmethyl)amine (commonly known as di(2-picolyl)amine, DPA) is a
chelator of several metal ions. Therefore, DPA derivatives with an incorporated fluorescent
moiety are attractive sensors for optical detection of metal ions [16].

In this work, we synthesize the fluorescent chemosensor 1 with 4,4-difluoro-8-(4-tolyl)-
4-bora-3a,4a-diaza-s-indacene as fluorophore coupled at the third position to the DPA
chelator and to aminated nano HA particles at the fifth position. Complex formation of 1
with Cd*" or Zn*" ions was studied spectroscopically.

2. Experimental

2.1. Synthesis of BODIPY-DPA-THA nanoparticles (1)

Dye 2 was synthesized by an efficient SyAr reaction of 3 at room temperature [15]. This
synthetic methodology is particularly valuable for obtaining symmetrically and nonsymmet-
rically substituted boradiazaindacene dyes with substituents at the third and fifth position(s)
that are difficult to introduce otherwise. Sensor 1 was prepared in a similar SyAr route by
nucleophilic substitution of 2 with aminated nanoHA at 80 °C. The synthetic nanoparticles
1 were characterized by transmission electron microscopy (TEM), Fourier transform
infrared (FTIR), UV—vis absorption and fluorescence emission spectroscopy.

2.2. Steady-state UV-vis absorption and fluorescence spectroscopy

UV-vis absorption spectra were recorded on a Varian UV-Cary100 spectrophotometer and
for the corrected steady-state emission spectra, a Hitachi F-4500 spectrofluorometer was
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employed. Freshly prepared samples in 1 cm quartz cells were used to perform all UV—vis
absorption and emission measurements. For determination of fluorescence quantum yields,
dilute solutions with an absorbance below 0.1 at the excitation wavelength were used.
Rhodamine 6G in H,O (@¢=0.76) for A.x=470nm was used as fluorescence standard
[17]. The @y values reported in this work are the averages of multiple (generally three),
fully independent measurements. In all cases, correction for the solvent refractive index
was applied. All spectra were recorded at 20 °C. The titration experiments were carried out
by adding small quantities of a stock solution of metal perchlorates in EtOH/H,O (95/5V/
V) to a much larger volume (10 mL) of solutions of 1.

2.3. Determination of K, from direct fluorimetric titration

The ground-state dissociation constant Ky of the complexes between Cd** or Zn>" and the
nanofluorescence probe were determined in EtOH/H,O (95/5 V/V) solution by fluorometric
titration as a function of Cd*" or Zn*" concentration using fluorescence emission spectra.
Nonlinear fitting of equation (1) [18] to the steady-state fluorescence data F' recorded as a
function of [Cd2+] or [Zn2+] yields values of Ky, the fluorescence signals Fi;, and Fp.x at
minimal and maximal [Cd*'] or [Zn*'], respectively (corresponding to the free and Cd**
or Zn>" bound forms of the nanofluorescence probe, respectively), and n (the number of
metal ions bound per probe). Equation (1) assumes that the absorbance of the sample is
small (<0.1) and that Cd*" or Zn®" complex formation in the excited state is negligible.

o Fmax[M2+]n +Fmian
K, + [M2+]n

(1)

Fitting equation (1) to the steady-state fluorescence data F' with n, Ky, Fiin, and Fp.x as
freely adjustable parameters always gave values of n close to 1 in this experiment,
indicating that one Cd*" or Zn®" is bound per nanofluorescent indicator. Therefore, n was
kept fixed at 1 in the final fittings of equation (1) to the fluorescence excitation or emission
spectral data, from which the estimated values of Ky, F\,in, and F,. are reported.

3. Outstanding results and discussion

3.1. Characterization of 1

The morphology and microstructure of THA-APTES and probe 1 nanoparticles were
investigated by TEM. figure 1(a) shows the TEM image of THA-APTES nanoparticles that
appear agglomerated. figure 1(b) reveals an ellipsoidal structure with a narrow size
distribution (15-25nm) of 1, which maintained its nanocrystalline appearance.

In its infrared spectrum (figure 2), only bands of HA were observed for THA, i.e.
phosphate main bands at 1036 (vs)cm™", 604 (vs), and 569 (vs)cm ™', hydroxide bands at
3424 (vg) and 1637cm ™' (vy) and carbonate bands at 1421 (vs) and 874 (v,)cm™'. In
addition to bands of HA, amino and —CH,— groups of THA-APTES also give N-H
bending vibration band at 1576 cm™' and C—H stretching vibration at 2931 cm™'. In the
IR spectrum of 1, in addition to bands attributed to THA-APTES particles themselves,
strong new bands at 2965, 2859, 1302, and 1261 cm™ ' appeared, originating from dye 2,
consistent with 2 covalently bound to THA-APTES nanoparticles [12,19,20].
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Figure 1. TEM images of (a) THA-APTES and (b) 1.
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Figure 2. FTIR spectra for THA, THA-APTES, 2, and 1.

Figure 3 shows the normalized UV—vis absorption and fluorescence emission spectra of
1, 2, and 2 doped with THA or THA-APTES (without heating) dissolved in ethanol.

The absorption spectrum of 2 is of a similar shape as those of classic BODIPY dyes
[21-27], with an intense absorption with a maximum A,,s(max) located between 505 nm,
assigned to the 0—0 band of the S;«S, transition, and a shoulder (480 nm) on the high-
energy side, attributed to the 0—1 vibrational of the same transition. In addition, a weaker,
broad absorption — attributed to the S,«—S, transition — is found at 350 nm. Compound 2
exhibits typical BODIPY emission features (figure 3(b)), that is, a narrow, slightly
Stokes-shifted band of mirror-image shape [18,25,26]. The maximum emission wavelength
Aem(max) is 556 nm. Spectroscopic measurements on 2 doped with THA or THA-APTES
(without heating) were performed in an ethanol solution to provide a comparison. Com-
pound 2 doped with THA or THA-APTES also showed an absorption at 505nm and the
corresponding emission maximum at 551 nm; there is only 5nm difference between the
wavelengths of the emission maxima A.,(max) when compared with that of 2. On the con-
trary, the maximum absorption wavelength A,,s(max) of 1 is shifted to red in comparison



Downloaded by [Renmin University of China] at 10:51 13 October 2013

666 X Jia et al.

(a) ]
3
probe 2
8 probe 2+THA
§ 21 probe 2+ THA-APTES
5 probe 1
D
o
<
14
0 T T T T 1
300 400 500 600 700
Wavelength / nm
(b)
1000 4 Aoy =490 nm
3
" ——— probe 2
> -
% 800 - probe 2+THA
g —— probe 2+THA-APTES
_E ———— probe 1
)
e 600
[9]
5]
7]
(]
_8 400
=
2
=
© 200
Q
o
0

T T T T T ' )
550 600 650 700
Wavelength / nm

Figure 3. Normalized (a) absorbance and (b) fluorescence emission spectra (excitation at A.x=490nm) of 1, 2,
and 2 doped with THA or THA-APTES (without heating) in ethanol. The inset is the image of the ethanol
solution of 1 and 2 under daylight.

to dye 2: 75nm in ethanol (from 505 to 580 nm). Absorption spectra of 1 also show the
well-known absorption pattern of common BODIPY derivatives [18,25,26]. Fluorescence
emission spectra of 1 display narrow, slightly Stokes-shifted emission bands at 586 nm that
are red-shifted by 30 nm compared to those of 2.

The fluorescence quantum yield @¢ of 1 is 0.002 in ethanol, much lower than that of 2
in ethanol (0.008). This can be understood by an influence of the substituent on BODIPY.
When the electron-withdrawing group (here chlorine) was substituted by the electron-
donating group (here an amino group from THA-APTES), in polar solvent, intramolecular
charge transfer (ICT) from the THA-APTES amine NH to the electron-withdrawing
BODIPY becomes more favored, inducing the fluorescence quenching and shifting of the
spectra. The large difference in spectroscopic properties between 1 and 2 also gives us firm
evidence that dye 2 has been covalently bound to the THA-APTES nanoparticles.
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3.2. Complexation of 1 with Zn** or Cd’* in EtOH/H,0 (95/5 V/V)

Di(2-picolyl)amine is a chelator of several metal ions, including Mn**, Fe**, Co**, Ni**,
Cu*", Zn**, Ag", Cd*", Hg*" and Pb*".

Upon addition of Zn*" or Cd*" perchlorates to a solution of 2 in EtOH/H,O (95/5 V/V),
no change in the fluorescence spectra could be detected (figure S1). The selectivity is quite
different even for the same chelator and fluorophore. For example, a colorimetric and NIR
fluorescent turn-on BODIPY-based probe with DPA as a chelator with high selectivity for
Cu?" has been reported by Boens [28]. DPA was attached at the meso-position of BODIPY
via a CH, linker to construct a detector for the selective visualization of Zn*" in living cells,
described by Peng and coworkers [29]. The same research group also reported a selective
sensor for imaging Cd*" in living cells based on ICT mechanism, built on the BODIPY
platform, but with the DPA chelator attached at the third position via a p-styryl spacer [30].

Not only the spectroscopic properties are changed when the electron-withdrawing group
was substituted by the electron-donating group, but the selectivity of 1 is also changed.

a
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> —— 025
2
5 ——— 0.50
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Figure 4. Fluorescence emission spectra (a) (lex=470nm) of 1 (50mg/L) in EtOH/H,0 (95/5 V/V) solution as a
function of [Cd®"] and (b) the best fit to the direct (Aex =470 1M, Aem =553 nm) fluorimetric emission titration data
(for b) of 1 as a function of [Cd**].
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Contrary to 2, Zn*" or Cd*" produced spectral changes of 1 in EtOH/H,O (95/5 V/V)
solution. The changes in optical properties induced by addition of Zn®*" or Cd**
perchlorates to the EtOH/H,0 (95/5 V/V) solutions of 1 are shown in figure 4.

The lowest-energy absorption of the nanoindicator shifts hypsochromically by 70nm
(from 580 to 510nm) when Cd*" ions are added to the EtOH/H,O (95/5V/V) solution
(figue S2(a)). The shift in the absorption spectra causes immediate change of the solution
color from pink to jacinthe, which can be detected by a naked eye.

The K4 of 1 and the stoichiometry of Cd*" binding were determined by changes of the
absorbance as a function of Cd*" concentration. The results obtained at A,,s=580 nm indi-
cated a 1:1 complex stoichiometry and yielded a value of 1745 uM for K. Since there is
a large shift of the absorption spectra, ratiometric absorption measurements could be
performed. A Ky value of 83 uM was determined by using the ratio of the increase/
decrease in absorption bands at 1}, /2, =505/580 nm (figure S2(b—c)).

The maximum of the fluorescence emission band shifts from 585 nm in ion-free EtOH/
H,0 (95/5V/V) to 550 nm in the presence of Cd*" and is accompanied by an increase in
intensity. The low ¢ value for free 1 (0.002) can be attributed to efficient quenching via an
excited-state ICT process from nitrogen of DPA to the strongly electron-deficient BODIPY
acceptor. Upon binding Cd**, the electron-donating properties of the amine of DPA are
reduced, partially suppressing the ICT and causing an enhancement in the fluorescence
quantum yield. The highest fluorescence quantum yield value (0.01 for excitation at
470 nm) is found above 43 uM Cd*" in EtOH/H,O (95/5 V/V) solution.

The Ky value of 9.6+1.0uM for the Cd*" complex with 1 was obtained from direct
fluorimetric titrations (equation 1) using emission spectra. The titration indicated a
well-defined 1:1 stoichiometry between 1 and Cd*".

The spectral changes observed when Zn®" was added into the EtOH/H,O (95/5V/V)
solution of 1 are very similar to those for Cd*" (figure S3). Usually discrimination between
Cd*" and Zn®" is very difficult because they are stereoelectronic isosteres. The highest

700
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200

100

0 AP Ba? Ca? Cd?* Co?* Cr** Cu?* Fe® Hg?* Li* Mg* Mn* N2+ zn?

Figure 5. Fluorescence intensity of the solution of 1 (50mg/L) in EtOH/H,O (95/5V/V) after addition of
0.2 umol of various cations.
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MeCN/EGN, rt, 36hrs

® 1na
Scheme 1. Synthesis of BODIPY-functionalized THA nanoparticle 1.

fluorescence quantum yield value (0.01 for excitation at 470 nm) is found above 83 uM
Zn*" in EtOH/H,O (95/5V/V) solution. A K4 value of 39+4uM was obtained for 1:1
complex with Zn*" by direct fluorimetric titration.

The changes of optical properties of 1 have also been observed on addition of Zn*" or
Cd>" nitrates (other counter anion salt), as well as with the corresponding perchlorates,
both giving very similar results (figures S4 and S5).

Achieving selectivity for the analyte of interest over a complex background of poten-
tially competing species is a challenging task in sensor development. figure 5 illustrates
the fluorescence response of 1 in the presence of some metal ions. Since the emission
intensity of 1 almost does not change on addition of other metal ions, detection of Zn*" or
Cd*" by 1 is hardly affected by these common coexistent metal ions Scheme 1.

We compare BODIPY-DPA-THA nanoparticles (1) with representative literature values
for some BODIPY nanofluorescent probes mentioned above [9—11]. The spectroscopic prop-
erties and selectivity to ions between BODIPY-Fe;0,4 or Ni or gold nanoparticles and their
corresponding BODIPY sensor hardly changed. In contrast, the absorption and emission
maxima of nanoparticles 1 in ethanol are red-shifted in comparison to the corresponding
BODIPY dye 2; the selectivity of 1 has also been changed in comparison to 2.

4. Conclusions

We have synthesized a new fluorescent chemosensor BODIPY-DPA-THA (1) by nucleo-
philic substitution of fluorescent dye 2 with nanoparticles THA. Unlike literature values
for BODIPY—Fe;04 or Ni or gold nanoparticles and their corresponding BODIPY sensors,
there is quite a large difference in the properties between dye 2 and nanofluorescent
chemosensor 1. The absorption and emission maxima of 1 in ethanol are red-shifted by 75
and 30 nm, respectively, in comparison to 2. Compound 1 can form 1:1 complexes with
Cd*" or Zn*" ions in EtOH/H,O (95/5 V/V) solutions, producing a color change along with
large hypsochromic shifts in the absorption and fluorescence spectra. On the contrary, the
fluorescence spectrum of 2 is unchanged in the presence of Cd*" or Zn*".
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