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 A silver nanoparticle–hollow titanium phosphate sphere (AgNP–TiP) hybrid 
is successfully synthesized and used as a label for electrochemical detection of 
human interleukin-6 (IL-6). Hollow TiP spheres with a diameter of 430 nm and 
an average thickness of 40 nm are synthesized by a template approach. The AgNPs 
are incorporated in situ into the TiP shell via an exchange process. The as-prepared 
AgNP–TiP hybrid shows outstanding biocompatibility, good dispersity and solubility 
in water, and high silver loading properties (289.2 mg of silver in 1.0 g of TiP). These 
advantages make the AgNP–TiP hybrid an effective candidate as an amplifi cation 
label in immunoassay systems. Herein, the as-prepared AgNP–TiP hybrid is attached 
to a signal antibody (Ab 2 ) to produce Ab 2 –AgNP–TiP labels in the fabrication of 
an electrochemical immunosensor. The nanoparticle-based amplifi cation labels, upon 
coupling with a magnetic sensing array, give rise to an extremely sensitive response 
to IL-6 in a linear range of 0.0005–10 ng mL  − 1  with a detection limit of 0.1 pg mL  − 1 . 
The proposed sensor exhibits high specifi city, good reproducibility, and long-term 
stability, and may be a promising technique for protein and DNA detection. 
  1. Introduction 

 The convergence of nanotechnology and biotechnology 

has led to a great development in the design and fabri-

cation of functional architectures from building blocks 

such as nanomaterials and biomolecules. [  1  ,  2  ]  These assem-

blies often exhibit unique synergistic properties and are 

widely used in biosensing, [  3  ]  drug and gene delivery, [  4  ]  

biocatalysis, [  5  ]  and other related areas. Nanoparticles, 

especially metal and semiconductor particles, are widely 

used as building blocks for these assemblies due to their 

special electronic, photo nic, and catalytic properties. [  6  ,  7  ]  

Among them, silver nanoparticles (AgNPs) are widely 
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used today in both bioassay and biodiagnostic areas due 

to their interesting optical and electronic properties. [  8  ,  9  ]  

When AgNPs are conjugated with biomolecules such as 

proteins, which have fascinating macromolecular struc-

tures in terms of their unique recognition, transport, and 

catalytic properties, they can act as alternative labels for 

biological probes, [  10  ]  and be useful in electrochemical bio-

sensors or bioassays. [  11  ]  However, due to their small size, 

these AgNP–protein bioconjugates suffer from aggrega-

tion, which limits their applications. [  12  ]  An alternative and 

promising strategy is to utilize a biofunctionalized “host” 

for AgNP loading. 

 In recent years, there has been a strong interest in hollow 

spheres because of their wide applications in encapsulation, 

drug delivery, and so on. [  13–16  ]  For most of these applications, 

the materials used to construct the shells are expected to 

play an important role in controlling the encapsulation and 

release kinetics. In some cases, it is also possible to create 

new features and enable novel applications by using a spe-

cifi c functional material to construct the shells. As an inor-

ganic phosphorus-containing material, titanium phosphate 

(TiP) was given special attention in the last decade. [  17  ]  TiP 
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    Scheme  1 .     Schematic illustration of the fabrication process of Ab 2 –
AgNP–TiP bioconjugates. A) PS@TiP core/shell sphere; B) hollow TiP 
sphere; C) AgNP–TiP hybrid; D) Ab 2 –AgNP–TiP bioconjugate. Ab 2  = signal 
antibody; PS = polystyrene.  

    Scheme  2 .     Schematic illustration of electrochemical immunoassay of IL- 
6. A) Magnetic sensing array; B) fi rst immunoreaction; C) Ab 2 –AgNP–TiP 
biolabels captured by second immunoreaction; D) release of silver ions 
by reaction with acid; E) differential pulse voltammetric (DPV) signal of 
the immunoassay.  
has been extensively studied with respect to its potential 

applications in some areas, such as ion exchange, [  18  ]  intercala-

tion, [  19  ]  catalysis, [  20  ]  and so forth. [  21  ]  Layered, [  22  ]  nanotube, [  23  ]  

mesoporous, [  24  ]  and nanosphere [  20  ]  TiP materials have been 

successfully synthesized; however, to the best of our know-

ledge, there is no report on the preparation of hollow TiP 

spheres. It is believed that TiP with a hollow structure will 

open up new potential applications, such as drug delivery, 

bioassay, and biological systems. Therefore, a facile way to 

prepare TiP hollow spheres is a great challenge and high 

requirement. 

 In this work, a silver nanoparticle–hollow titanium 

phosphate sphere (AgNP–TiP) hybrid was synthesized 

for the fi rst time and used as a label for electrochemical 

immunoassay (as illustrated in  Scheme    1  ). First, the hollow 

TiP sphere with a diameter of 430 nm and a shell thick-

ness of 40 nm was synthesized by a template approach. The 

as-prepared hollow TiP spheres exhibited excellent ion-

exchange properties because of their hollow structures and 

the protons in hydroxyl groups. Then, AgNPs were incor-

porated in situ into the TiP shell through an ion-exchange 

process. The hybrid material showed good biocompat-

ibility, outstanding dispersity, and high silver loading prop-

erties. The resulting hybrid material could fi nd application 

in immunoassays.  

 Human interleukin-6 (IL-6), a pleiotropic cytokine that 

has a critical role in the infl ammatory response, has been 

implicated in the pathogenesis of a number of infl amma-

tory conditions, such as psoriasis, infl ammatory arthritis, car-

diovascular disease, and infl ammatory bowel disease. [  25  ,  26  ]  

The normal level in serum is in the range of 10–75 pg mL  − 1 , 

whereas individuals with various disease states have eleva-

tions in IL-6 levels in the ng mL  − 1  range. [  27  ]  High levels of 

IL-6 have also been correlated with prostate cancer of hor-

mone-independent prostate cancer patients, [  28  ]  and breast 

cancer of AIDS patients. [  29  ]  Both normal and elevated levels 

of IL-6 need to be measured accurately for reliable early 

detection of cancer and disease. 

 Herein, the signal antibody (Ab 2 ) was attached to the 

AgNP–TiP hybrid as a label for the electrochemical dete-

ction of human IL- 6. The immunoassay procedure is shown 

in  Scheme    2  . The immunosensor exhibited a highly sensitive 

response to human IL- 6. The good result could be ascribed 

to signal amplifi cation from the large amount of silver loaded 

into TiP and the reduction of nonspecifi c adsorption by mag-

netic separation. This material could be further extended to 

other bioassay systems and fi nd other applications, such as 

encapsulation and drug delivery.    
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 2. Results and Discussion  

 2. 1. Preparation and Characterization of the Hollow TiP 
Sphere and AgNP–TiP Hybrid 

 The hollow TiP spheres were synthesized by using PS 

particles as the templates. Ti(SO 4 ) 2  hydrolyzes easily to TiO 2  

precipitates in neutral and basic aqueous solutions. Aqueous 

Ti(SO 4 ) 2  solution with the addition of 0.1  m  H 2 SO 4  was stable 

without the formation of TiO 2  precipitates for at least two 

months in a sealed vessel. Hydrated titanium chains with dif-

ferent lengths could be formed in an acidic aqueous solution 

of Ti(SO 4 ) 2 . 
[  30  ,  31  ]  The TiP shell was formed through hydrated 

titanium reaction with phosphate groups from an aqueous 

phosphate-buffered saline(PBS) solution ( Figure    1  ).   

 Figure 2  a and b show typical transmission electron micro-

scopy (TEM) images of the hollow TiP spheres. The as-

prepared TiP spheres have a uniform hollow structure with 

a diameter of about 430 nm and an average shell thickness 

of about 40 nm. The size of the hollow TiP spheres can be 

tailored by changing the PS template size.   

 Layered TiP possesses rich intercalation because the 

protons in the layers can be exchanged with various kinds 

of cations. [  32  ,  33  ]  The hollow TiP spheres are a similar case 

to the layered material, and have an abundant amount 

of hydroxyl groups, which can facilitate the ion-exchange 

process. [  34  ]  AgNPs are incorporated into the TiP shell via 

the ion-exchange process of silver ions with protons at 50  ° C 

and in situ reduction (as shown in Figure  1 ). Figure  2 c and 

d display the typical TEM images of the AgNP–TiP hybrid. 

 It can be clearly observed that a large number of AgNPs 

with a diameter of about 4–8 nm ( Figure    3  A) are embedded 

and highly monodispersed in the TiP shell. X-ray photoelec-

tron spectroscopy (XPS) was used to characterize the hollow 

TiP spheres and the AgNP–TiP hybrid in a wide scan (see 

Figure  3 B). Figure  3 B, curve a, shows the spectrum of the 

hollow TiP spheres. Ti 2p 1/2  and Ti 2p 3/2  peaks are present 

at binding energies of 465.1 and 459.3 eV, respectively. The 

signal peak at 133.6 eV corresponds to the peak of P 2p. An 
bH & Co. KGaA, Weinheim small 2011, 7, No. 20, 2921–2928
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    Figure  1 .     Left: hydrated titanium formed in acidic solution. Middle: TiP formed on PS particles. Right: silver ions exchanged with TiP.  

    Figure  2 .     a) Low- and b) high-magnifi cation TEM images of hollow TiP spheres. c) Low- and 
d) high-magnifi cation TEM images of AgNP–TiP hybrids.  
O 1s peak is observed at 531.47 eV, which originates from 

the O atom in P–O. Compared with the spectrum of pure 

hollow TiP spheres, new peaks at 368.2 and 374.1 eV emerge 

in the spectrum of the AgNP–TiP hybrid (Figure  3 B, curve 

b), which correspond to Ag 3d 5/2  and Ag 3d 3/2 , respectively, 

thereby indicating that AgNPs are successfully prepared. 

UV–vis absorption spectra of the hollow TiP spheres and the 

AgNP–TiP hybrid spheres are shown in Figure  3 C. Compared 

with the spectrum of the pure hollow TiP spheres (curve a), 

a new absorption band centered at 444 nm is observed in the 

spectrum of the AgNP–TiP hybrid (curve b), which is the 

typical surface plasma resonance band of AgNPs. The result 

confi rmed the formation of AgNPs in the titanium phos-

phate matrix. Figure  3 D shows the powder X-ray diffraction 

(XRD) pattern of the hollow TiP spheres and the AgNP–TiP 

hybrid spheres. The as-prepared TiP is amorphous because 

no diffraction patterns of crystalline titanium phosphate are 

observed in the XRD spectra (Figure  3 D curve a). As shown 

in Figure  3 D curve b, the strong diffraction peaks at the 

Bragg angles of 38. 7, 44. 2, 64. 5, and 77.4 °  correspond to the 
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheismall 2011, 7, No. 20, 2921–2928
(111), (200), (220), and (311) planes of the 

AgNPs, respectively. The results confi rmed 

that the AgNPs in the TiP shell were well 

crystallized. We concluded that the AgNP–

TiP hybrid material had been successfully 

prepared.  

 The amount of AgNPs intercalated 

into TiP shells was also measured. The 

results demonstrate that 289.2 mg of silver 

is loaded in 1.0 g of TiP. The high loading 

amount of silver could be ascribed as 

follows. On the one hand, the hollow struc-

ture of TiP provides a promising matrix for 

the loading of AgNPs inside and outside 

of the “host”. On the other hand, the ion-

exchange process offers a simple and effi -

cient way for incorporating silver ions into 

TiP shells. The hybrid material retains the 

hollow structure and inherits the advan-

tages of the parent materials, such as good 

solubility in water, as well as chemical sta-

bility. It could potentially be used in bio-
assay, catalytic, and optical applications.   

 2. 2. Characterization of Ab 2 –AgNP–TiP Bioconjugates 

 The enormous loading of the AgNPs provides a pro-

mising carrier-amplifi cation label for the detection of DNA 

or protein in clinical diagnosis. To demonstrate its applica-

tion in immunoassay, the AgNP–TiP hybrid was functional-

ized with Ab 2 . 
[  11  ]  Ab 2  molecules are covalently linked to the 

AgNP–TiP hybrid by a classical strategy, and could be fi rmly 

attached to the silver surface through the interaction between 

AgNPs and mercapto or primary amine groups of proteins. 

This process avoided protein crosslinking, and retained their 

specifi c immunorecognition ability. [  35  ]  The amount of Ab 2  

conjugated with the hybrid was determined by monitoring 

the UV absorption difference at 280 nm. The adsorbed 

amount of Ab 2  is estimated to be 15.61  μ g mL  − 1  in the stock 

dispersion solution. The FTIR spectrum was used to charac-

terize Ab 2 –AgNP–TiP bioconjugates as shown in  Figure    4  . 
2923m www.small-journal.com
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    Figure  3 .     A) Size distribution of AgNPs in the AgNP–TiP hybrid. B) XPS spectrum of a) TiP and b) AgNP–TiP hybrid. C) UV–vis spectrum of a) TiP and 
b) AgNP–TiP hybrid. D) XRD patterns of a) TiP and b) AgNP–TiP hybrid.  
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Compared with the spectrum of the AgNP–TiP hybrid 

(curve a), the transmissions around 1075 and 863 cm  − 1  in 

curve b match well with that from the amine group of Ab 2 .    

 2. 3. Preparation of a Magnetic Sensing Array for Sandwich 
Immunoassay 

 For the fabrication of a magnetic sensing array, capture 

IL-6 antibody (Ab 1 )-functionalized Fe 3 O 4  nanoparticles 

(Fe 3 O 4 –Ab 1 ) were assembled on a 96-well microplate via an 

external magnet. Scheme  2  displays the sandwich immunoassay 

protocol based on the Ab 2 –AgNP–TiP bioconjugates as labels 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm

    Figure  4 .     FTIR spectrum of a) AgNP–TiP hybrid and b) Ab 2 –AgNP–TiP 
bioconjugates.  
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combined with the magnetic sensing array. First, the antigens 

IL-6 were bound to the Fe 3 O 4 –Ab 1  via fi rst immunoreaction. 

Then, the Ab 2 –AgNP–TiP bioconjugates were introduced 

and captured onto the wells by a second immunorecogni-

tion event. The captured labels were determined by electro-

chemical stripping analysis of the silver component after acid 

dissolution.   

 2. 4. Stripping Voltammetric Analysis of IL-6   

 Figure 5   shows typical cyclic voltammograms for the immu-

noassay. In a control experiment, when the Ab 2 –AgNP–TiP 
bH & Co. KGaA, Weinheim small 2011, 7, No. 20, 2921–2928

    Figure  5 .     Cyclic voltammograms of electrochemical immunoassay: a) in 
the absence of IL-6 using Ab 2 –AgNP–TiP labels; b) in the presence of 
1.0 ng mL  − 1  IL-6 using Ab 2 –AgNP labels; c) in the presence of 1.0 ng mL  − 1  
IL-6 using Ab 2 –AgNP–TiP labels. SCE = saturated calomel electrode.  
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   Table  1.     Analytical properties of other methods for IL-6 
immunoassays. 

Method Linear 
range 

[ng mL  − 1 ]

Detection 
limit 

[ng mL  − 1 ]

Reference

ELISA 0.039–2.5 0.039  [  36  ] 

Fluorescent microarray 0.1–10 0.1  [  37  ] 

Conductometric immunosensor 0.03–0.3 0.01  [  38  ] 

Fluorescence-based fi ber-optic biosensors 0.12–12 0.12  [  39  ] 

Amperometric immunosensor 0.004–0.1 0.001  [  40  ] 

Magnetic electrochemical immunosensor 0.0005–10 0.0001 this work

    Figure  6 .     A) Typical DPV curves of electrochemical immunoassay by Ab 2 –AgNP–TiP labels with increasing IL-6 concentration from (a) to (g): 0.0005, 
0.001, 0.01, 0. 1, 0. 2, 1. 0, and 10 ng mL  − 1  IL- 6, respectively. B) The resulting calibration curve of IL-6 plotted on a semilog scale.  
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labels were used without exposure to antigen IL- 6, no 

detectable signals could be observed (curve a). In the pres-

ence of IL- 6, a well-defi ned peak for the oxidation of 

silver was observed around 0.25 V. The oxidation current of 

15.56  μ A obtained by using Ab 2 –AgNP–TiP labels (Figure 

5, curve c) was 5.31 times the current obtained by using 

Ab 2 –AgNP labels (curve b). The result confi rmed that the 

signal was amplifi ed by the Ab 2 –AgNP–TiP labels, which 

could be mainly attributed to the high silver loading on 

hollow TiP spheres.  

 The stripping response could be strongly affected by the 

experimental conditions (see Figure S1 in the Supporting 

Information). As the deposition potential decreased from  − 0.1 

to  − 0.8 V, the peak current increased rapidly between  − 0.1 

and  − 0.5 V and then reached a relative plateau below  − 0.5 V. 

As a result, a deposition potential of  − 0.5 V versus SCE was 

selected for the study. With the increase of deposition time, 

the peak current was enhanced and then reached a plateau 

at about 5 min. Consequently, a deposition time of 5 min was 

chosen for all of the experiments. The maximum response 

appeared at a reaction temperature of 37  ° C, which could be 

attributed to denaturing of proteins at higher temperature 

and low immunoreaction effi ciency at lower temperature. 

The response increased with the incubation time between 10 

and 60 min and then leveled off after 40 min. The results indi-

cated that the interaction of antigen with antibody reached 

equilibrium after 40 min. Therefore, to maximize the signal 

and minimize the assay time, 40 min was selected as the 

optimal incubation time. In addition, the response increased 

with the concentration and reached a plateau at 50  μ g mL  − 1  

of Ab 2 –AgNP–TiP bioconjugates.   

 Figure 6  A displays the typical differential pulse voltam-

metry (DPV) curves of IL- 6. The peak current increased 

linearly with the increase of the logarithm of the IL-6 con-

centration over the range of 0.0005–10 ng mL  − 1 , as shown 

in Figure  6 B. The linear regression equation was  I ( μ A)  =  

18.87  +  4.890 log C  IL-6 (ng mL  − 1 ), with a linear regression coef-

fi cient of 0.998. The detection limit ( S / N   =  3) was estimated to 

be 0.1 pg mL  − 1 . The results demonstrated that the proposed 

methods were highly sensitive, especially for the detection of 

biomarkers at low levels.  

 Compared with reported immunoassays (as shown in 

 Table    1  ), [  36–40  ]  the proposed assay showed a wider linear 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 20, 2921–2928
range and lower detection limit. The high sensitivity coupled 

with excellent selectivity could be attributed to the following 

factors. The excellent ion-exchange property of the hollow 

TiP sphere promoted a high loading of silver, which provided 

promising amplifi cation labels. Owing to the good biocom-

patibility and dispersity, the AgNP–TiP hybrid provided a 

highly suitable microenvironment for antibody molecules. 

In addition, the magnetic sensing array offers an ideal and 

effective platform for the immobilization of Ab 1  and reduces 

nonspecifi c adsorption.  

 Specifi city is an important criterion for analytical 

measurement. Other proteins, such as tumor necrosis factor 

alpha (TNF- α ), human immunoglobulin G (IgG), and car-

cino-embryonic antigen (CEA), were used to evaluate the 

selectivity of the immunoassay. The current value obtained for 

each interfering substance at a concentration of 0.1 ng mL  − 1  

was used as an indicator for the assay selectivity in com-

parison with the IL-6 reading alone. As can be seen in 

 Figure    7  A, the current values for TNF-  α , IgG, and CEA are 

4. 1, 5. 2, and 6. 7% that of IL- 6, respectively. This result indi-

cates that the proposed strategy has suffi cient selectivity for 

IL-6 detection, and is capable of differentiating IL-6 from its 

analogues in complex samples. The immunoassay reproduci-

bility is estimated by assaying one IL-6 level for fi ve replicate 

measurements (Figure  7 B) with a relative standard deviation 

(RSD) of 6. 0%. The storage stability of the Ab 2 –AgNP–TiP 

was also investigated by comparison with the stripping sig-

nals after a sandwich immunoreaction. When the dried 

Ab 2 –AgNP–TiP was stored at 4  ° C, the stripping signals 
2925H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  7 .     A) DPV curves for the blank and 0.1 ng mL  − 1  TNF-  α , IgG, CEA, and IL- 6. B) Five replicate DPV measurements for 0.1 ng mL  − 1  IL- 6.  
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remained about 94. 2% after two months of storage. This 

indicates that dried Ab 2 –AgNP–TiP has good storage stability 

at 4  ° C. To investigate the variability of the immunoassay 

system from batch-to-batch fabrication of the hybrid nano-

particles, two different batches of the AgNP–TiP hybrid were 

used to fabricate the Ab 2 –AgNP–TiP labels. The result shows 

that there is no obvious difference (with RSD of 8. 0%) for 

the current response when using two batches of labels. This is 

mainly attributable to the good fabrication reproducibility of 

the AgNP–TiP hybrid.  

 The feasibility of the immunoassay for clinical applica-

tions was investigated by analyzing real samples, in compar-

ison with the enzyme-linked immunosorbent assay (ELISA) 

method. To avoid the matrix effect, the response for the 

serum samples diluted with PBS to different concentrations 

was investigated. As can be seen in Figure S2 (Supporting 

Information), there is no obvious effect when the dilu-

tion increased to 10 times.  Table    2   presents the correlation 

between the partial results obtained by the proposed immu-

noassay and the ELISA method. It obviously indicates that 

there is no signifi cant difference between the results given by 

the two methods, that is, the proposed immunoassay could 

be satisfactorily applied to the clinical determination of IL-6 

levels in human plasma.     

 3. Conclusion 

 Hollow TiP spheres with highly uniform structure have 

been successfully synthesized by a template approach. 

AgNPs were incorporated into a TiP matrix through a simple 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm

   Table  2.     Assay results of clinical serum samples using the proposed 
and ELISA methods. 

Serum samples Proposed method a)  
[pg mL  − 1 ]

ELISA a)  
[pg mL  − 1 ]

Relative deviation 
[%]

1 65.52 66.32  − 1.2

2 104.4 111.9  − 6.7

3 198.1 189.0 4.8

4 98.12 93.26 5.2

5 123.2 121.6 1.3

    a) The average value of fi ve successive determinations.   
ion-exchange route. The resulting hybrid could be conjugated 

with antibody molecules for a bioassay labeling system due 

to its high water solubility and outstanding biocompatibility. 

In addition, the enormous loading, coupled with the unique 

physical and chemical properties of AgNPs, enabled a prom-

ising and versatile amplifi ed platform for application in immu-

noassay. A novel electrochemical immunosensor based on 

Ab 2 –AgNP–TiP labels was constructed to evaluate their feasi-

bility in bioanalytical applications. By combining with a mag-

netic sensing array, such a hybrid label yields an extremely 

high sensitivity, a wide linear range of six orders of magnitude, 

a low detection limit, and a high selectivity for the detection 

of IL- 6. Due to the interesting structure and unique features, 

the hollow AgNP–TiP hybrid spheres can also be expected to 

be used in encapsulation, drug delivery, and so on.   

 4. Experimental Section  

 Materials and Reagents : Titanium sulfate (Ti(SO 4 ) 2 ), silver 
nitrate (AgNO 3 ), sodium borohydride (NaBH 4 ), and tetrahydro-
furan (THF) were purchased from Shanghai Chemical Reagent 
Co. (Shanghai, China). Human interleukin-6 (IL-6), capture (Ab 1 ) 
and signal IL-6 antibody (Ab 2 ) were purchased from Beijing Bio-
synthesis Biotechnology Co., Ltd. Human serum samples were 
obtained from the Affi liated Drum Tower Hospital of Nanjing Uni-
versity Medical School, and used as received. Glutaraldehyde, 
poly(diallyldimethylammonium chloride) (PDDA, MW  =  200 000–
350 000), bovine serum albumin (BSA), and Tween-20 were from 
Sigma–Aldrich. Phosphate-buffered saline (PBS) with various pH 
values was prepared by mixing stock solutions of NaH 2 PO 4  and 
Na 2 HPO 4 , and then adjusting the pH with 0.1  M  NaOH and H 3 PO 4 . 
The blocking buffer was 0.01  M , pH 7.4 PBS containing 1 wt% BSA. 
The wash buffer (PBST) was 0.01  M , pH 7.4 PBS containing 0.05% 
Tween-20. Other reagents were of analytical grade. Ultrapure fresh 
water obtained from a Millipore water purifi cation system (MilliQ, 
specifi c resistivity larger than 18 M Ω  m, Millipore S. A., Molsheim, 
France) was used in all runs.  

 Preparation of Hollow TiP Spheres : Monodispersed polystyrene 
(PS) particles about 500 nm in size were prepared according to our 
previous report. [  41  ]  First, the PS particles were dispersed in PDDA 
aqueous solution (5 mg mL  − 1  in 0.5  M  NaCl) and ultrasonicated for 
20 min. The positively charged PS particles were immersed in an 
aqueous solution of 10 m M  Ti(SO 4 ) 2  in 0.1  M  H 2 SO 4  and sonicated 
for 10 min. Then, the particles were immersed in PBS (pH 4. 0) and 
bH & Co. KGaA, Weinheim small 2011, 7, No. 20, 2921–2928



Synthesis of Silver Nanoparticle–Hollow Titanium Phosphate Sphere Hybrid
sonicated for 10 min. Finally, the hollow TiP spheres were prepared 
by dissolving PS cores in THF for 24 h.  

 In Situ Preparation of AgNP–TiP Hybrid : First, the as-prepared 
hollow TiP spheres were immersed in 10 m M  AgNO 3  aqueous solu-
tion at 50  ° C for 24 h. Then, the particles were rinsed with water and 
immersed in freshly prepared 10 m M  NaBH 4  aqueous solution and 
stirred for 10 min. After rinsing with water, the AgNP–TiP hybrid was 
obtained and dispersed in 50 m M  Tris–HNO 3  (pH 8. 9) solution.  

 Preparation of Ab 2 –AgNP–TiP Bioconjugates : At room tempera-
ture, Ab 2  (1.0 mg mL  − 1 , 200  μ L) was added to AgNP–TiP hybrid dis-
persed in Tris–HNO 3  solution (4.0 mL, pH 8. 9). Then, the mixture 
was shaken overnight. The mixture was centrifuged and washed 
with buffer and dispersed in PBST (4.0 mL) that contained 1% BSA.  

 Preparation of Magnetic Sensing Array : The Fe 3 O 4 –Ab 1  conjugates 
were prepared by a modifi ed protocol according to reference [   42 ]. 
In the immunoassay, the Fe 3 O 4 –Ab 1  suspension was diluted with 
the PBST solution. For fabrication of the magnetic sensing array, a 
96-well microplate was washed with nitric acid solution, acetone, 
and doubly distilled water, and dried at room temperature. Then, 
the 96-well microplate was immobilized on an external magnet. 
After that, Fe 3 O 4 –Ab 1  suspension (1.0 mg mL  − 1 , 25  μ L) was added 
to the wells and the following immunoassay was performed.  

 Immunoassay : First, different concentrations of IL-6 antigen 
(25  μ L) were added to the wells and reacted for 40 min at 37  ° C. 
After washing, Ab 2 –AgNP–TiP bioconjugates (25  μ L) were added 
and incubated at 37  ° C for 40 min to form a sandwich complex. After 
washing, HNO 3  (0.1  M , 100  μ L) was added to release silver ions from 
the complex. The suspension containing the released silver ions was 
transferred to the electrochemical cell for stripping. DPV analysis was 
conducted using a CHI660 electrochemical workstation equipped 
with a stirring machine. The electrochemical procedure involved 
a pretreatment at  + 0.2 V for 1 min, electrodeposition at  − 0.5 V for 
5 min, and stripping from 0 to 0.5 V using differential pulse voltam-
metry: 0.05 V amplitude, 4 mV increment, 0.05 S pulse width.  

 Apparatus : TEM images were obtained on a JEOL JEM-200CX 
transmission electron microscope with an accelerating voltage of 
200 kV. XPS measurements were carried out with an ESCALAB MK 
II X-ray photoelectron spectrometer. XRD patterns were obtained 
with a Philips X’Pert X-ray diffractometer with a Cu K α   X-ray source. 
UV–vis absorption spectra were recorded on a UV-2401PC spec-
trometer. Fourier transform infrared (FTIR) spectroscopic meas-
urements were obtained on a Bruker model Vector22 Fourier 
transform spectrometer using KBr pressed disks. Inductively 
couple plasma–atomic emission spectroscopy (ICP-AES, J-A1100, 
Jarrell-Ash, USA) was used to detect the quantity of silver in the 
AgNP–TiP hybrid. Electrochemical experiments were performed 
with a CHI660 workstation (Shanghai Chenhua, Shanghai, China) 
by using a conventional three-electrode system with a modifi ed 
glassy carbon electrode (GCE) as working electrode, a saturated 
calomel electrode (SCE) as reference, and a platinum wire as 
counter electrode.   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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