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Porous titanium phosphate (TiP) nanoparticles with high water

solubility have been synthesized by using the surfactant sodium

dodecyl sulfate (SDS) as the structure-directing agent. The TiP

nanoparticles can be functionalized with Cd
2+

and can be

further used as labels for electrochemical detection of proteins

due to their excellent ion-exchange property.

Recently, there has been a remarkable progress in the synthesis of

nanomaterials and their exploitation for various applications.1

Titanium phosphates (TiPs) have been extensively studied with

respect to their diverse structures and wide applications in some

areas such as ion exchange,2,3 intercalation,4 proton conduction,5

catalysis,6,7 and so forth.8,9 TiPs with layered10,11 andmesoporous3

structures have already been prepared by different methods.

Furthermore, TiP nanotubes were successfully synthesized via

a microemulsion-based solvothermal route by an amine

extraction.12 Core–shell TiP nanospheres were synthesized

by using docusate sodium salt as the structure-directing

agent.6 Hollow TiP spheres were successfully obtained using

polystyrene (PS) particles as templates.13 However, to the best

of our knowledge, only a few references reported on the

synthesis of TiP nanospheres7 with well-defined morphology

and uniform size distribution. Thus, due to their potential

applications in biosensing and drug delivery, the design of

novel porous TiP nanoparticles with good monodispersity and

excellent ion-exchange capability is still of great interest.

The nanoparticle-based signal amplified sensing has

attracted considerable interest in developing new protein detection

methods.14,15 Electrochemical immunoassay has shown great

promise because of its high sensitivity, low cost, and ease of

miniaturization.16 Metallo-immunoassay is an immunoassay

involving metal-based labels, including quantum dots (QDs),17,18

colloidal metal particles,19 metal ions,20 organometallics,21

metalloproteins,22 coordination complexes,23 bio bar code

probes,24 and so on.25 Among them, QDs are the most studied

nanomaterials as electroactive labels for the assay of proteins

and DNA. However, the synthesis of such QD labels requires

a complicated and tedious process.25 In addition, an acid-

dissolution step is inevitable to release the metallic component

of the captured QD labels before electrochemical detection.17

Hence, there has been considerable interest in the development of

new strategies to fabricate novel labels for metallo-immunoassays

to simplify the detection steps. Herein, we report a facile method

to synthesize porous TiP nanoparticles with monodispersity and

uniform size distribution. Because of the excellent ion-exchange

capability, the as-prepared TiP nanoparticles offered promising

templates for efficient incorporation of Cd2+ to form a hybrid

material, TiP–Cd2+. Human IgG antibodies (Ab2) were

conjugated with TiP–Cd2+ to fabricate Ab2–TiP–Cd
2+ bio-

conjugates. Based on Ab2–TiP–Cd
2+ conjugates as probes, a

novel and facile strategy for highly sensitive electrochemical

detection of human IgG (HIgG) was developed. Notably, the

TiP nanoparticles can also be functionalized with other metal

ions to obtain versatile electrochemical labels for multiplexed

assays and diagnostic applications.

TiP nanoparticles were synthesized by using SDS as the

structure-directing agent, and tetrabutyl titanate (TBOT) as

the titanium source. As shown in Fig. 1(A–C) and Fig. S2A

(ESIw), the as-synthesized TiP nanoparticles with an average size

of about 55 nm were monodispersed and had open nanoporous

Fig. 1 (A) TEM and (B) HRTEM images, (C) particle size distribu-

tion of the as-synthesized TiP nanoparticles, and (D) XRD patterns of

TiP samples annealed at (a) 60 1C and (b) 550 1C. Blue vertical lines

are relative to NaTi2(PO4)3 (JPCDS No.33-1296).
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structures. According to the N2 adsorption–desorption isotherms

(Fig. S1 ESIw), the BET surface area of the TiP nanoparticles was

38.83 m2 g�1, which made the as-prepared TiP material attractive

for ion-exchange purposes.

The TiP samples were also characterized by X-ray diffraction

(XRD), and the patterns are shown in Fig. 1D. With SDS as the

structure-directing agent, all diffraction peaks were indexed to

the NaTi2(PO4)3 phase (JPCDS No. 33-1296), suggesting that

crystalline NaTi2(PO4)3 has high chemical purity. This result was

also supported by the X-ray photoelectron spectroscopy (XPS)

(Fig. 3A). After calcination at a high temperature of 550 1C, no

obvious change was observed in the XRD pattern (Fig. 1D(b))

compared to that of 60 1C (Fig. 1D(a)), which confirmed that the

as-obtained TiP nanoparticles had high thermal stability and

high crystallinity even at high temperature.

It is worth mentioning that the concentration of SDS has a

great effect on the morphology of the as-prepared TiP nano-

particles. In the absence of SDS (Fig. S2E, ESIw), the layered TiPs

could be obtained. When the concentration of SDS increased to

0.8 mmol L�1 (Fig. S2D, ESIw), TiPs with both nanoparticles and

layered structures were found in the product. From Fig. S2D

to Fig. S2A (ESIw), the percentages of spherical nanoparticles
in the products increased with the increase in the concen-

tration of SDS. When the concentration of SDS increased to

34.7 mmol L�1 (Fig. S2A, ESIw), highly uniform TiP nano-

particles could be obtained. It seemed that the presence of SDS

could facilitate the formation of TiP nanoparticles. On the

basis of the above experimental results, a plausible formation

mechanism of the uniform TiP nanoparticles is proposed and

shown schematically in Fig. 2. As a common anionic surfactant,

SDS was first dispersed in ethanol. After the addition of H3PO4,

the anionic surfactants were protonated and the electrostatic

interaction made them combine with the negatively charged

phosphates as protective agents. When TBOT was added into

the solution, the growth of TiP structure was directed by

hydrocarbon tails of the surfactants around the phosphates,

which led to the formation of spherical TiP nanoparticles.

Under lower concentration of SDS, layered TiP was the main

product.Moreover, SDBS, another anionic surfactant, was chosen

for a comparison. As can be seen in Fig. S2F (ESIw), TiP

nanoparticles of about 45 nm could also be obtained. This result

indicated that SDBS had the same structure-directing effect, which

was also in correspondence with our above explanation.

As shown in Fig. 3A, the surface chemical composition of

the as-prepared TiP nanoparticles was determined by X-ray

photoelectron spectroscopy (XPS). Na, Ti, P and O were the

main components in the obtained product. Ti 2p1/2 and Ti 2p3/2
peaks are present at binding energies of 465.1 eV and 459.8 eV. P

2p can be deconvoluted to two peaks at 134.0 eV and 133.1 eV,

which correspond to binding energies of P 2p1/2 and P 2p3/2,

respectively. An unsymmetrical O 1s signal peak at 531.1 eV

can be deconvoluted to three peaks at 532.6 eV, 531.4 eV and

530.7 eV.7,26 Layered TiPs possess rich intercalation property

because the protons in the layers can be exchanged with

various kinds of cations. The as-synthesized TiP nanoparticles

have a similar case to the layered materials. In the FT-IR

spectrum (Fig. S4, ESIw), a broad band in the hydroxyl region

with a maximum at 3400 cm�1 was observed. The porous

structure of the particles makes the TiP nanoparticles exposed

to the Cd2+ with high amounts of hydroxyl groups, which also

facilitates the ion-exchange process. In this study, Cd(NO3)2
aqueous solution was used for ion-exchange as shown in

Fig. 2. The incorporation of Cd2+ into the TiP nanoparticles

was also confirmed by XPS (Fig. 3B), in which Cd 3d3/2 and

Cd 3d5/2 peaks at 411.7 eV and 405.0 eV, respectively, were

clearly observed. The amount of Cd2+ functionalized with the

TiP nanoparticles was also measured by using an atomic

absorption spectrophotometer (AAS). The result demonstrated

that 70.4 mg of cadmium was loaded onto 1.0 g of TiP.

Because of incorporation of a large amount of Cd2+, the

TiP–Cd2+ hybrids can be further used as labels for bioassays.

After conjugating with HIgG antibodies, the Ab2–TiP–Cd
2+

bioconjugates can be used as metal-based probes for electro-

chemical detection of protein HIgG through the specific

recognition of antibody and antigen, and the typical sandwich

immunoassay protocol is shown in Scheme S1 (ESIw). The
Fig. 2 Schematic representation of the synthesis of TiP and

TiP–Cd2+ nanoparticles.

Fig. 3 XPS spectra of (A) TiP; (B) TiP–Cd2+.
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electrochemical signal of cadmium in Ab2–TiP–Cd
2+ bioconjugates

was directly tested by highly sensitive square wave voltammetry

(SWV). SWV scan was performed from �1.2 to �0.2 V. No

stripping process with strong acid was needed here and the method

was quite simple for detection. The SWV responses were strongly

influenced by the assay conditions (Fig S5, ESIw). As a result,

the following experiments were performed under the optimized

conditions when the incubation time was 50 min, incubation

temperature was 37 1C and the pH value was 3.6. Fig. 4A

presents the typical SWV curves obtained after the sandwich

immunoreactions at different concentrations of HIgG.

Well-defined anodic peaks at �0.7 V were observed, which

corresponded to the electrochemical oxidation of cadmium.

The peak current enhanced with the increase in the concen-

tration of HIgG. Under optimal assay conditions, the peak

currents had a good linear relationship with the logarithm of

HIgG concentrations from 0.5 to 1000 ng mL�1 as shown in

Fig. 4B. The linear regression equation was I (10�7 A) =

2.30 + 2.18 log CHIgG (ng mL�1) with a correlation coefficient

R2 = 0.996. The detection limit (S/N = 3) was estimated to be

about 0.16 ng mL�1. Compared to other electrochemical

immunoassays27,28 for HIgG detection, the as-proposed

immunoassay exhibited a wider detection range, a lower detection

limit and excellent specificity, reproducibility and stability (see in

ESIw). The feasibility of the proposed immunoassay for clinical

application was investigated by analyzing real serum samples, in

comparison with the traditional ELISA method. Table S1

(ESIw) describes the assay results obtained by the proposed

immunoassay and the ELISA method. No significant difference

was observed between the results given by the two methods,

that is, the proposed immunoassay can be satisfactorily applied

in clinical determination of HIgG in human serum. The Cd2+-

functionalized TiP nanoparticles not only offer a simple and

convenient route for the preparation of metallic nanoparticle

labels for electrochemical immunoassays, but also avoid

the complicated and time-consuming nanoparticle synthesis

process. Compared to the traditional QDs or metal nano-

particles based labels, no dissolution with acid and metal

preconcentration is needed in our detection process, which

also reduces the detection time.

In conclusion, TiP nanoparticles were synthesized through

a simple route involving the surfactant mediated process.

The TiP nanoparticles have some advantages such as uniform

size, good water solubility and excellent ion-exchange capability,

which makes the prepared TiP nanoparticles an ideal template for

the loading of metal ions. A promising and simplified platform

was then developed for electrochemical detection of HIgG based

on the Cd2+-functionalized TiP labels. What’s more, the porous

TiP nanoparticles are expected to find potential applications in

multiplexed assays and diagnostics.
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