
Figure 1. SEM images of anodized TiO2 NT electrodes annealed
at 300 °C, 475 °C and 500 °C. Nanotubular geometry in top view
does not change either before or aIer annealing. A tube
diameter with (70 ± 10) nm and a wall thickness of (10 ± 2) nm
was determined in average for all annealing temperatures.
However, the tube length varied at these temperatures; that
is, (875 ± 25) nm for 300 °C, (700 ± 25) nm for 475 °C and
(770 ± 25) nm for 500 °C.
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Nanostructured TiO2 is a stable and low cost material with numerous applica[ons in medicine, photocatalysis and energy
storage.[2] Applicability of this material for surface enhanced Raman (SER) spectroscopy, however, has been limited so far
mostly to directly interac[ng probe molecules exhibi[ng at least a par[al chemical surface enhancement.[3] In our work, we
present the fabrica[on of TiO2 nanotube (NT) electrodes with high biocompa[bility and extraordinary spectroscopic
proper[es. Intense surface enhanced resonance Raman (SERR) signals of the heme unit (right) of the redox enzyme
Cytochrome b5 (leI) were observed upon covalent immobiliza[on of the protein matrix to the TiO2 surface reflec[ng overall
preserved structural integrity and redox behavior.[4] The enhancement factor could be ra[onally controlled by varying the
electrode annealing temperature with a record maximum value of over 70 at 475 °C. Due to the separa[on of the Raman
probe from the TiO2 we can exclude an involvement of charge-transfer processes to be responsible for the signal amplifica[on.
The origin of the surface enhancement is therefore exclusively ahributed to enhanced localized electric fields resul[ng from
the specific op[cal proper[es of the nanotubular geometry.

Figure 2A: SERR spectra of Cyt b5 on TiO2 NT electrodes as a
func[on of annealing temperature with a maximum absolute
intensity for electrodes annealed at 475 °C. This trend is
inversely propor[onal to the resis[vity which is lowest for these
electrodes. By the same trend, the highest EF is at lowest
resis[vity; that is, EF = (72 ± 8) for 0.12 µΩcm (2B). Rela[ve
intensi[es of the redox transi[on FeII ⇌ FeIII at applied poten[al
(2C) was noted for determing Eredox. = (-0.25 ± 0.02) V (2D).

Figure 3. Electromagne[c field calcula[ons using Rigorous
Coupled Wave Analysis (RCWA). 3A: Scheme of TiO2 NT.
Periodically occurring enhanced localized electric fields between
NTs (3B: ver[cally cut through three NTs, 3D: top view of two
NTs). Experimental EFs (2B) are in 3C well presented when
varied carrier densi[es were considered that account for the
different specific resis[vi[es. Furthermore, a sine-like
dependence of EFav,z on the tube length was found.
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Here we demonstrate the fabrica[on of highly biocompa[ble TiO2 NT electrodes. 
Upon direct adsorp[on of Cytochrome b5, an enhancement factor > 70 is achieved for electrodes annealed at 475 °C. 

Based on electromagne[c field calcula[ons the high enhancement was ahributed to the unique geometry of the nanotubes with photonic crystal proper[es.

Fabrica>on of TiO2 nanotube electrodes with high biocompa>bility and extraordinary spectroscopic proper>es due to 
enhanced localized electric fields as can be seen with SERR spectroscopy.[1]
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