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Abstract Sol–gel-derived nanosilica materials covalently

anchored by functionalized terbium complexes with dif-

ferent dimensions were prepared. Zero-dimensional hybrid

had a diameter of 50 nm with regular spherical shape. The

lengths and widths of 1D nanorod hybrid were in the range

of 50–70 and 20–30 nm. The specific surface areas of the

two-dimensional materials were 81 and 108 cm2/g,

respectively. Both materials bind hemoglobin in aqueous

buffer solution (pH 7.4) as shown by striking luminescence

changes. These novel findings will pave the way for the

application of novel nanostructured lanthanide hybrids in

sensor devices.
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1 Introduction

Heme-containing protein such as hemoglobin (HB) is

widely distributed in erythrocyte which has been closely

related to binding oxygen, electron transfer and catalysis in

biological pathways [1, 2]. Chemical sensing using fluo-

rescence to monitor an analyte has been fully developed

based on a wide variety of organic chromophores. But their

short-lived emissions with broad bands were frequently

affected by the other noise signals in most biological sys-

tems. Lanthanide complexes have very long radiative

lifetimes with narrow-line emissions, and time-gated

detection method could be used [3, 4]. Currently, the

detection of free hemoglobin could be realized through the

design of functional terbium complexes, and the utilization

of the metal-centered luminescence exhibited promising

potentials in the fields of bio-analysis [5–8]. But the pure
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emissive lanthanide complexes would be sensitive to

vibrational quenching by energy migration to adjacent

coordinated water molecules or polar solvents. In addition,

the metal complexes lack enough thermal stability,

mechanical strength, rigidity and photostability. Therefore,

the emergence of functional hybrid materials could meet

the requirement for future uses and lie between the inter-

face of the organic and inorganic realms, which had high

versatility for assembling tailor-made materials. In this

field, sol–gel treatment with low-processing temperature

and easy steps permits the fabrication of two phases within

nanometer scale [9]. Furthermore, the performance of

using lanthanide emission signals in the sol–gel-derived

matrix to study the host–guest interactions has received

considerable attention [10–12]. However, the classical

physical doping techniques would result in concentration-

based quenching, particle aggregation or phase separation

due to the weak interactions [13, 14]. Hybrid inorganic–

organic materials with strong covalent bonds linked the

interface circumvent these drawbacks. Previous literatures

have discussed these types of covalent linkages in the

sensing materials, and generally, the ligand used only had a

single triethoxy silane group to bind with inorganic host

[15, 16]. In view of the structure design, we have devel-

oped a novel double-armed silylated ligand (triethoxysi-

lylpropyl)diethylenetriaminetetraacetic acid) with poly-

dentate coordinate sites to firmly combine terbium complex

and inorganic backbone. The strong grafting force between

the organic and inorganic moieties would certainly

improve its stability and efficiency. Additionally, we

assembled zero-dimensional lanthanide-based hybrid

nanospheres with very uniform diameters (*50 nm) (ab-

breviated as 0D-H) and also the regular one-dimensional

nanostructures (Fig. S1). To our knowledge, it has been

regarded as the first example of the controllable syntheses

and comparison of terbium complex-appended-dimen-

sional nanoarchitectures for the detection of specific target.

The resultant intensive green emission was selectively

responsive to hemoglobin (HB) but not human serum

albumin (HSA), lysozyme (LZ) or trypsin (TP).

2 Materials and methods

Terbium perchlorate was obtained by dissolving Tb4O7 in

concentrated perchloric acid. Human serum albumin,

hemoglobin, trypsin and lysozyme were purchased from

Aldrich. Polyoxyethylene (20) cetyl ether (Brij 58), amino-

propyltriethoxysilane (APS, 99 %), diethylenetriamine

pentaacetic acid dianhydride (DTPAda, 98 %), hydrazine-

hydrate (100 %, hydrazine 80 %) and tetraethyl orthosilicate

(TEOS) were purchased from J&K Scientific. 1H-NMR

spectra were recorded at 293 K using a Varian 400

(400 MHz) with TMS as an internal standard. Fluorescence

spectra and quantum yields were measured using an Edin-

burgh FLS920 spectrometer (Great Britain). FTIR spectra

were measured using a Shimadzu Prestige-21. TEM was

measured using a JEOL JEM-2100HR transmission electron

microscope. SEM analysis data were measured using a Zeiss

Ultra 55 scanning electron microscope. The adsorption

desorption isotherms of nitrogen were measured at 77 K

using the ASAP2020M system. The morphological control

of nanoscale materials was performed based on literatures

[17, 18].

2.1 Synthesis of precursor DTPA-Si

DTPAda (1 g, 2.8 mmol) was dissolved in 55 mL of

anhydrous pyridine under a steady flow of nitrogen, and

aminopropyltriethoxysilane (1.37 g, 6.2 mmol) was added

with magnetic stirring. The mixture was stirred under

nitrogen for 24 h at room temperature. The product was

then precipitated with the addition of hexane to remove

excess aminopropyltriethoxysilane, isolated by centrifug-

ing, washed with additional aliquots of hexanes and dried

in a vacuum to obtain the target compound (DTPA-Si). MS

(LCMS): m/z 798.9 [M–H]-. NMR: 1H (DMSO, ppm):

0.53 (t, 4H), 1.16 (t, 18H), 1.43(p, 4H), 2.83 (t, 4H), 2.91 (t,

4H), 3.05 (q, 4H), 3.21 (s, 6H), 3.36 (s, 4H), 3.69 (q, 12H),

8.11 (t, 2H).

2.1.1 Synthesis of Tb–DTPA-Si complex

DTPA-Si (0.52 g, 0.65 mmol), Tb(ClO4)3 (13 mL of a

0.05 M solution, 0.65 mmol) and ammonia (1 mL) were

added together. The mixture was stirred for 5 h at room

temperature. The crude product was washed with ethanol

and water and then dried in vacuo overnight. The resulting

precipitate was collected to give the desired Tb–DTPA-Si

as white powder.

2.2 Fabrication of 0D silica nanoparticles

The fabrication of 0D silica nanoparticles was performed

based on the previous Ref. [17]. In a 250-mL glass flask,

17.7 g of Triton X-100, 16 mL of n-hexanol and 75 mL of

cyclohexane were mixed with forceful magnetic stirring,

and 4 mL deionized H2O was added. After addition of

1 mL TEOS, the solution was stirred for 30 min; 0.65 mL

of NH4OH was added. This polymerization was allowed to

proceed for 18 h. The particles were centrifuged, sonicated

and vortexed three times with anhydrous ethanol, followed

by washing twice with deionized water and dried under

vacuum to obtain the silica nanoparticles.
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2.3 Fabrication of the terbium complex-loaded-

zero-dimensional hybrid material (0D-H)

In the silica nanoparticle (0.3 g) suspension, 1 mL DTPA-Si

DMSO solution (0.5 M) and 0.5 mL of aqueous ammonia

were added, and the suspension was stirred for 5 h. Tb(ClO4)3

solution (1 mL, 0.5 M) was added. After 12 h, the precipitate

was centrifuged and redispersed in water at least three times

to remove excess unreacted DTPA-Si and terbium ions and

dried under vacuum to give the hybrid material (0D-H). We

have to mention that the spherical nanoparticles described by

the literature were used as the efficient solid matrix to load the

terbium complex, and the stability has been enhanced. We

focused more on the photophysical features and sensing

behavior by using lanthanide line emissions.

2.4 Fabrication of 1D silica nanorods

Currently, a few references have concentrated on the syn-

thesis of low-dimensional nanocrystals through directional

growth method, and various templates such as polymers and

silver nanowires were used [19–21]. Here we try to adopt the

nickel–hydrazine complex as the controllable template to

afford the one-dimensional nanostructures according to the

previous Ref. [18]. The detailed synthesis was described as

follows: 8.5 g of Brij 58 was dissolved in 15 mL of cyclo-

hexane and was kept at 50 �C. Then, 1.9 mL of 0.8 M NiCl2
was added, and 0.45 mL of hydrazine hydrate was added

dropwise. After 3 h stirring, 1 mL of diethylamine and

3 mL of TEOS were added. The silica coating process was

allowed to proceed for 2 h. The precipitates were dispersed

in 300 mL of 1 M HCl and stirred at room temperature for

1 h. The silica nanorods (1D) were retrieved by centrifu-

gation and washed with water until neutral pH was reached.

2.5 Fabrication of 1D nanorod hybrid material

(1D-H)

In the silica host (1D nanorod, 0.3 g) suspension, 1 mL

DTPA-Si DMSO solution (0.5 M) and 0.5 mL of aqueous

ammonia were added, and the suspension was stirred for 6 h.

Tb(ClO4)3 solution (1 mL, 0.5 M) was added. After 10 h, the

precipitate was centrifuged and redispersed in water at least

three times to remove excess unreacted DTPA-Si and ter-

bium ions. Then, the 1D nanorod hybrid material (1D-H) was

obtained after drying under vacuum for overnight.

3 Results and discussion

Formation of an amide linkage between DTPAda and the

primary amine group of aminopropyl triethoxysilane was

confirmed by bands located at 788 cm-1 (N–H bending

mode), 1086 cm-1 (Si–O) 1631 cm-1 (amide I) and 2970

and 2921 cm-1 (the asymmetric and symmetric stretching

vibrations of CH2 groups of the alkyl chains) (Fig. S2a). In

the curve for sample 0D-H (Fig. S2b), the ‘‘amide I’’

absorption band shifted from 1631 to 1598 cm-1, indicat-

ing coordination between the carboxylate and the terbium

ion [22]. Similar results were observed in FTIR spectra of

1D-H (Fig. S2c).

Transmission electron microscopy (TEM) was used to

determine the size and morphology of 0D-H and 1D-H

(Fig. 1). 0D-H exhibited a monodispersed spherical mor-

phology with a diameter of approximately 50 nm, and no

observable change was seen in morphology after the

organic chromophores were covalently coated onto the

silica host (Fig. 1a). 1D nanorods were obtained in large

quantities as illustrated in Fig. 1b. The lengths and widths

were in the range of 50–70 and 20–30 nm, respectively.

This novel luminescent terbium-sensitized 1D nanostruc-

ture will be ideal for use in dimensionally confined func-

tional devices.

The photoluminescence spectra of 0D-H and 1D-H in

buffer (5 mM Tris–HCl, 50 mM NaCl, pH 7.4) in the

absence of HB were given in Fig. S3. The corresponding

curves were collected at room temperature and the emis-

sion range covered from 450 to 650 nm. The excitation

wavelength has been set as 272 nm. The absorbed energy

was contributed by ligands and migrated to the terbium

ions through the antenna effect [4]. The sharp and narrow

emission peaks correspond to transitions between the

excited 5D4 level and various J-levels of the ground state
7FJ (J = 6, 5, 4, and 3). It was noticed that the most intense

peak in the visible region is the 5D4 ?
7F5 transition, and it

was well located in the green area. The quantum yields

measured using an integrating sphere was 8.9 % (1D-H)

and 7.7 % (0D-H), respectively. Moreover, we have

investigated the photostability behavior of 1D-H and its

complex (Tb–DTPA-Si complex). 1D-H presented much

enhanced photostability in contrast to Tb–DTPA-Si com-

plex (Fig. S4). Both materials were exposed under the

irradiation by an electric incandescent lamp (60 W). Tb–

DTPA-Si complex has demonstrated 50 % reduction in

peak intensity, whereas 1D-H has maintained to be almost

stable in its original emission (less than 9 %).

Upon addition of HB in the concentration range from

0.2 to 30 lM, the intensity of emissions from 1D-H

decreased linearly; emission was almost completely quen-

ched at 30 lM HB (Fig. 2). The relative luminescence

intensity decreased from 876 to 189 within 3–4 s of addi-

tion of HB, and the striking change could be observed by

the naked eye under a 254-nm UV lamp. The quenching

effect (F0/F) versus the concentration (from 0.2 to 30 lM)

of HB fit the simple linear equation y = 0.9880 ?

0.1085x (R2 = 0.999). The detection limit for HB was
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calculated to be 1.2 lM by using the equation DL =

3 9 SD/S with a signal-to-noise ratio of 3 (DL means

detection limit; SD means the standard deviation; S refers

to the slope of calibration curve) [23]. Parallel experiments

were carried out ten times, and the relative standard

deviation was calculated to be 4.34 %. In a similar fashion,

the emission of 0D-H also decreased stepwise in the

presence of increasing HB (from 0.2 to 30 lM, Figure S5).

The calibration curve also follows a simple linear function

[y = 0.9925 ? 0.0933x (R2 = 0.997)]. The ability of 1D-

H to detect HB was slightly better than 0D-H material

(1.5 lM) (Fig. S5). These data prove that binding is

dependent on morphological structure.

In order to confirm the selectivity of these sensors, other

related proteins such as HSA, LZ or TP with much higher

concentrations (150 lM) were added in the above solutions

(Fig. 3). All the experiments were measured for three

times, and the average peak emission intensities were used.

As provided in Fig. 3, although HSA, LZ or TP could

slightly decrease the luminescence (the reduction in

intensities were within 10 %), the effects were much less

than that of HB. Analogous experiments were performed

with 0D-H, and similar phenomena were observed. The

results showed that these nanoprobes have a high selec-

tivity for HB and could be potentially applied as lumi-

nescent sensors for this protein in aqueous solution. It

suggested that other proteins did not interact with the

lanthanide organic–inorganic nanostructures and the

selectivity would be closely related to the unique functional

groups and molecular structures of HB.

Fig. 1 TEM (left) and SEM (right) images of a, c 0D-H, b, d 1D-H

Fig. 2 Emission spectra of 1D-H (5 mg/L) upon addition of

0.2–30 lM HB in buffer (5 mM Tris–HCl, 50 mM NaCl, pH 7.4).

Inset Plot of F0/F versus the concentration of HB shows a linear

relationship
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The HB molecule possesses four globular protein sub-

units, and each subunit contains a protein chain linked with

a nonprotein heme group that mainly consists of proto-

porphyrins. These macrocyclic ligands coordinate with

lanthanide ions through pyrrolic nitrogen atoms, and

functional metalloporphyrins (double-decker type) have

been assembled [24]. Based on our sensors, we hypothesize

that the heme moiety interacts with terbium ions to alter the

original coordination structure between Tb3? and DTPA-

Si. Because the triplet state energy level of protoporphyrin

is much lower (\16,000 cm-1) than the excited state of

terbium ions (20,400 cm-1), insertion of terbium ion into

protoporphyrin prevents the energy of the donor’s triplet

state from migrating to the acceptor (Tb3?) [25]. Thus, in

the presence of HB, the characteristic terbium emission of

the nanostructures disappears. None of the other proteins

tested have heme groups, so no changes in emission were

observed in their presence.

The specific surface area (108 cm2/g) of 1D-H was larger

than 0D-H (81 cm2/g) as shown by adsorption–desorption

isotherms of nitrogen (Fig. 4). Particularly, the total pore

volume of the former was determined to be 0.27 cm3 g-1,

and the value was higher than its counterparts (0D-H:

0.12 cm3 g-1). This will allow more HB molecules to con-

tact with the silica walls in the 1D-H nanostructure than in

the other case. In addition, reusability experiments were

performed by rinsing the collected powders with ethanol and

water five times for each case. Notably, 1D-H displayed

much better reusability than 0D-H and small reduction in the

emissions was detected after ten repeated circles (Fig. S6).

The collected results showed the hybrid composite with

large aspect ratio might provide specific capacity to load

enough lanthanide complexes due to its internal surface area

and inherent nanostructures. Therefore, the green

fluorescence from emissive terbium complex could be

maintained after the recovery experiments.

4 Conclusions

In summary, two kinds of cross-linked siloxane hybrid

terbium nanocomposites with different dimensional shapes

were assembled. The photoluminescence properties, sur-

face area, recognition behavior and reusability of the two

hybrid inorganic–organic materials have been extensively

discussed. The results show that the sol–gel-derived optical

probes will be promising in the analytical field.
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