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Abstract. Nanomedical systems have attracted considerable 
attention primarily due to suitability in applications for specific 
cell selection through biomolecular targeting and rare cell 
detection enhancement in a diverse, multicellular population. 
In the present study, magnetic nanoparticles were prepared 
for use in high accuracy cell sensing. Magnetic nanoparticle 
growth was assisted by mid-infrared lighting. By this mecha-
nism, a narrow window, estimated to be 2%, was achieved for 
the dimension distribution of grown nanoparticles. Combined 
with silicon nanowire (SiNW) transistors, a sensor with ultra 
high sensitivity for the detection of specific potential low 
abundance biomarkers has been achieved, which has been 
specifically used to detect interleukin-6 (IL-6) at extremely 
low concentrations. A novel biosensor with high sensitivity 
has been fabricated and utilized in the detection of IL-6 at 
75 fM to 50 pM. The system consists of an SiNW transistor 
and magnetic nanoparticles with even dimension distribution. 
The novel sensor system is suitable for quantifying IL-6 at 
low concentrations in protein samples.

Introduction

Nanomedical systems are becoming important methods for 
cell selection applications, including specific cell selection by 
biomolecular targeting and rare cell detection enhancement 
in diverse, multicellular populations (1,2). Nanoparticles (3-6), 
microcantilevers (7) and carbon nanotubes (8,9) have been 
used to detect binding and unbinding of proteins in human 
serum. These systems have demonstrated high selectivity and 
femtomolar sensitivity compared with the enzyme-linked 
immunosorbent assay (ELISA).

Interleukin-6 (IL-6) is a pleiotropic cytokine that is 
overexpressed in response to injury, inflammation and infec-
tion (10,11). Under normal physiological conditions serum 
levels of IL-6 are low or undetectable. However, the production 
of IL-6 is regulated by several physiological factors, including 
diet, exercise and stress (12). The role of IL-6 in cancer is 
complex and includes autocrine and paracrine mechanisms. 
Numerous tumor cells from prostate, breast and colon cancer 
produce large amounts of IL-6 (13,14). The use of IL-6 as an 
identification indicator for nanomedical systems is a widely 
accepted method.

Magnetic nanoparticles are commonly used in nanomedical 
systems and function as attractive materials in biomedicine due 
to altered magnetic behavior compared with bulk materials. 
For example, magnetic fine particles are currently being inves-
tigated for application in hyperthermia treatments, magnetic 
separation, drug delivery, tissue engineering and magnetic 
resonance imaging contrast enhancement (15-20). The most 
common magnetic nanoparticles utilized in biomedicine are 
iron oxide nanoparticles (Fe2O3 and Fe3O4). However, the low 
saturation magnetization property of these nanoparticles has 
limited their application. In addition, other magnetic nanopar-
ticles with higher magnetization levels, including FeCo, 
exhibit severe oxidation issues which are incompatible with 
the human body, also hindering bioapplication.

A feasible solution to these issues currently under inves-
tigation involves coating the magnetic nanoparticles with 
organic or inorganic materials to form core-shell nanostruc-
tures (16-20). In the present study, silica was adopted to coat 
iron-cobalt material, primarily since silica does not affect the 
optical properties of the nanoparticles due to its transparency.

Several synthetic methods have been used to synthesize 
FeCo nanoparticles, including thermal decomposition (16), 
chemical vapor condensation (17), arc discharge (18), 
sol-gel (19) and laser pyrolysis (20). In the present study, a 
novel method for growing (FeCo)Si core-shell structure is 
introduced. Mid-infrared lighting was applied during mate-
rial growth, which has been demonstrated as an effective 
supplemental measure to obtain nanoparticles with narrow 
dimension distribution.

Following obtainment of the nanoparticles for biomarker 
detection, a silicon nanowire transistor (SiNW) was used. 
Prepared nanoparticles were attached to a nanowire. By 
observing transistor resistance, various indicator levels were 
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measured. The concrete measurement method and results are 
included in the present study.

Materials and methods

Protein samples. IL-6 was purchased from Calbiochem 
(La Jolla, CA, USA). All the protein samples were used as 
received, without further purification and diluted in the assay 
buffer (1 mM phosphate buffer solution containing 2 mM KCl, 
pH 7.4) prior to sensing measurements. The IL-6 antibody was 
purchased from Invitrogen Life Technologies Corp. (Carlsbad, 
CA, USA).

ELISA. IL-6 levels in protein samples were determined using 
the Human IL-6 Chemiluminescence ELISA kit (Invitrogen 
Life Technologies Corp.).

Preparation of magnetic nanoparticles. Magnetic labels 
(magnetic nanoparticles) play a critical role in magnetic 
biosensing, as the size of magnetic labels determines the accu-
racy, particularly for small amounts of biomarkers.

Magnetic labels are commercially available in sizes 
ranging between 50 nm and 3 µm, however, these labels 
currently exhibit low diffusivity and poor binding selectivity.

Based on these current issues, an ideal magnetic nanopar-
ticle acting as label should have the following properties (20): 
i) high-moment magnetic nanoparticles; ii) coated with silicon 
or gold to be biocompatible; iii) small size; and iv) distribution 
window of nanoparticles should be as narrow as possible.

The system shown in Fig. 1 was used in the present study 
for nanoparticle preparation. High-moment multifunctional 
nanoparticles are synthesized directly from the gas phase by 
using a physical vapor nanoparticle-deposition technique.

The target in Fig. 1 is Fe60Co40. As shown in Fig. 1, the 
heater and radio frequency (RF) source (13.56 MHz) were 
simultaneously applied to vaporize the target. The continual 
sputtering gas was applied to ensure the vaporized target atom 
flowed in the same direction. Electrodes were also applied to 
speed up the mobility of the vaporized atoms. Argon is used 
as either sputtering gas or cooling media at the same time. 
When the supersaturation condition is reached, the vapor-
ized target atoms form a nucleus and continue to grow into 
nanoparticles. By controlling system conditions, including 
target composition, target setup, plasma density and gas flow, 
magnetic nanoparticles are formed with controlled size, size 
distribution, composition, phase and structure. The base pres-
sure of the system was 5x10-8 Torr. An additional gas tube, for 
silicon atoms, does not appear in Fig. 1, however, the silicon 
is coated following completion of the nanoparticle nuclei.

Preparation of sensor system. A sensor is required to combine 
with the prepared magnetic nanoparticles. The measuring prin-
ciple involves nanoparticles acting as labels, which combine 
with antibodies. When the specific biomarker appears, labels 
with attached antibodies capture biomarkers. Therefore, 
another sensor is required to integrate with nanoparticles and 
indicate the variations during measurement.

When the sensor is exposed to the biomarker, it combines 
with the biomarker through the antibody. Prior to this, 
biomarkers are combined with nanoparticle labels and there-

fore the sensor is combined with nanoparticles in this way. The 
properties of the sensor vary following combination with the 
biomarker and therefore the sensor is used to observe the pres-
ence and levels of the biomarker.

A suitable sensor for the nanoparticles must be sensitive 
and measureable. In the present study a SiNW acts as sensor. 
The principle is shown in Fig. 2. Fig. 2A demonstrates SiNW 
prepared with antibody attached. Fig. 2B demonstrates high 
moment (FeCo)Si nanoparticles bound with SiNW through a 
biomarker.

Sample detection. To avoid the effects of atmosphere and light, 
all measurements were performed in a vacuum and in a dark 
environment. A passivator layer is likely to be required for 
future biomedical applications.

Results

(FeCo)Si nanoparticles. Fig. 3 shows the TEM image of 
particles, revealing that the structure is a core-shell, with 
cubic shape core. Shell thickness was estimated to be 3 nm. 
Fig. 4 demonstrates selected area electron diffraction patterns 
of core-shell structured nanoparticles. Lattice length was 
measured and indicated a iron-cobalt bcc structure.

A comparison was made to demonstrate the function of 
mid-infrared lighting in particle size distribution. Two groups 
of samples were prepared, one assisted with mid-infrared 

Figure 1. Schematic image of instrument used to fabricate the nanoparticles. 
RF, radio frequency. 

Figure 2. A novel biomarker detection scheme using the SiNW transistor 
as a biosensor and high moment FeCo magnetic nanoparticles is shown. 
(A) SiNW with antibody; (B) SiNW with biomarker captured by magnetic 
nanoparticles. SiNW, silicon nanowire.
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lighting and the other without lighting. Fig. 5 demonstrates the 
size distribution of the samples.

Fig. 5A demonstrates the size distribution of nanoparticles 
with infrared lighting. A mean size of 14 nm was observed 
and the distribution window was 2%. The line exhibited a 
normal distribution. Fig. 5B demonstrates the size distribution 
of nanoparticles without infrared lighting. The mean size was 
the same as nanoparticles with infrared lighting, however, the 
distribution window was 10%. Therefore, infrared lighting 
has an effect on the size distribution of magnetic samples 
(Fig. 5). Since size distribution of particles has an effect on 
the sensitivity of biosensor, infrared lighting is utilized to 
increase sensitivity. To date, this is the narrowest window for 
nanoparticles observed.

Sensor system. The preparation of SiNW is not included in 
this study due to length limitations. A popular growth method 
in MBE (Molecular Beam Epitaxy) was used for prepara-
tion (21), assisted by plasma generated by the RF source inside 
the MBE system.

The prepared SiNW was 15 nm in diameter and exhibited 
an ideal doping profile along its axis. Fig. 6 shows an SEM 
image, in which drain, source and gate are annotated.

Comparison of IL-6 detection by SiNW transistor biosensor 
and ELISA. To demonstrate the practical application of high 

Figure 3. TEM image for the particles, the inset length is 20 nm.

Figure 4. Selected area electron diffraction patterns of core-shell structured 
nanoparticles. 

Figure 5. Size distribution of (FeCo) silicon nanoparticles. (A) Sample with 
infrared lighting, mean size, 14 nm and 2% distribution. Line exhibits normal 
distribution. (B) Sample without infrared lighting, mean size, 14 nm and 10% 
distribution.

Figure 6. SEM photograph of silicon nanowire transistor.
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  B

Figure 7. ELISA with different concentrations of IL-6. IL-6, interleukin-6; 
ELISA, enzyme-linked immunosorbent assay.

Figure 8. Current-voltage curves of the transistor at different doses, 
75 fM-50 pM.
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sensitivity SiNW transistor biosensors for biomarker detec-
tion, detection of human IL-6 was performed, following 
principles used in ELISA. It was observed that at IL-6 
concentrations <1 pg/ml, ELISA did not generate a sensitive 
result (Fig. 7).

Based on the data in Fig. 8, it is revealed that the novel 
method described in the present study detects IL-6 between 
75 fM and 50pM, the most sensitive method reported thus far. 
When the dose is fixed, the I-V curve of the transistor appears 
lineally, indicative of stable nanoparticle attachment to the 
nanowire surface, unaffected by electron flow.

Discussion

Traditional technologies for protein detection are enzyme-
linked immunosorbent assays (ELISA), western blotting, 
immunohistochemistry and DNA-based genomics. In the 
present study, a novel high sensitivity sensor, composed of 
a SiNW transistor combined with high-moment magnetic 
nanoparticles, was proposed and demonstrated.

By employing our novel SiNW transistor sensor with the 
high-homogenous (FeCo)Si nanoparticles, the sensor was 
employed to perform accurate and rapid quantification of IL-6, 
a low-abundance protein and potential cancer biomarker, in 
unprocessed human serum.

The SiNW transistor sensor system is 20 times more 
sensitive than that of the IL-6 ELISA and may be suitable 
for quantification of low abundance biomarkers in biological 
samples. The SiNW transistor sensor system binds with the 
same antibody utilized in the ELISA and therefore may func-
tion as an important supplement to the current commercial 
ELISA system. Though the SiNW transistor sensor system 
has a high sensitivity, the validation of the specificity of the 
SiNW transistor sensor system in our research is insufficient. 
Additionally, we only detected the different levels of IL-6 in 
protein samples, not in patient serum samples. In our future 
research we will investigate the method for using the SiNW 
transistor sensor system to detect IL-6 in human serum protein, 
which has more complex conditions. 

In conclusion, the SiNW transistor sensor system is suit-
able for quantifying very small amounts of IL-6 in protein 
samples. Additionally, it may supplement the current commer-
cial ELISA system.
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