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has to bridge the two facing electrodes to be successfully detected.

Therefore, a more effective alternative method for

biomolecules detection is based on indirect measurement

which involves the monitoring of the electrical properties of

functionalized sensing nano- or micromaterials during the

binding of the target biomolecules3,4. Among these materials,

zinc oxide (ZnO) has received great attention having several

favorable properties including high electron mobility and a

wide band gap (3.3 eV), as well as different sensing abilities

toward the pH of solutions5,6, gas molecules7, ultraviolet (UV)

light8, and temperature variations9. The advantages associated

with a large band gap include high breakdown voltages, robust

to large electric fields, and high-temperature and high-power

operation, which are quite desirable properties in view of the

material integration into electronic circuits. In addition, ZnO

can be easily synthesized with wet-chemical methods in various

morphologies and shapes, obtaining nanoparticles10,11, nano

and micro-wires11,12, multipods13, nanotubes14, flower-like

particles15,16, and other structures17. Complementing its unique

chemical qualities, ZnO offers significantly lower fabrication

costs by wet chemistry methods when compared to other

semiconductors used in nanotechnology. The external surface

of the ZnO crystalline structure, particularly when synthesized

by wet-chemical low temperature processes18, exposes several

hydroxyl groups (-OH), which can be further used to chemically

anchor molecules and functional groups. ZnO crystallizes in the

anisotropic wurtzite hexagonal phase, which leads to polar crys-

talline end surfaces. Particularly, the monocrystalline ZnO micro-

and nanowires show an intrinsic polarization due to oxygen

plane (negatively charged) and zinc plane (positively charged)

placed at the edges of the nanostructure19. This intrinsic dipole

allows to easily align the ZnO micro- and nanowires suspended

in a liquid medium exploiting the well-known dielectrophoresis

(DEP) process8,20. The DEP technique consists in generating a

non-uniform electric field ~E between the metal electrodes where

the micro- and nanoparticle has to be assembled. Indeed, the

non-uniform ~E induces an attractive force to the ZnO microwires,

leading them to move towards the electrodes (i.e., where the
~E is higher), and aligns them following the electric field lines.

Other semiconductor nano- or microwires are good candidates

for such biosensing but not all of them can be eligible for such

task like the ZnO material. Titania nanowires, for example, show

similar semiconductor and wide band-gap properties but they

can not be guided on the electrical contacts with DEP technique

loosing the advantage of an easy integration. Other types of

exotic materials are too difficult or sometimes impossible to

chemically functionalize, for further anchoring and detecting

biomolecules. On the other hand, silicon nano- and microwires

(SiNW) were extensively studied and exploited. Actually there is

a large number of papers in the literature reporting on the use

of SiNW between two electrodes as chemical and biomolecule

sensors4,21.

For these reasons and for the previous mentioned ZnO prop-

erties, following the state-of-the art on bio-nanosensors, this pa-

per studies the real-time protein detection based on functional-

ized ZnO microwires assembled on gold electrode. A custom mi-

croelectronic chip, called Micro-for-Nano (M4N)22, continuously

measures ZnO microwires impedance and transfers data to a lap-

top that plots and stores them for further analysis. The whole

system is designed to be easy-to-use and reliable. In fact, an Ar-

duino23 board is the interface between the laptop and the cus-

tomized chip while the integration of the electrodes on the same

board of the chip assures low noise and precise measurements.

The custom microchip also provides the AC signal to enable the

DEP for the ZnO microwire integration process. We used this in-

tegrated system to for the real time detection of the Bovine Serum

Albumin (BSA) protein, a well-known plasma protein able to bind

and transport a range of hydrophilic molecules and showing no

electro-active role in its action.

2 Indirect measurement of BSA protein con-

centration

2.1 ZnO synthesis and functionalization

The ZnO microwires were prepared by hydrothermal method ac-

cording to Refs.5,6. In detail, 1.48 g zinc nitrate hexahydrate

Zn(NO3)2·6H2O (5 mmol, Sigma-Aldrich S.r.l. Milan, Italy) in 10

ml bidistilled water (Direct Q, Millipore Co., Billerica, MA, USA)

were slowly dropped into solution of 3.35 g potassium hydroxide

(60 mmol, Merck KGaA, Darmstadt, Germany) in 10 ml water un-

der vigorous stirring. The obtained solution was then heated at 70
◦C for 5 h in a closed Teflon vessel. The formed ZnO microwires

were then collected by filtration, washed thoroughly with water

until neutral pH was reached, and dried in air at 60 ◦C.

The chemical functionalization with aminopropyl groups was

carried out with 250 mg (3.075 mmol) of ZnO microwire af-

ter outgassing them for 2 h in a glass round flask. Then 0.307

mmol of aminopropyltrimethoxysilane (APTMS; 55.04 mg), cor-

responding to the 10 mol% of the ZnO molar amount, were added

together with 10 ml of toluene, and the solution was refluxed for

24 h under nitrogen atmosphere. The functionalized microwires

(ZnO−NH2 microwire) were then washed with toluene to remove

the unbound molecules and then dried at 60 ◦C overnight.

2.2 Reaction mechanism

The EDC/Sulfo-NHS system has probably been the most suc-

cessful way of creating zero length crosslinks for decades24.

Facilitated through a reactive carbodiimide (EDC) and N-

hydroxysulfosuccinimide (Sulfo-NHS) as EDC stabilizer, this cou-

pling procedure is a highly efficient choice for crosslinking pro-

teins or immobilizing proteins to a support. 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) is the

most readily available and commonly used carbodiimide. One

of the main advantages of EDC coupling is the room tempera-

ture reaction, enabling to operate with all biological molecules,

and its water solubility, which allows direct bioconjugation with-

out dissolution in organic solvents. The addition of Sulfo-NHS

stabilizes the amine-reactive intermediate by converting it to an

amine-reactive NHS ester, thus increasing the efficiency of EDC-

mediated coupling reactions. In this work we constantly and in-

stantaneously (in the order of few ms) monitored each needed

step for coupling the carboxyl groups of the BSA protein to the
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