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A gas-phase surface sol–gel process was developed for fac-
ile preparation of ultrathin TiO2 gel/Cyt. c multilayered films.
Positively charged Cyt. c protein was alternately assembled with
TiO2 gel layer that was prepared by deposition of Ti(O–nBu)4
vapor and subsequent hydrolysis. The adsorbed Cyt. c molecule
was covered with a 0.7-nm thick layer of TiO2 gel and the pro-
tein characteristics were preserved without denaturation in the
multilayered film.

Nano-structured metal oxide thin films are known to display
advantages for designing unique chemical functions like specific
adsorption of organic molecules, improved catalytic properties
and the capture of light energy. The sol–gel method is one
of the most important techniques for the preparation of ultrathin
films of metal oxides and metal oxide/organic hybrid materials.1

During the last decade, dry approaches such as chemical vapor
deposition (CVD), molecular beam epitaxy (MBE), and atomic
layer deposition (ALD) have attracted considerable attention
as methods for fabricating high quality (defect-free) ultrathin
films of metal oxides.2 On the other hand, the surface sol–gel
process3 has been extensively studied as a corresponding wet
process. This process is based on adsorption of metal alkoxide
molecules from solution onto hydroxylated surfaces and subse-
quent hydrolysis to give nanometer-thick oxide films. Unfortu-
nately, biological applications of these conventional sol–gel
processes, both dry and wet, are limited, because of their
processing conditions such as high vacuum, high temperature,
and the use of organic solvents that will induce denaturation of
biomolecules.

Recently, effective immobilization of native proteins in met-
al oxide matrices has been reported. Kimizuka et al. utilized a
liquid-phase deposition (LPD) process that enables preparation
of anatase TiO2 by boric acid-promoted hydrolysis of titanium
hexafluoride in water.4 This process was proposed as a means
to prevent denaturation of cytochrome c (Cyt. c). Ju and
co-workers reported a vapor-deposition sol–gel process,5 where
titanium isopropoxide vapor was introduced into a thin layer of
aqueous horseradish peroxidase (HRP), forming a TiO2/HRP
film. This vapor process is valuable from the viewpoint of not
using organic solvents, but it has some drawbacks in practical
applications: (1) the sol–gel reaction is very slow, since the
concentration of metal alkoxides in the gas phase is relatively
low compared with that in solution, and (2) the size and shape
of substrates are restricted.

In this study, we describe a novel approach to overcome
drawbacks of the conventional sol–gel methods in the case of
the biological application. An important feature of this approach
is that ultrathin metal oxide films of controlled thickness can be
fabricated from metal alkoxides in gas phase. Upon adsorption

of the metal alkoxide vapor, the surface sol–gel procedures
can be operated. We name this process a ‘‘gas-phase surface
sol–gel (GSSG) process.’’ Figure 1a shows a schematic illustra-
tion of this process for a TiO2 gel/Cyt. c ultrathin multilayer.

A gold-coated quartz crystal microbalance (QCM) resonator
(9MHz, USI System, Fukuoka) was hydroxylated by 2-
mercaptoethanol as described previously.3 Titanium n-butoxide,
Ti(O–nBu)4, was heated in a sealed bottle at 85 �C, and the va-
porized Ti(O–nBu)4 was carried with nitrogen gas at a flow rate
of 3 L/min. It was allowed to deposite on the gold-coated QCM
electrode for 5min, and the physisorbed alkoxide was removed
by flushing nitrogen gas. Then, the QCM electrode was im-
mersed in deionized water for 1min, dried with nitrogen gas,
and the frequency was measured. Subsequently, the TiO2 gel-
deposited electrode was immersed in a phosphate buffer solution
of Cyt. c (1mg/mL, pH 7.0) for 10min at 25 �C and rinsed with
deionized water, and the frequency was measured after drying
with nitrogen gas. This alternate deposition of TiO2 gel and
Cyt. c layers was repeated 10 times.

Figure 1b shows QCM frequency changes due to the alter-
nate adsorption. The QCM frequency linearly decreases with
adsorption cycles, indicating regular growth of the TiO2 gel/
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Figure 1. Schematic illustration of deposition of TiO2 gel and
Cyt. c via a gas-phase surface sol–gel (GSSG) process (a), and
QCM frequency shifts (b). Ti(O–nBu)4 vapor with nitrogen
gas carrier (3 L/min) ( ); Cyt. c, 1mg/mL (pH 7, 25 �C) ( ).
The inset of Figure 1b shows UV–vis spectral changes due to al-
ternate adsorption of Ti(O–nBu)4 and Cyt. c.
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Cyt. c multilayer film. Average frequency changes for the ad-
sorption of Ti(O–nBu)4 and Cyt. c are 47� 9 and 191� 35
Hz, respectively. The thickness of each layer can be estimated
by using Sauerbrey’s equation.6 The �F value of 47Hz corre-
sponds to a thickness increase by ca. 0.7 nm for the TiO2 gel
layer, using the density of bulk TiO2 gel (1.7 g/cm

3).3 Similarly,
the thickness of the adsorbed Cyt. c layer is estimated to be
4.0 nm, assuming a density of the protein layer to be 1.3 g/
cm3.7 The adsorption density of Cyt. c can be calculated as
0.26 proteins/nm2 from the frequency change (�F ¼ 191Hz)
of the QCM electrode with an area of 0.32 cm2 for both sides
and the Cyt. c molecular weight (MW 12384). This figure is
ca. 2 times as large as the density of a protein monolayer
(0.128 proteins/nm2) that is theoretically calculated by consider-
ing Cyt. c (2:5� 2:5� 3:7 nm3) as a spherical particle with a
diameter of ca. 3.0 nm.8

The inset of Figure 1b shows UV–vis absorption spectra of
the alternate multilayer on a quartz substrate. The absorbance at
the Soret band increased in proportion to the adsorption cycle up
to 10 cycles, together with the increased absorbance of TiO2 gel
in the near UV and visible region. The peak of the Soret band
is located at the same wavelength as that of native Cyt. c in phos-
phate buffer (pH 7). This suggests that the steric structure of
Cyt. c is preserved in the film. The amount of immobilized
Cyt. c molecules during one adsorption cycle was estimated
from the absorbance increase per cycle and the molar extinction
coefficient at 409 nm (" ¼ 96mM�1 cm�1).9 The adsorption
density of Cyt. c on one side of the quartz plate was estimated
to be 0.23 proteins/nm2 from the average absorbance difference
(�Abs ¼ 0:0073, n ¼ 10) before and after Cyt. c adsorption.
This value is 1.8 times larger than the theoretical protein cover-
age of Cyt. c (0.128 proteins/nm2) and is consistent with that
estimated from the QCM data (0.26 proteins/nm2).

These results indicate that Cyt. c is adsorbed nearly as a bi-
layer on the surface of a TiO2 gel layer. It is important to know
whether the surface is uniformly covered by Cyt. c molecules.
Therefore, the morphology of TiO2 gel/Cyt. c multilayers was
investigated by using atomic force microscopy (AFM).
Figures 2a, 2b, and 2c are AFM images of the (TiO2 gel)20,
(TiO2 gel)20/Cyt. c, and (TiO2 gel/Cyt. c)10 multilayered films
on quartz substrates, respectively. The surface of the TiO2 gel
film itself is extremely smooth with its root-mean-square
(RMS) roughness of 0.52 nm, though scars of the quartz
substrate are observed in some areas (Figure 2a). This RMS
roughness increased to 1.32 nm by the adsorption of Cyt. c and
the surface was densely covered with the adsorbed Cyt. c mole-
cules (Figure 2b). Such surface morphology is also observed
in the multilayered film of (TiO2 gel/Cyt. c)10. The surface
is composed of independently dispersed, close-packed Cyt. c
molecules, and the RMS roughness remained to be 1.93 nm
(Figures 2c). It is clear that Cyt. c is immobilized nearly as a
bilayer between TiO2 gel ultrathin layers.

In conclusion, we examined a gas-phase surface sol–gel
process for facile preparation of ultrathin TiO2 gel/Cyt. c multi-
layered films. Close-packed Cyt. c proteins are assembled nearly
as a bilayer without denaturation by alternation of TiO2 gel lay-
er. This process has several advantages compared with previous
wet processes. First, we can avoid direct contact of proteins with
organic solvents, so that denaturation would not occur. Second-
ly, this process is less time-consuming and milder compared

with the conventional vapor-deposition and LPD processes.
Although we still need to confirm full conservation of the biolog-
ical function in the ultrathin TiO2 gel matrix, this new technique
should be effective for the preparation of a variety of metal
oxide/native protein hybrid layers.
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Figure 2. AFM images of (TiO2 gel)20 film (a), (TiO2 gel)20/
Cyt. c film (b), and (TiO2 gel/Cyt. c)10 film (c). Schematic
illustration of TiO2 gel/Cyt. c alternate adsorption (d). AFM
measurements were carried out by noncontact mode on a Scan-
ning Probe Microscope JSPM–5200 (JEOL). Scale bar repre-
sents 1mm.
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