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  1   .  Introduction 

 Graphene, an exfoliated 2D nanosheet of graphite, attracts 
intense research interest because of its unique and valuable 
physicochemical properties such as high electrical conductivity, 

great mechanical strength, and high fl ex-
ibility. [  1  ]  In contrast to many physical 
synthetic methods, the soft-chemical 
exfoliation route enables to prepare the 
aqueous colloidal suspension of reduced 
graphene oxide (rG-O) nanosheets, 
which is fairly suitable for the synthesis 
of graphene-based nanostructures and 
nanocomposites. [  1b  ]  In one instance, the 
fl ow-directed fi ltration of the colloidal sus-
pension of rG-O makes possible the fab-
rication of the freestanding fi lms of rG-O 
featuring a connection by  π − π  stacking 
between each carbon monolayers. [  2  ]  This 
graphene freestanding fi lm boasts wide 
applications as protective layers, chemical 
fi lters, components of electrical batteries 
and capacitor, adhesive layers, molecular 
storage, and antibacterial or biocompat-
ible matrices. [  3,4  ]  However, that this gra-
phene freestanding fi lm is composed of 
only a carbon element severely limits the 
tailoring and optimization of its function-
ality. To overcome this limitation of the 
graphene fi lm, it is desirable to hybrid 
with other chemical species. Although 

many efforts are made to synthesize graphene fi lm hybridized 
with 0D or 1D inorganic nanostructures, [  5  ]  a strong coupling 
between graphene and inorganic species remains a challenge 
for enhancing the functionality of the graphene-based free-
standing fi lm. Taking into account their extremely high aniso-
tropic 2D morphology and ultrathin thickness (< ≈1 nm), the 
exfoliated metal oxide nanosheets can be a promising candi-
date for the formation of homogeneous and strong electronic 
coupling with graphene nanosheets. [  6  ]  Since the exfoliated 
nanosheets of layered metal oxides possess a wide spectrum of 
electric, magnetic, and optical properties, [  5  ]  the incorporation 
of these inorganic nanosheets into the graphene freestanding 
fi lm provides valuable opportunity not only to tailor the phys-
icochemical properties of the graphene fi lm but also to create 
unexpected functionality  via  the synergistic coupling between 
graphene and layered metal oxide components. Yet, at the 
time of the publication of the present study, we are aware of 

 Strongly-Coupled Freestanding Hybrid Films of Graphene 
and Layered Titanate Nanosheets: An Effective Way to 
Tailor the Physicochemical and Antibacterial Properties 
of Graphene Film  

    In Young     Kim   ,      Suhye     Park   ,      Hyunseok     Kim   ,      Sungsu     Park    ,*      Rodney S.     Ruoff   , 
and      Seong-Ju     Hwang  *     

     An effective way to tailor the physicochemical properties of graphene fi lm is 
developed by combining colloidal suspensions of reduced graphene oxide 
(rG-O) nanosheets and exfoliated layered titanate nanosheets for the fab-
rication of freestanding hybrid fi lms comprised of stacked and overlapped 
nanosheets. A fl ow-directed fi ltration of such mixed colloidal suspensions 
yields freestanding hybrid fi lms comprised of strongly-coupled rG-O and 
titanate nanosheets with tunable chemical composition. This is the fi rst 
example of highly fl exible hybrid fi lms composed of graphene and metal oxide 
nanosheets. The intimate incorporation of layered titanate nanosheets into 
the graphene fi lm gives rise not only to an increase of mechanical strength 
but also to increased surface roughness, chemical stability, and hydrophi-
licity; thus, the physicochemical properties of the graphene fi lm can be tuned 
by hybridization with inorganic nanosheets. These freestanding hybrid fi lms 
of rG-O-layered titanate show unprecedentedly high antibacterial property, 
resulting in the complete sterilization of  Escherichia coli  O157:H7 (≈100%) in 
the very short time of 15 min. The antibacterial activity of the hybrid fi lm is far 
superior to that of the pure graphene fi lm, underscoring the benefi cial effect 
of the layered metal oxide nanosheets in improving the functionality of the 
graphene fi lm.      

  DOI:  10.1002/adfm.201303040  

     I. Y. Kim, S. Park, H. Kim, Prof. S. Park, Prof. S.-J. Hwang 
Center for Intelligent Nano-Bio Materials (CINBM)   
  Department of Chemistry and Nano Sciences   
   Ewha Womans University   
  Seoul  ,   120–750  ,   Korea      
E-mail: nanopark@ewha.ac.kr; hwangsju@ewha.ac.kr
   Prof. R. S. Ruoff 
Department of Mechanical Engineering   
  and the Materials Science and Engineering Program 
The University of Texas at Austin   
   Austin  ,   TX  ,   78712  ,   United States      

Adv. Funct. Mater. 2014, 24, 2288–2294

http://doi.wiley.com/10.1002/adfm.201303040


FU
LL P

A
P
ER

2289

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 The fl ow-directed fi ltration of these mixture colloidal sus-
pensions leads to the fabrication of the freestanding hybrid 
fi lms of rG-O−layered titanate with several C/Ti 1.83 O 4  ratios 
of 0.4, 1, and 2 (hereafter, these hybrid fi lms are denoted as 
 TG1 ,  TG2 , and  TG3 , respectively), as presented in Figure  1 b. 
As references, the pure freestanding fi lms of layered titanate 
and rG-O nanosheets are also prepared. As shown in Figure  1 c, 
all of the as-fabricated freestanding fi lms show high fl exibility 
and excellent elastic property. To the best of our knowledge, 
this is the fi rst example of the freestanding hybrid fi lms con-
sisting of graphene and layered metal oxide nanosheets as well 
as the freestanding fi lm of layered metal oxide nanosheets. Of 
prime interest is that the pure titanium oxide freestanding fi lm 
is highly fl exible, strongly suggesting its applicability for fl ex-
ible electronic devices such as solar cells and electrochromic 
window (see the Figure S1 in Supporting Information). 

 As shown in Figure  1 d, no morphological evolution of 
 TG1  occurs upon the microwave heating, which is sharply 
contrasted with the pure rG-O freestanding fi lm and pure 
titanate freestanding fi lm experiencing destruction after 
the same treatment, highlighting the improved stability of the 
rG-O fi lm upon the incorporation of titanate nanosheets. The 
enhanced stability of the freestanding hybrid fi lm is further 
evidenced by the test of ultrasonic stress. While the loading 
of ultrasonic stress causes severe damage for the pure rG-O 
fi lm, all the hybrid fi lms of rG-O−layered titanate and pure 
titanate fi lm do not show any damage by the ultrasonic stress 
(see the Figure S2 in Supporting Information). Also, the  TG2  
and  TG3  hybrid fi lms retain their original structure upon the 
calcination at 300 °C, which is sharply contrasted with the 
pure titanate fi lm showing a phase transition to anatase TiO 2 . 
This indicates the stabilization of layered titanate phase by the 
hybridized rG-O nanosheets (see the Figure S3 in Supporting 
Information). The remarkable improvements of mechan-
ical strength and chemical stability upon hybridization are 

no report about the synthesis of freestanding hybrid fi lms com-
posed of rG-O and layered metal oxide nanosheets. 

 In the present work, an effective methodology to tailor the 
physicochemical properties of graphene freestanding fi lm is 
developed by the intimate hybridization of rG-O nanosheets 
with layered titanate nanosheets. The effects of titanate incor-
poration on the chemical bonding nature and physicochemical 
property of the graphene freestanding fi lm are investigated 
along with the antibacterial activity of the resulting hybrid fi lms 
for the  Escherichia coli  O157:H7.  

  2   .  Results and Discussion 

  2.1   .  Fabrication and Stability Tests of the Freestanding 
Hybrid Films 

 The mixing of the colloidal suspension of rG-O nanosheets 
with that of layered titanate nanosheets yields homogeneously 
mixed suspensions composed of both the nanosheets. The 
photoimages of a series of mixture colloidal suspensions with 
the C/Ti 1.83 O 4  molar ratios of 0.2, 0.4, 1, 2, 4, and 8 are illus-
trated in  Figure    1  a. All of the present mixture colloidal suspen-
sions show a good dispersion ability and high colloidal stability 
without any phase separation for several weeks, as evidenced by 
the Tyndall phenomena of the mixture colloidal suspensions. 
As the content of titanate nanosheets increases, the color of 
the mixed colloidal suspension becomes brighter. The surface 
charges of the obtained colloidal suspensions are examined 
with zeta potential measurements. All of the present suspen-
sions commonly display average zeta potential of –30 to −40 mV, 
which is compatible with those of the pure suspensions of the 
rG-O and layered titanate nanosheets (−44 and −29 mV). This 
fi nding suggests negligible infl uence of mixing on the surface 
charge of each component nanosheet.  

      Figure 1.  a) Photoimages of the mixture colloidal suspensions of rG-O and layered titanate nanosheets with the C/Ti 1.83 O 4  ratios of 0.2, 0.4, 1, 2, 4, 
and 8 (from left to right). b) Top-view and c) side-view photoimages of i) pure layered titanate freestanding fi lm, ii)  TG1 , iii)  TG2 , and iv)  TG3 , and 
v) pure rG-O freestanding fi lm, and d) photos of their microwave-heated derivatives. 
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A closer inspection on the present XRD data reveals that the 
mixing with rG-O nanosheets leads to the low-angle shifts of 
( 00l ) refl ections, indicating the basal expansion of layered 
titanate lattice (Figure  2 b). This fi nding suggests the fractional 
invention of graphene nanosheets in the stacking structure of 
layered titanate nanosheets. According to the least-squares fi t-
ting analysis, the basal spacing of the freestanding hybrid fi lms 
is determined to be  c  = 9.51, 9.53, and 9.57 Å for  TG1 ,  TG2 , 
and  TG3 , respectively. Regardless of the rG-O/titanate ratios, 
all freestanding hybrid fi lms including the  TG3  fi lm with the 
highest rG-O content show similar  c -axis lattice parameters that 
lie in midway between the summation of the theoretical thick-
ness of layered titanate monolayer ( ∼ 7.00 Å) with the covalent 
diameter of carbon atom (≈1.52 Å) and that with the van der 
Waals diameter of carbon atom (≈3.70 Å). This result strongly 
suggests the existence of signifi cant chemical interactions 

attributable to strong coupling of two kinds of nanosheets 
components.  

  2.2   .  Local Structure of the Freestanding Hybrid Films 

  Figure    2  a represents the powder X-ray diffraction (XRD) pat-
terns of the rG-O−layered titanate freestanding hybrid fi lms 
of  TG1 ,  TG2 , and  TG3 , as compared with those of pure rG-O 
and layered titanate freestanding fi lms. While the pure rG-O 
fi lm shows a weak and broad ( 002 ) Bragg refl ection with a 
basal spacing of ≈3.49 Å, [  3a  ]  the pure layered titanate fi lm and 
the hybrid fi lms of rG-O-layered titanate exhibit well-developed 
( 00l ) refl ections, indicating the formation of the highly-ordered 
stacking structure of layered titanate nanosheets with a parallel 
alignment to the planar direction of the freestanding fi lms. 

      Figure 2.  a) XRD patterns of i) the pure rG-O freestanding fi lm, ii) the pure layered titanate freestanding fi lm, iii)  TG1 , iv)  TG2 , and v)  TG3 , and 
b) the expanded view in the 2  θ   region of 7−12°. c) Schematic diagram for the stacking structure of the rG-O−layered titanate freestanding hybrid fi lm. 
d) Cross-sectional STEM−BF and STEM−HAADF images of the  TG1  freestanding hybrid fi lm. e) Ti K-edge XANES spectra for anatase TiO 2  (red), rutile 
TiO 2  (orange), powdery layered titanate (green), pure layered titanate freestanding fi lm (blue),  TG1  (purple),  TG2  (pink), and  TG3  (black), and (f) their 
expanded view for pre-edge region. 
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nanosheets are well-ordered in a perpendicular orientation to 
the planar direction of the freestanding fi lm. The maintenance 
of original layered structure of titanate nanosheets in the free-
standing hybrid fi lms is confi rmed by the observation of typical 
pre-edge spectral features, P 1 , P 2 , P 2′ , and P 3 , of lepidocrocite-
type layered titanate phase (Figure  2 f). [  7  ]  

 As shown in  Figure    3  a, all the freestanding fi lms show nearly 
the same spectral features for the experimental  k  3 -weighted 
EXAFS oscillations, confi rming the identical local structure 
and orientation of the titanate nanosheets in these materials. 
All of the freestanding fi lms demonstrate longer (Ti−O) bond 
distances than does the pure layered titanate freestanding fi lm 
in the Fourier transforms (FT) of the  k 3  -weighted EXAFS data, 
see Figure  3 b. To quantitatively determine the local structure 
of titanate layers in the present freestanding fi lms, the fi rst 
FT peak corresponding to (Ti–O) bonds is isolated by inverse 
Fourier transformation (i.e., Fourier fi ltering, FF) to  k  space 
and then curve-fi tted. The resulting  k  3   χ  ( k ) FF EXAFS data 
are shown in Figure  3 c, together with the calculated data. All 
of the present FF data are well-reproduced with the structural 
model of lepidocrocite-type layered titanate, confi rming the 
maintenance of the original crystal structure of layered titanate 
nanosheets after the formation of freestanding fi lms.  

 As presented  Table   1 , the observed elongation of (Ti−O) 
bond distance upon hybridization strongly suggests an increase 
of the electron density in the layered titanate nanosheets by the 
sharing of  π -electron clouds in the hybridized rG-O nanosheets. 
The present fi nding can be regarded as strong evidence for the 
strong chemical interaction between rG-O and layered titanate 
nanosheets. The coordination numbers of the (Ti−O) coordina-
tion shells are somewhat smaller for all the hybrid fi lms than 
for the pure layered titanate fi lm, refl ecting the elastic deforma-
tion of titanate layers by the intervened rG-O nanosheets in the 
hybrid fi lms.    

  2.3   .  Antibacterial Activity of the Freestanding Hybrid Films 

 Since the graphene freestanding fi lm is reported to possess a good 
antibacterial activity, [  4  ]  the effect of the incorporation of titanate 
nanosheets on the antibacterial activity of the pure graphene 
freestanding fi lm is investigated. As plotted in  Figure    4  a, all the 
rG-O-layered titanate freestanding hybrid fi lms as well as pure 

between titanate and rG-O layers in the interstratifi ed stacking 
structure of the present hybrid fi lms, see the Figure  2 c. 
According to cross-sectional scanning transmission electron 
microscopy-bright fi eld/scanning transmission electron micros-
copy-high angle annular dark fi eld (STEM−BF/STEM−HAADF) 
analysis, the parallel dark lines corresponding to the titanate 
layers are clearly observed in the STEM−BF image of Figure  2 d, 
indicating the layer-by-layer-ordered stacking of the layered 
titanate nanosheets. The STEM−HAADF image clearly dem-
onstrates the presence of bright lines between two parallel-
aligned dark lines, indicating the formation of the alternating 
stacking structure of graphene layer with lighter carbon atoms 
and the titanate layer with heavier atomic weights in some 
domains. From the viewpoint of entropy, this partially alter-
nating stacking of two kinds of component nanosheets is 
more favorable than the perfectly interstratifi ed stacking struc-
ture. According to micro-Raman spectroscopy (see the Figure S4 
in Supporting Information), all the present freestanding hybrid 
fi lms display characteristic D and G peaks with the 
similar  I  D / I  G  ratios of 1.13−1.15, which are somewhat greater 
than those of powdery rG-O ( I  D / I  G  = 0.98) and the pure rG-O 
freestanding fi lm ( I  D / I  G  = 1.01). This fi nding suggests that 
the incorporation of layered titanate nanosheets increases a 
disorder in the stacking structure of the neighboring rG-O 
nanosheets. The maintenance of the rG-O species after the fab-
rication of the freestanding hybrid fi lm is verifi ed by Fourier 
transformed-infrared (FT-IR) spectroscopy showing only weak 
features of the oxygenated functional groups (see the Figure S4 
in Supporting Information).  

 According to Ti K-edge X-ray absorption near edge structure 
(XANES) analysis, both pure titanate freestanding fi lm and 
freestanding hybrid fi lms show almost identical spectral fea-
tures, which are nearly identical the  c -axis-polarized XANES 
spectra of layered titanate fi lm, see Figure  2 e. [  7a  ]  In contrast to 
the powdery reference of layered titanate showing nearly iden-
tical intensity for the peaks B and C, the present rG-O−layered 
titanate hybrid fi lms and the pure titanate fi lm commonly dis-
play a larger spectral weight for the peak C than for the peak 
B. The observed enhancement of the peak C corresponding 
to the transition from core 1s orbital to in-plane 4p  x , y   one 
provides direct evidence for the parallel alignment of layered 
titanate nanosheets to the planar direction of the freestanding 
fi lms. This fi nding clearly demonstrates that all the titanate 

      Figure 3.  a) Experimental  k  3 -weighted Ti K-edge EXAFS oscillations, b) their Fourier transformed spectra, and c) their Fourier fi ltered spectra for i) the 
pure titanate freestanding fi lm and the rG-O-layered titanate freestanding hybrid fi lms of ii)  TG1 , iii)  TG2 , and iv)  TG3 . 
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and layered titanate freestanding fi lm shows a fl at and clean 
surface, whereas the freestanding hybrid fi lms of rG-O-lay-
ered titanate display sharp edges on their surface, which is 
attributable to the formation of stacking faults between two 
different kinds of rG-O and layered titanate nanosheets. The 
homogeneous distribution of C and Ti elements in the entire 
parts of the present fi lms is evidenced by cross-sectional ele-
mental mapping analysis and energy dispersive spectrometry 
(EDS) analysis, see the Figure S5 in Supporting Information. 
Also no phase separation of rG-O and titanate nanosheets is 
observable during the fabrication of the present hybrid fi lms. 
On the basis of these fi ndings, the surface layer of the free-
standing hybrid fi lms is supposed to possess identical rG-O/
layered titanate ratios to the initial mixing ratios of two pre-
cursor nanosheets. In the case of  TG1 , the sharp edges density 
is even greater than those of  TG2  and  TG3 . As demonstrated 
in the inset of Figure  4 b, the presence of sharp edges leads 
to the smaller contact angle of water droplet on the surface 
of the freestanding hybrid fi lms than those of layered titanate 
freestanding fi lm and rG-O freestanding fi lm, refl ecting the 
remarkably enhanced hydrophilic nature of the rG-O−layered 
titanate freestanding hybrid fi lms. The FE-SEM analysis for 

layered titanate freestanding fi lm exhibit complete sterilization 
effects to  E. coli  cells only in 15 min, which is the strongest sterili-
zation activity among reported nanostructured carbon-based anti-
bacterial fi lms. [  4,8,9  ]  The  TG1  freestanding fi lm with the highest 
antibacterial activity induces a remarkable decrease of the viable 
cell number from 2.95 × 10 7  cells mL −1  to 6.3 × 10 3  cells mL −1 , 
indicating 99.98% antibacterial activity within 5 min. This activity 
is much stronger than those of the  TG2  and  TG3  freestanding 
fi lms as confi rmed by low p value (t-test) of <0.0001. [  10  ]  Eventually 
after 15 min, no viable  E. coli  cells are detectable on the surface 
of the hybrid fi lms. Although the antibacterial activity for  E. coli  
cells also occurs for the pure rG-O freestanding fi lm, the antibac-
terial activity of this fi lm is signifi cantly weaker than those of the 
hybrid fi lms. There are three kinds of sterilization mechanisms 
responsible for the antibacterial activity of the graphene free-
standing fi lm, that is, a membrane stress (i.e., a direct physical 
contact between graphene and bacteria that leads to membrane 
perturbation and to the release of intracellular contents), [  4a,  11a  ]  a 
reactive oxygen species (ROS)-dependent oxidative stress, [  11b  ]  and 
a ROS-independent oxidative stress. [  4b  ]   

 As presented in the fi eld emission-scanning electron 
microscopy (FE-SEM) images of Figure  4 b, the pure rG-O 

      Figure 4.  a) Time-dependent variation of the number of viable  E. coli  cells dropped on  TG1  (green),  TG2  (yellow), and  TG3  (blue), and pure rG-O 
freestanding fi lm (black) and pure layered titanate freestanding fi lm (red). Graph data presentation: ± standard deviation. *p-value (t-test) < 0.0001. 
b) FE-SEM images of i) pure rG-O freestanding fi lm, ii) pure layered titanate freestanding fi lm, iii)  TG1 , iv)  TG2 , and v)  TG3 . Inset shows the contact 
angle of water droplet on the fi lms. c) FE-SEM images of  E. coli  cells on the  TG1  and the fi lter paper after an exposure for 15 min. 

 Table 1.   Results of non-linear least-squares curve fi ttings for the polarized Ti K-edge EXAFS spectra for the rG-O-layered titanate freestanding hybrid 
fi lms of  TG1 ,  TG2 , and  TG3 , and the pure titanate freestanding fi lm. 

Sample  Bond  CN  R [Å]    σ   2  [10 −3  × Å 2 ]  

Pure titanate fi lm a)   (Ti–O) 1   2  1.84  5.01  

  (Ti–O) 2   2  1.93    

  (Ti–O) 3   2  2.02    

Hybrid fi lm  TG1  b)   (Ti–O) 1   1.7  1.87  3.97  

  (Ti–O) 2   1.7  1.95    

  (Ti–O) 3   1.7  2.05    

Hybrid fi lm  TG2  c)   (Ti–O) 1   1.4  1.88  3.52  

  (Ti–O) 2   1.4  1.95    

  (Ti–O) 3   1.4  2.07    

Hybrid fi lm  TG3  d)   (Ti–O) 1   1.5  1.88  3.25  

  (Ti–O) 2   1.5  1.96    

  (Ti–O) 3   1.5  2.08    

   The curve fi tting analysis was performed for the range of  a) 0.951– R –1.933 Å and 2.10– k –12.25 Å −1 ;  b) 0.920– R –1.933 Å and 2.10– k –12.10 Å −1 ;  c) 0.951– R –1.994 Å and 2.05– k –
11.80 Å −1 , 0.951– R –1.963 Å, and  d) 2.10– k –12.15 Å −1 .  Δ R is ±0.01 Å.   
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  3   .  Conclusion 

 In summary, an effective method to tailor the physicochem-
ical properties and antibacterial functionality of graphene 
freestanding fi lm is obtained by the incorporation of titanate 
nanosheets. The freestanding hybrid fi lms of rG-O and layered 
titanate exhibit greater mechanical strength, higher chemical 
stability, and greater hydrophilicity than do rG-O freestanding 
fi lms. Of prime importance is that these hybrid fi lms display 
unexpected high sanitization effi ciency of 100% only within 
15 min, which is much superior to any other nanostructured 
carbon-based fi lms. The incorporation of titanate nanosheets 
provides powerful way of controlling the surface roughness 
and membrane stress of graphene fi lm, leading to the dramatic 
enhancement of its antibacterial property. The universal appli-
cability of the present synthetic strategy is obviously evidenced 
by the fabrication of rG-O-layered MnO 2  freestanding hybrid 
fi lm  via  the same fi ltration process of the colloidal mixtures of 
rG-O and layered MnO 2  nanosheets (see the Figure S6 in Sup-
porting Information).  

  4   .  Experimental Section 
  Sample Preparation : The homogeneously mixed suspensions of rG-O 

and layered titanate nanosheets were synthesized by adding the rG-O 
suspension into the layered titanate suspension, which was followed by 
a dialysis with 0.5 wt% aqueous ammonia solution. The freestanding 
hybrid fi lms of rG-O-layered titanate were fabricated by the fl ow-directed 
fi ltration of the resulting mixed colloidal suspension through an Anodisc 
membrane fi lter. 

  Antibacterial Activity Tests :  E. coli  O157:H7 (43894) was obtained from 
ATCC (Gaithersburg, MD, USA). The antibacterial activity was investigated 
by the drop test method with some modifi cation. [  9  ]  1  μ L of PBS containing 
 E. coli  cells (≈2.95 × 10 7  cells·mL −1 ) was dropped on a fi lm. Four drops 
were separately located at different sites of each fi lm. After the exposure 
of the fi lm for 0, 5, and 15 min in dark at room temperature, the surface 
of the fi lm was washed with PBS. The number of live  E. coli  cells in PBS 
was estimated by counting colonies on LB agar plates through a serial 
10-fold dilution and incubating cells at 37 °C for 24 h.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

the  E. coli  cells exposed on the  TG1  hybrid freestanding fi lm 
demonstrates the irreversible destruction (denoted as A) by 
the edges of nanosheets, which is sharply contrasted to no 
damage of the  E. coli  cell on the fi lter paper (Figure  4 c). This 
fi nding strongly suggests a signifi cant contribution of mem-
brane stress mechanism. Also the enhanced adhesion of bac-
teria on the rough surface of freestanding hybrid fi lms makes 
additional contribution to the excellent antibacterial activity 
of the freestanding hybrid fi lms. For the other  E. coli  cell on 
the freestanding hybrid fi lms (denoted as B), the formation of 
hollow surface defect is discernible, suggesting the additional 
contribution of oxidative stress. [  11a  ]  

 As summarized in  Table   2 , the contributions of the two kinds 
of oxidative stress mechanisms, that is, the ROS-dependent 
and the ROS-independent oxidative stress, are probed with the 
tests of the generation of ROS and the oxidation of glutathione 
(GSH). All of the present fi lms including  TG1 ,  TG2 , and  TG3  
do not show experimental evidence for the signifi cant genera-
tion of ROS, highlighting the negligible contribution of the 
ROS mechanism to the observed high antibacterial activity of 
the present freestanding hybrid fi lms. Conversely, the oxida-
tion of GSH occurs for all the present freestanding fi lms, sug-
gesting the signifi cant contribution of ROS-independent oxi-
dative stress to the activity of all the present fi lms. However, 
the oxidation of GSH is weaker for the hybrid fi lms than for 
the pure rG-O fi lm, which is contrasted with the higher anti-
bacterial activity of the formers than the latter. This fi nding 
clearly demonstrates that ROS-independent oxidative stress is 
not mainly responsible for the enhancement of the antibacte-
rial activity of the rG-O fi lm upon the incorporation of layered 
titanate nanosheets. 

 Taking into account the photocatalytic activity of titanate 
nanosheet, it is highly probable that the photoinduced anti-
bacterial activity of titanate component would make additional 
contribution to the observed excellent antibacterial functionality 
of the present hybrid fi lms. To experimentally confi rm this pos-
sibility, an additional test of antibacterial property is carried out 
for all the present hybrid fi lms with the illumination of UV 
and visible light. However, the very high antibacterial activity 
of these fi lms makes impossible this test. That is, all the  E. coli  
cells are killed during the drying process of the fi lms for the 
photo-induced antibacterial activity test.   

 Table 2.   Generation test of ROS and oxidation test of GSH for the rG-O−layered titanate freestanding hybrid fi lms of  TG1 ,  TG2 , and  TG3 , the pure 
layered titanate freestanding fi lm, and the pure rG-O freestanding fi lm. 

   Generation test of ROS   Oxidation test of GSH   

Sample  Abs. at 470 nm  Formation of XTT-formazan by ROS  Abs. at 412 nm  Loss of GSH%  a)   

Titanate fi lm  0.008  Negligible  0.561  12.5  

Hybrid fi lm  TG1   0.008  Negligible  0.536  16.4  

Hybrid fi lm  TG2   0.008  Negligible  0.501  21.8  

Hybrid fi lm  TG3   0.007  Negligible  0.501  21.8  

rG-O fi lm  0.006  Negligible  0.464  27.6  

Negative control b)   −  −  0.641  −  

Positive control c)   −  −  0.130  79.7  

    a)   Loss of GSH% = (absorbance of negative control – absorbance of sample)/absorbance of negative control × 100;   b)  GSH solution without fi lm was used as a negative 
control;   c)  GSH (0.4 m m ) oxidization by H 2 O 2  (1 m m ) was used as a positive control.   
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