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Introduction

Recently, metal oxides have been applied to different analytical systems thanks to their facile preparation and their non-toxicity [1]. Zinc oxide (ZnO) is an n-type semiconductor with wide band gap (3.37 eV) and a large exciton binding energy (60 meV), and high isoelectric point (pH 9.0-9.5). It is non-toxic, biocompatible and owns a number of specific advanced features such as thermal stability, enhanced electron mobility, high mechanical strength and environmental stability for oxidation [2]. ZnO and various nanostructures formed from this metal oxide attract a high interest for their application in transparent electronics, photocatalysis, solar cells, supercapacitors, sensors and optical biosensors [3,4,5,6,7,8,9]. ZnO nanowires (ZnO-NWs) are typical 1D ZnO nanostructures and due to their large surface area, direct electron pathway in the c-axis direction, good biocompatibility and chemical stability were used in the development of nano-size electrodes [10,11]. The surface of ZnO-NWs is relevant for functionalization providing an effective immobilization of biomolecules with appropriate loading capacity, high biological activity and good stability [12].The diameters of ZnO nanostructures are close to the sizes of the biological and chemical molecules that why such 1D nanostructures can be excellent transducers.

Nowadays optical analytical systems play an important role in the detection of a wide range of biological and chemical substances. The main advantages of the optical sensing include nondestructive nature of analytical signal registration, real-time, label-free or label-based detection of analyte with a high sensitivity, selectivity and reliability, and in cost effective manner. Optical biosensors based on measurements of absorbance, reflectance, photoluminescence, scattering, polarisation or refractive index of the biological medium are the next generation of sensing devices for everyday use [13,14,15,16]. The value of optical response (which is related to sensitivity) strongly depends on amount of biomaterial immobilized on the sensor surface. In order to increase the sensitivity, it is necessary to accrue an optimal surface density of biomolecules and proper orientation on the surface of the sensor. This can be realized using nanostructures, such as nanowires grown on the substrate, which increase the effective surface area of the sensor.

However, the nanowires usually exhibit strong diffuse scattering effect, which aggravate the optical signal registration due to very low specular reflectance intensity [17,18]. This effect would be the drawback if conventional optical measurements like absorbance, reflectance or transmittance are used. In such case the ellipsometry method, which measure relative values of pand s-polarized light amplitude ratio  and the phase differences  between them is less influenced by a weak reflectance intensity. Unfortunately, this advantage of conventional ellipsometry method is weakened by light depolarization effect appearing in case of highly diffuse scattered surfaces [19]. For this reason, better solution would be application of spectroscopic ellipsometry combined with surface plasmon resonance method, which usually is used for realtime monitoring of proteins interactions at solid-liquid interface, that is called total internal reflection ellipsometry (TIRE) [20,21,22]. The TIRE configuration minimize the depolarization effect because light do not pass directly through the highly scattered surface, but entered in to the structure of nanowires as a evanescent surface wave generated due to total internal reflection phenomenon [13]. It was shown that higher sensitivity of this method in case of multilayered ZnO structures have been achieved because of multiple reflections of the light occurring in a total internal reflection mode. Especially it was noticeable for ellipsometric parameter Δ, which under total internal reflection condition depends on the angle of incidence [23,24,25].

The aim of this study has been to investigate properties of ZnO-NWs surface by utilizing spectroscopic ellipsometry under TIRE configuration during covalent BSA immobilization on ZnO-NWs. The capabilities of surface structures containing ZnO-NWs for the optical signal enhancement under total internal reflection mode and real-time measurement of covalent BSA binding were discussed from the sensitivity point of view. Additionally, evaluation of diffusion coefficient based on one dimensional diffusion equation was performed.

Materials and methods

Materials

N-(3-Aminopropyl)triethoxysilane

(APTES, 99%) and 1-(ethyl- μS cm -1 ) and purified by DEMIWA rosa 5 (WATEK, Czech Republic). Glass plates covered with a 120 nm ITO layer were obtained from Kintec (Hong Kong).

Preparation of ZnO-NWs

The ZnO-NWs were prepared as follows. Firstly, a 20 nm ZnO layer was deposited on the ITO/glass substrates (1 × 2 cm 2 ) by atomic layer deposition method in a home-made system with diethylzinc (DEZ) and deionized water as precursors [26,27]. The deposition of ZnO was achieved by exposing the ITO/glass substrates to sequential pulses of DEZ and deionized water separated by a purge of argon at a constant temperature of 100 °C. A typical cycle consisted of a 0.2 s pulse of DEZ, 40 s exposure, and a 60 s purge with argon, followed by a 2 s pulse of deionized water, 40 s exposure, and a 60 s purge with argon. Afterward, ZnO-NWs were grown on the ZnO/ITO/glass substrate by electrodeposition in a three electrode configuration following a previously reported procedure [23]. Briefly, a solution of 0.05 mM of ZnCl2 (zinc precursor) and 0.1 M of KCl (supporting electrolyte) was prepared and used as electrolyte with the ZnO/ITO/glass as the working electrode, a Pt plate as the counter electrode, and Ag/AgCl as the reference electrode. The electrodeposition was performed at 80 °C with a constant electric potential of 1.0 V for 30 min in a VersaSTAT 3 potentiostat, while O2 was constantly bubbled in the electrolyte solution. Once the electrodeposition was completed, the ZnO-NWs/ZnO/ITO/glass substrates were thoroughly rinsed with deionized water.

Silanization of ZnO-NWs/ZnO/ITO/glass substrates by APTES

Silane-derivation of ZnO-NW deposited on ZnO/ITO/glass substrates was performed by a vapor-phase deposition process according to the procedure described earlier [24].To minimize the influence of humidity, silanization was performed in a glovebox in an inert atmosphere. A few drops of APTES were deposited in a small vial, which was then placed next to the sample located in a glass Petri dish.

The heat resistant insulation tape was used for the covering of Petri dish and isolation of surface from the contact with air. The covered Petri dish was then placed in an oven and kept overnight at 90 °C.

Afterwards, the APTES modified ZnO-NWs were washed with toluene, ethanol and distilled water and then dried in an oven at 110 °C. In this way, the surface of ZnO-NWs was functionalized with amino groups (APTES/ZnO-NWs/ZnO/ITO/glass), which are necessary for covalent immobilization of BSA.

Covalent immobilization of BSA on APTES/ZnO-NWs/ZnO/ITO/glass surface

In order to immobilize BSA covalently on the salinized surfaces of the ZnO-NWs, the carboxyl groups present in BSA were activated for 15 min by a mixture of EDC and NHS aqueous solutions. In details, 1.0 mg/ml concentration solution of BSA in PBS was mixed with EDC and NHS, and the final concentrations of EDC, NHS and BSA were 400 mM, 100 mM and 0.1 mg/ml, respectively. The activated carboxyl groups of BSA were exposed to the amino groups present on APTES/ZnO-NWs/ZnO/ITO/glass surface.

TIRE measurements

The ellipsometric experiments were conducted using a rotating compensator based ellipsometer J. A. Woollam M2000X (Lincoln, USA). The TIRE experiments were carried out at a 70° angle of incidence with the illumination being at wavelengths in the 210-1000 nm spectral range. This was conducted using a BK7 glass 70° angle prism connected via a refractive index matching fluid with the ZnO-NWs/ZnO/ITO/glass substrate. In the TIRE experiment, a liquid handling system with a custombuilt teflon chamber was used. In this chamber the sensing surfaces were placed. The connecting valve was then opened, allowing the PBS to be injected into the chamber, which was needed for the performance of covalent BSA immobilization on the modified surface. TIRE measurement before and after ZnO-NWs covalent modification with BSA were performed and registered signals were compared. area, the fill factor in percentages can be obtained by simple formula f = ρl 2 ×100%. Thus in our case the f ≈ 28.7 %. This value corresponds to ZnO-NWs occupied volume.

Results and discussion

Characterization of

Optical properties of ZnO-NWs deposited on ZnO/ITO/glass substrate

In order to analyze contribution of ZnO-NWs to the optical response, the simulation of multilayer system with plain ZnO layer was conducted. This simulation has been done in TIRE configuration for reflectance intensity and ellipsometric parameters for the structures: for ellipsometric parameter Δ as it was proofed to have higher sensitivity [25]. In case of non-modified structure ZnO-NWs/ZnO/ITO/glass ellipsometric parameter Δ (λ) peak was observed at 377 nm, such structure effective refractive index was estimated to be nZnO-NWs=1.355 at 580 nm, using effective medium approximation (EMA). Meanwhile, after ZnO-NWs modification with APTES, which effective refractive index was modeled to be nAPTES = 1.521 at 580 nm Δ (λ) peak was redshifted to 401 nm value. As it can be seen from figure 2B, redshift observed between two curves before modification of ZnO-NWs (Fig. 2, curve 1) and after modification of ZnO-NWs by APTES (Fig. 2, curve 2) was equal to 23 nm when difference between refractive indexes was nAPTES-nZnO-NWs = 0.166. After further covalent immobilization of BSA on APTES/ZnO-NWs/ZnO/ITO/glass redshift ellipsometric parameter Δ for 28 nm was registered, refractive index of such structure (BSA/APTES/ZnO-NWs/ZnO/ITO/glass) was nBSA=1.691 (at 580 nm). Calculated difference was nBSA-nAPTES = 0.17. The total change in refractive index before and after modification of ZnO-NWs/ZnO/ITO/glass using BSA was nBSA-nZnO-NWs = 0.366 and total shift between peaks of 1ZnO-NWs/ZnO/ITO/glass and 3BSA/APTES/ZnO-NWs/ZnO/ITO/glass was 51 nm. Calculated sensitivity of structure BSA/APTES/ZnO-NWs/ZnO/ITO/glass was 151.8 nm/RIU.

In case of flat-type ZnO structure (ZnO/ITO/glass) simulation before and after modification by APTES and BSA (Fig. 2A curves 1, 2, 3) the observed redshift was only 4 nm when difference between refractive indexes was nBSA-nZnO = 0.366. The clear difference before and after modification of ZnO/ITO/glass with APTES was not observed, the curves 1 and 2 in figure 2A overlaps each other. The simulated difference between refractive indexes nBSA-nZnO for structures ZnO/ITO/glass and BSA/APTES/ZnO/ITO/glass was used the same as calculated between ZnO-NWs/ZnO/ITO/glass and 3BSA/APTES/ZnO-NWs/ZnO/ITO/glass. The sensitivity of such structure was estimated to be 11.9 nm/RIU. In case of ZnO-NWs as sensing substrate (ZnO-NWs/ZnO/ITO/glass) for covalent BSA immobilization, the sensitivity of spectral shift to refractive index was ~13 times higher in comparison to flat-type of ZnO.

The ellipsometric parameter Δ amplitude change at 580 nm in case of 350 nm flat-type ZnO/ITO/glass structure before and after modification with APTES and BSA (Fig. 2 A ZnO/ITO/glass before (Fig. 3, curve 4) and after covalent immobilization of BSA (Fig. 3, curve 5) values were between 0.8 and 1. These results show that almost all light was reflected in both cases and no clear difference between these curves was observed. Reflectance difference before and after modification of simulated flat ZnO/ITO/glass with APTES and BSA was only 0.021 a.u. at 650 nm. In case of flat-type ZnO/ITO/glass, BSA in PBS was modeled as infinite media using Cauchy dispersion which refractive index was 1.51 [24]. Structure BSA/APTES/ZnO-NWs/ZnO/ITO/glass BSA/APTES was modeled as effective media substrate, having 30% of ZnO and 70% Cauchy material, refractive index 1.691 at 580 nm.

It is reasonable to assume that ZnO-NWs contribute noticeable scattering effect from the surface, however simulation of optical response of the light scattered structure is rather complicated and limited due to software. Thus, the optical properties of ZnO-NWs formed on glass substrate covered with 120 nm ITO and 20 nm ZnO layers were measured by TIRE. Ellipsometric spectra were recorded using TIRE configuration at 70 degrees angle of incidence using 70 degrees BK7 glass prism for measurements in liquids. The reflectance intensity and ellipsometric spectra for ZnO-NW/ZnO/ITO/glass and BSA/APTES/ZnO-NWs/ZnO/ITO/glass presented in the figure 3. In contrary to the simulated structures with ZnO/ITO/glass, the ZnO-NWs had very weak reflectance intensity (Fig. 3, curve 1) due to strong light scattering effect, meanwhile ellipsometric spectra were less affected due to relative values of ellipsometric parameters. However, the differences in reflectance intensity spectra were clearly distinguished (Fig. 3, curves 1 and 3). In case of ZnO-NWs/ZnO/ITO/glass reflectance intensity values at 650 nm was observed to be 0.03 a.u., while after modification BSA/APTES/ZnO-NWs/ZnO/ITO/glass it became 0.17 a.u. Thus the R difference for the surface with ZnO-NWs before and after modification with BSA (Fig. 3, curves 1 and 3) was 0.14 a.u., and it was about 6.6 times higher in comparison to flat ZnO layer (Fig. 3, curves 4 and 5). BSA, the surface structures become more "smooth" and as a result, the reflectance increase with higher refractive index of the layer. This phenomenon is observed as increased reflectance (Fig. 3, curve 3).

However, such a low specular reflectance from the ZnO-NWs/ZnO/ITO/glass structure is rather complicated to reliably detect using R measurements. Meanwhile ellipsometry offer more stable optical detections at low intensity level due to relative value measurements through the ellipsometric prameters  and . Moreover, as noted above, the special behavior of ellipsometric parameter  increase sensitivity under conditions of total internal reflection because phase of p-and s-polarizations start to vary with angle of incidence. Such behaviour of ellipsometric parameter  is caused by difference of phase shifts between Fresnel reflection coefficients rp and rs for p-and s-polarizations, respectively [25].

In order to obtain ZnO-NWs matrix density, which has to be known for further presented diffusion evaluation, effective refractive index dependence on wavelength was modeled using Complete EASE software. Optical model for characterization of ZnO-NWs layer deposited on ZnO/ITO/glass substrate was constructed using Bruggemen effective media approach in which the ZnO material layer was characterized using one PSemi-M0 and two Gaussian oscillators [26]. The effective ZnO-NWs layer thickness evaluated from SEM picture presented in figure 1 was ≈ 350 nm and it was fixed parameter during regression analysis. The obtained effective refractive index dispersion is presented in figure 4. Effective refractive index obtained from regression analysis showed that this ZnO-NWs layer consists of 30 % ZnO and 70 % void. Taking into consideration that average width of ZnO-NWs is ≈ 40 nm the width of void channels is from 40 to 90 nm. Such evaluation of ZnO-NWs density which is obtained from modeling of ellipsometry measurements data is required for further analysis of BSA covalent immobilization in order to calculated diffusion coefficient. We used modeled values that corresponded to 30% of ZnO-NWs and 70% of air. This values coincides with that obtained from figure 1.

Kinetics of covalent BSA immobilization on APTES/ZnO-NWs/ZnO/ITO/glass substrate

The BSA immobilization kinetics was studied using 390.8 nm wavelength wave. The selection of this wavelength was made because at this point of spectra ellipsometric parameter Δ showed the highest sensitivity to refractive index changes.

For covalent BSA immobilization on APTES/ZnO-NWs/ZnO/ITO/glass substrate the surface was treated with PBS in order to establish the baseline. Figure 5 shows the variation of ellipsometric parameter Δ during surface stabilization with PBS. The analysis of this variation had demonstrated that experimental curve can be well fitted by following formula:

Δ(t) = Δ0 + Δ1•exp(-t/t1) + Δ2•exp(-t/t2); ( 1 
)
Here t is time, Δ0, Δ1 and Δ2 are constants. The characteristic times t1 and t2 are 4.5 min and 42 min, correspondingly. Shorter time t1 most probably is related to a lower density regions of the nanowires matrix, meanwhile longer one corresponds to higher density regions. Thus the ratio of these values showing the comparison of sensitivity between flat-type and ZnO-NWs platforms is about 13 times, that is in good agreement with simulations presented in section 3.2.

During the phase II the change of Δ was 5.61 degrees. Thus the biggest amount of injected BSA was covalently immobilized on APTES/ZnO-NWs/ZnO/ITO/glass substrate during the phase II of this process, which lasted more than 100 min. The average characteristic time of this phase, assuming that Δ parameter changing in time approximately can be described by exponential decay, was about 20 min. After covalent immobilization of BSA molecules on ZnO-NWs and washing with PBS, nonspecifically bounded molecules were removed from the surface. In this case total ellipsometric parameter Δ signal changed only by 0.17 degree, thus nonspecific adsorption of BSA on this surface was negligible (Fig. 6, PBS 2). It means that BSA was successfully covalently immobilized on the APTES/ZnO-NWs/ZnO/ITO/glass and layer of BSA is stable during the surface washing process. Immobilization of BSA during the phase II demonstrates time-depending and irreversible bonding process. For this reason, we assumed that this phase appears due to BSA molecules diffusion in PBS solution through the narrow channels existing between nanowires (see Fig. 1). In order to verify this assumption, the following modelling of ellipsometric parameter Δ kinetics during BSA molecules immobilization was performed. 

The results of numerical calculation of Δnorm vs time dependence, obtained using ( 2), ( 3) and ( 4) equations show solid black curve presented in figure 8. For δ = 0.43 (30 % ZnO and 70 % void) and d = 350 nm well-fitting of experimental data was at D = 2.4•10 -17 m 2 /s, that is about 6 orders lower than conventional BSA diffusion in PBS solution [28].Taking into consideration such low D value, BSA molecules dimension (14 nm  4 nm  4 nm) and diffusion channel width (40  90 nm) it is possible to assume that during covalent BSA immobilization on APTES/ZnO-NWs/ZnO/ITO/glass substrate BSA molecules diffusion plays a significant role. This process is not conventional Brownian diffusion, because during BSA molecules movement along the channel filled by PBS the interaction with ZnO-NWs is very important. For this reason, the value of diffusion coefficient has to be strongly correlated with the density of ZnO-NWs and dimensions of biomolecules. In this case the diffusion coefficient obtained from measurement and analysis of biomolecules immobilization kinetics could be used for the evaluation of these molecules size. Studies of D vs size dependence for various ZnO-NWs dimensions and surface densities would be an interesting object of further research.

Conclusions

It was demonstrated that ZnO-NWs produced by simple and cost-effective electrodeposition method on commercially available ITO/glass substrate coated with ZnO layer can be successfully applied for the BSA immobilization. This substrate is able to accumulate significantly higher amount of BSA molecules covalently immobilized on ZnO-NWs coated substrate in comparison to simulated flat-type ZnO layer. The TIRE method has shown that surfaces based on ZnO-NWs overtake the sensitivity of flat-type ZnO for wavelength to refractive index change by 13 times.

Moreover, the surfaces with ZnO-NWs showed larger changes for ellipsometric parameters  and  during the BSA binding to the ZnO-NWs surface. Particularly, changes of ellipsometric parameter  was 2.24 times more sensitive comparing to the flat-type ZnO sensor. TIRE method allows to achieve higher sensitivity because  measured during BSA immobilization phase for ZnO-NWs was larger than that for the flat-type case. These differences in the phase were related to the distinct changes of refractive index of the ZnO-NWs and flat-type ZnO surfaces.

It was found that time of signal saturation in PBS buffer could be related to the different density of ZnO-NWs regions on the substrate. Shorter time of stabilization is related to lower density of ZnO-NWs, while longer time  to higher density of these nanostructures. The diffusion of proteins along the ZnO-NWs plays a significant role in this process, for this reason the diffusion coefficient is significantly lower than for proteins in free liquid space.

  ZnO-NWs by SEM ZnO-NWs were successfully formed on 20 nm ZnO layer by electrodeposition method. The crosssection view of ZnO-NWs array on ZnO/ITO/glass substrate obtained by scanning electron microscopy (SEM) is presented in figure 1. As it can be seen from this figure the ZnO-NWs mainly consist of ≈ 40 nm width and ≈ 350 nm length wires oriented at two angles (≈ 60 o and 120 o ) to the substrate plane.

Fig. 1 .

 1 Fig. 1. SEM imagine of ZnO-NWs deposited on ZnO/ITO/glass substrate.

Fig. 2 . 1 

 21 Fig.2. Simulation of ellipsometric parameter Δ vs wavelength during flat ZnO modification. A) experimental curves of ellipsometric parameter Δ vs wavelength for 1ZnO/ITO/glass, 2APTES/ZnO/ITO/glass; 3BSA/APTES/ZnO/ITO/glass B) experimental curves of ellipsometric parameter Δ vs wavelength for 1ZnO-NWs/ZnO/ITO/glass, 2APTES/ZnO-NWs/ZnO/ITO/glass and 3BSA/APTES/ZnO-NWs/ZnO/ITO/glass.

Fig. 3 . 5 

 35 Fig. 3. Reflectance intensity (R) spectra of 1  ZnO-NWs/ZnO/ITO/glass, 2  APTES/ZnO-NWs/ZnO/ITO/glass, 3  BSA/APTES/ZnO-NWs/ZnO/ITO/glass, 4 -ZnO/ITO/glass, 5  BSA/APTES/ZnO/ITO/glass.

Fig. 4 .

 4 Fig. 4. Effective refractive index (n) vs wavelength (λ) obtained from optical model using Bruggeman effective media approach for structure ZnO-NWs/ZnO/ITO/glass in air.

Fig. 5 .

 5 Fig. 5. Stabilization of APTES modified ZnO-NWs/ZnO/ITO/glass substrate in PBS and establishment of baseline.

Fig. 6 .

 6 Fig. 6. Kinetics of BSA covalent immobilization on APTES/ZnO-NWs/ZnO/ITO/glass substrate.

  x,t) is BSA molecules concentration, x is coordinate along nanowires, t is time and D is diffusion coefficient. The boundary conditions for this equation are following C(0,0) = C(d,∞) = C0 that is the concentration of BSA in PBS outside the nanowires matrix and ∂C(d,t)/∂t = 0, here d is the length of channel filled only by PBS. The average concentration of BSA inside the channel (Ca) is:

  ZnO/ITO/glass 5  BSA/APTES/ZnO/ITO/glass. The reflectance of

	NWs/ZnO/ITO/glass,	2  APTES/ZnO-NWs/ZnO/ITO/glass,	2  BSA/APTES/ZnO-
	NWs/ZnO/ITO/glass, 4 		
	For structures ZnO-NWs/ZnO/ITO/glass and BSA/APTES/ZnO-NWs/ZnO/ITO/glass (Fig. 2 B) Δ
	amplitude change at 580 nm was 38.42 degrees, calculated sensitivity was 114.3 degrees/RIU,
	~2.24 times higher than in case of ZnO/ITO/glass and BSA/APTES/ZnO/ITO/glass. Such high
	sensitivity can be explained by the multiple reflections that occur into ZnO-NWs matrix when this
	structure is used as sensing layer in TIRE mode. Also these finding demonstrate that significantly
	higher amount of BSA molecules (or other proteins) can be covalently immobilized on ZnO-NWs
	modified substrate in comparison to flat-type ZnO layer due to higher surface area. These results

) was 17.8 degrees. Calculated sensitivity to refractive index change in this case was 53 degrees/RIU. allow us to suggest, that ZnO-NWs based optical analytical systems exhibit higher sensitivity and can be successfully used for the development of enzymatic and affinity biosensors.
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The ellipsometric parameter Δm measured using TIRE method is proportional to the effective refractive index (ne) of the heterogenic matrix consisting of APTES/ZnO-NWs formed on ZnO/ITO/glass substrate and inter-wire space filled by PBS. During the diffusion of BSA molecules into this matrix filled by PBS, BSA changes its refractive index (nBSA), which induces Δm value evolution in time. Using Maxwell Garnett approximation and assuming that Δm is directly proportional to the ne it is possible to obtain following formula for Δm as a function of time (t): Taking into consideration that optical properties, i.e. refractive index (n) of the solution, depends on concentration of BSA molecules, we assume direct proportionality between ΔBSA and C.

The distribution of this concentration in channel directed along nanowires as a function of time can be obtained by numerically solving a one dimensional diffusion equation:
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