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The  synergetic  combination  of nanomaterials  with  biomolecules,  which  is  inherent  to natural  systems
is  a challenging  and  thriving  field.  In  Nature,  a wide  variety  of  enzymes  work  together  in multi-step
reactions  into  sophisticated  subcellular  compartments.  Mesoporous  Oxide  Thin  Films  (MOTF)  permit
to  divide  the  space  in  highly  ordered  functional  domains,  providing  a promising  multiscale  scaffold  to
host  enzymes.  However,  the  emergent  properties  of MOTF  in  which  enzymes  are  hierarchically  ordered
and coupled  together  have  not  been  explored  yet.  Here,  we  demonstrate  how the  confined  cavities  of
an organized  multilayer  of  MOTF,  in  resemblance  to  living  cell  compartments,  can  be  used  to  host  two
different  enzymes  to activate  a  cascade  of  enzyme  reactions  that do  not  proceed  under  free  enzyme  con-
ditions.  Transformation  of complex  carbohydrates  such  as  starch  to electricity  is widely  recognized  to
anocomposites
hin films

be  an  important  technological  objective.  The  MOTF  multilayer  was  used  as  a  bionanofactory,  achieving
a  starch-fuelled  biofuel  cell that  yields  the  best  performance  obtained  so  far,  jointly  with reduced  oper-
ating  fuel  requirement.  This  development  demonstrates  that  enzymatic  pathways  can  be  engineered
from  mesoporous  thin  film  architectures,  opening  the way  for evolving  bio-active  surfaces  in packaging,
sensors,  prosthetics,  or bioMEMS  among  other  exciting  applications.
. Introduction

Mesoporous Oxide Thin Films are open both to large-area inte-
ration with matter and the miniaturization of materials and
evices [1,2]. The confined spaces of MOTF can be used to pre-
isely include functional nano-objects, such as enzymes [3–5]
r nanoparticles [6–8]. In living cells multi-enzymatic systems
patially localized within subcellular organelles catalyze crucial
rocesses that involve multiple reaction steps [9,10]. Mimicking
his multi-enzyme architectures, a number of examples have been
eported co-entrapping multiple enzymes within liposomes [11]
r solid particles [12–14] allowing improved efficacy. However,
ost examples rely in soft-matter derived nanosystems in sus-

ension, which have limitations regarding control over dispersion,

r recovery. On the other hand, robust scaffolds able to host a
ulti-enzymatic system are desirable, in order to make an enzyme

ascade work together, with high stability and recoverability. The
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concept of tandem enzymatic reactions has been demonstrated,
and even applied to fuel cells [15]. However, a robust mesopore
system in which different enzymes can be lodged independently
and act sequentially is significant for the further development of
versatile bioactive coatings. Interestingly, a thin film mesoporous
ceramic scaffold is mechanically sound and can be easily integrated
with the usual processing methods in electronics or micro- and
nanofluidic biodevices. The matrix immobilization of a controlled
positional assembly of enzyme machineries permits that interme-
diates generated by one enzyme can be promptly transformed by
the following one, preventing the diffusion of intermediates to the
surroundings. This synergic behaviour, which is essential in living
cells [9], would be an innovative approach for the creation of novel
biofunctional films in a wide range of advanced applications with
inedited performance. A first demonstration of synergism between
mesoporous thin films and enzyme systems reported here is per-
formed developing a hybrid multi-enzymatic nanostructure that
“metabolizes” a complex carbohydrate to extract electricity with
unprecedented efficiency.
An enzymatic fuel cell (EFC) is the offspring of biotechnol-
ogy and fuel cell development towards versatile power supplies.
Conventional enzyme composite anodes give good performance
with simple carbohydrates as glucose as fuel [15–18]. Generally,

dx.doi.org/10.1016/j.mtcomm.2016.04.002
http://www.sciencedirect.com/science/journal/00000000
www.elsevier.com/locate/mtcomm
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lucose fuel is oxidized by glucose oxidase (GOx) and the electrons
re transferred to the electrode utilizing redox-active compounds
s mediators. Nature provides numerous potential power sources
n the form of complex carbohydrates and the challenge is their
fficient conversion into electrical energy. Starch plays essential
oles during the life cycle, as the main storage carbohydrate in
lants [19]. In order to use the energy contained in these com-
lex carbohydrates, living organisms must metabolize, or break
own, the structure of these large macromolecules. Starch is con-
erted into glucose and utilized by all the cells of the organism to
xtract energy. There are, however, very few examples of starch
uelled BFCs [20–22]. The development of high power starch BFCs

ith versatile system design (e.g. membrane-less and mediator-
ess operation without the need of adding mediator, thin film
rchitecture and low cost) is highly desirable.

As proof of concept, this Communication synergistically com-
ines a two layer mesoporous thin film with a bi-enzyme system
glucoamylase and glucose oxidase) for coupling process of starch
egradation and electrical conversion steps that do not proceed
ith free enzymes in similar conventional conditions. Conse-

uently, the high power of the resulting starch biofuel cells exceeds
y far to those previously reported, together with capability to
perate at extremely low fuel concentrations.

This example of a mesoporous films to make enzymatic path-
ays work more effectively has strong immediate implications for

he rational design of novel bioactive nano-coatings to advanced
pplications.

. Results and discussion
A two-layer porous nanoreactor was prepared by placing a glu-
ose electrode based on a hierarchically mesoporous titania thin
lm in a bottom layer. The hierarchical film presents large pores

ig. 1. (A) Transmission electron images illustrating the different mesoporous architectur
sed  to process starch to direct conversion into electricity and (C) single compartment starc
hich hydrolyzes starch to glucose into the top (amylase-functionalized silica) layer that i

re  transferred from the GOx to the electrode. At the cathode, electrons are transferred fr
mmunications 7 (2016) 67–72

that host Glucose Oxidase (GOx) and smaller mesopores embed-
ding silver nanoparticles, as recently reported [23]. On top of the
titania layer, an amylase functionalized mesoporous silica thin film
was placed. The porous TiO2/SiO2 bilayers (substrate-titania-silica)
were deposited by dip-coating from alcohol-water acidic solu-
tions containing the inorganic precursor and polymeric non-ionic
templates. Films were produced and processed under controlled
environmental conditions and thermal treatment, following well-
established protocols (see details in the Experimental Section)
[24,25]. The average pore diameters measured by TEM and ellip-
sometric porosimetry analysis (EPA) was  11 nm for the silica top
layer, and a hierarchical pore size distribution with diameters of 13
and 38 nm for the bottom titania layer. The top layer was 130 mm
thick, 51% porous and the bottom layer was  78 nm thick, 47% porous
according to elllipsometry and EPA (see Figs. 1a and S1 in Sup-
plementary content). The subsequent steps involved depositing
Ag nanoparticles through a TiO2-photocatalysis reaction procedure
previously reported [6,7], which are selectively located, occupying
the small size mesopores into the titania bottom layer [6,24], show-
ing the typical surface plasmon resonance of silver nanoparticles
(see Supplementary content Fig. S2). Finally, layers were loaded
with GOx and amylases by subsequent adsorption from each aque-
ous enzyme solution.

The relatively large GOx macromolecule (5.1 nm Stokes radius)
[26] is excluded from the small pore silica located in the top layer
due to the interpore necks which are smaller than the hydro-
dynamic enzyme diameter, but the large pores interconnected
through much wider necks of the titania bottom layer admit the
large-size enzyme incorporation into this hierarchical titania film
(see Supplementary content Fig. S3) [3,23]. The larger mesopores

evenly distributed along the whole lower film thickness and inter-
connected by large interpore neck sizes [25], also permit the lateral
diffusion of nano-species into the lower layer [27]. The top layer of

e in each layer scaffold used in this study. (B) Schematic illustration of nanoreactor
h EFC. The system allows to an in situ biocatalytic cascade in the anode nanostructure
s then oxidized in the lower (GOx-functionalized Ag/titania) layer and the electrons
om electrode to laccase where dioxygen is reduced to water.
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Fig. 2. Bioelectrode performances. (A) Chronoamperometric response for a bioelec-
trode after addition of 1% weight starch solution, at −0.1 V versus SCE by enzymes
associated with the mesoporous scaffold and their corresponding free amylase
M.G. Bellino et al. / Materials To

he nanostructure excludes the GOx but can act as a host layer for
maller proteins such as amylases [4], (see Supplementary content
ig. S3), which typically hold a Stokes radius of ca. 3.3 nm [28].

The activities of the biofunctionalized nanostructure to starch
egradation were monitored by the well-known starch-iodine
olorimetric method [4,29]. Biofunctionalized nanostructures
mmersed in starch solutions showed a significant capability to
egrade starch. At pH 7 and room temperature (20 ◦C), bilayered
lms degrades per cm2 nearly the same amount of starch that 6 �g
f free amylase (see Supplementary content Fig. S4), in good agree-
ent with the enzyme loading (6.4 �g/cm2), indirectly derived by

pectroscopic measurements of protein supernatant solution after
dsorption (see Supplementary content Fig. S3). On the contrary,
he activity of biofunctionalized nanocomposite films without the

esoporous silica layer was negligible, according to the inability
o incorporate significantly the amylases after GOx immobilization
nd highlights the importance of the mesoporous silica layer in
hese nanostructures.

To demonstrate that the double layer bienzymatic nanoestruc-
ure presents an intrinsic capacity to direct transformation of starch
o electricity (sketched in Fig. 1b), we carried out electrochemical

easurements. Consecutive reactions of starch and glucose were
erformed by glucoamylase (GA) and GOx, respectively. When
tarch was added, it was hydrolyzed by GA, producing glucose,
hich was further oxidized via GOx where the electrons are trans-

erred to electrode.
The importance of mesoporous scaffold in promoting the tan-

em enzymatic process is vividly illustrated in Fig. 2a. These
iofunctional nanoestructures, potentiostated at−0.1 V, exhibited

 strong anodic current response to starch additions (1%) indicat-
ng their ability to achieve a multi-step enzymatic process that turn
omplex carbohydrates to charge transference to the electrode. The
iofunctional nanostructure showed a fast and sensitive response
o starch, reaching up to 90% of the maximum steady-state cur-
ent in 180 s. In contrast, hardly any activity was detected when
upported amylases were replaced with the equivalent activity of
ree enzymes (Fig. 2a). Therefore, a key element of the strategy
ere presented is the closed spatial proximity of the comple-
entary enzymes that is achieved in this multilayer mesoporous

caffold. Similar experiments performed by replacing GOx and both
nzymes for equivalent activity of enzymes in solution showed
o activity, reinforcing the hypothesis that all components of the
ystem (matrix scaffold and bi-enzyme pathway) are necessary
o produce an efficient biochemical catalysis. These result shows
hat this nanostructured film constitutes an efficient scaffold to
nzymatic tandem leading to a speeded-up fuel process that does
ot occur (at similar experimental conditions) in a soluble sys-
em. This interesting behaviour can be attributed to an increase in
he catalytic efficiency by proximity effect where a short distance
ecreases the diffusion time to the nearest complementary enzyme
9]. This result obtained in the nanoengineered bilayer shows a
romising direction to further development of novel bioactive coat-

ng and biodevices.
The stability of the bionanostructure, and hence the repro-

ucibility of electrical system was evaluated by periodically
easuring current density. The electrodes were stored in buffer

olution at room temperature for a given time, and new current
easurements were performed. After a slight initial decrease dur-

ng the first day, current density maintained more than 90% of its
nitial value after storage for 10 days (Fig. 2b). This illustrates the
ood stability of the bioelectrode system.

In order to take advantage of the latent properties described

bove for direct conversion of starch into useful electric power, we
sed the bi-enzymatic electrode described above as an anode asso-
iated with a laccase composite cathode where dioxygen is reduced
o water, in an arrangement similar to our recently reported work
condition. (B) Evolution of current density of bioelectrode at 0 V versus time. The
performances of the bioelectrodes were examined in phosphate buffer (0.2 M,  pH 7,
20 ◦C).

[23]. The biocathode and bioanode were immersed in a one-
compartment cell containing phosphate buffer solutions (pH 7)
containing starch at 20 ◦C (Fig. 1c), allowing to a membrane-less and
mediator-less starch/O2 biofuel cell. As expected, without amylase
functionalization these biofuel cells showed no activity in presence
of starch. The effect of the catalyst layer is presented in Fig. 3a. Typi-
cal cell performance exhibited open circuit voltages of 0.92 V which
is correspondent with the difference between the potentials of the
two redox biocatalysts [30]. The variation of the power density as a
function of current density presents the usual shaped curve relative
to a fuel cell with a maximum of 380 �W cm−2 at 0.62 V when in
contact with 1% weight starch solutions. The present power results
compare favourably with any reported methods for using starch
fuels in EFCs (see Supplementary content Fig. S5). Compared to
similar configurations based on carbon nanotube scaffolds [20], the
performances here presented represent an increase of two  orders
of magnitude in terms of power density. In addition, such power
densities here reported are one order of magnitude higher than
those obtained in compartmented (by using ion selective mem-
branes) and mediated starch EFCs [21], and fourfold higher than the

power density recently obtained for EFCs utilizing multi-enzymatic
mediator-carbonaceous composite thick electrodes [22].

Please note that a solution of 1% starch will turn into ca.
50 mM glucose upon completing the hydrolysis, corresponding to
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Fig. 3. Biofuel cell performances. (A) Dependence of power density on current den-
sity for a biofuel cell in a quiescent pH = 7 phosphate buffered starch solutions under
a ◦

f
c

a
p
b
g
e
e
p
c
o
r
g
t
u
s
a
c
f
c
C
d
s
t
k
a
t
t
m
t

ir  at 20 C after 5 min  of starch addition. (B) Compared power densities of bio-
uel cells in the presence of different concentrations of starch with the glucose
oncentrations corresponding to completed starch saccharification.

 substrate saturating glucose oxidase conditions. Remarkably, the
erformance under starch 1% of EFC here developed is compara-
le to obtained for the same cells operated on 50 mM glucose (see
lucose-fuelled EFC performance in Supporting content Fig. S6),
mphasizing that the nanostructured scaffold here utilized is highly
fficient to favour enzymatic cascade pathways. Fig. 2a shows the
erformance of the EFC in phosphate buffer containing starch con-
entrations (0.1–0.01 wt%) that correspond to a final concentration
f glucose after saccharification of ca.  5–0.5 mM,  a concentration
ange markedly lower than the one corresponding to the saturating
lucose condition. Interestingly, even at low starch concentration
he EFC practically maintains the power output attained on sat-
rated substrate conditions (see Fig. 3a), while the cell presents
ignificantly weaker power values when exposed to the equivalent
mounts of glucose (see Supplementary content Fig. S6). Fig. 3b
ompares the power density of EFCs operating on starch as the
uel with those in which the fuel was replaced by glucose con-
entrations corresponding to completed starch saccharification.
ompared with corresponding glucose fuelled EFCs, starch EFCs
emonstrated higher power densities up to a factor 11 for 0.01%
tarch concentration. We  attribute these results to the pore archi-
ecture that limits the diffusion of the in situ generated glucose,
eeping an elevated glucose concentration within the film, and
cting thus as a concentrator for the subsequent oxidation reac-

ion that takes place in the layer beneath. This demonstrates that
he confined nanospaces and crowded environments typical of a

esoporous system provide a unique and tuneable nanoarchitec-
ure that presents an extraordinary fuel efficiency. Confinement
mmunications 7 (2016) 67–72

and precise functional positioning at the nanoscale are key features
in living cell metabolic efficacy [31].

In order to test the stability of the EFC, the power density depen-
dence on current density was recorded after 10 days storage of EFC
in the buffer solution at room temperature. Fig. 4a shows only a 7%
decrease for the maximum power density, reaching 355 �W cm−2

at 0.58 V. In addition, we  studied the evolution of the EFC voltage
under a constant current discharge of 500 �W cm−2 near where the
maximum power density was  achieved. The cell was tested along
30 h in continuous operation, after which we observed only an 8%
loss in voltage output (see Fig. 4b). Most of the decay is attained in
the first two hours, then voltage levels off, showing stabilization of
the biofuel cells maintaining the current discharge. Although the
voltage decreased slowly to 0.63 V after three hours, these biofuel
cells were able to maintain the current discharge at low fuel con-
centration (see Fig. 4b), emphasizing that fuel harnessing capability
is remarkably efficient. Despite the fact that enzyme functionaliza-
tion may  actually hinder dissolution of the inorganic matrix, it can
be argued that the instability of mesoporous thin films in aque-
ous media represents a liability of these biocatalysts for long-term
applications. Nonetheless, our data clearly show that this starch EFC
exhibits long-term stability for a biofuel cell, maintaining a signif-
icant power output during several days storage and over several
hours operating time.

The performance of the tandem biofuel cells at different temper-
ature and pH values are shown in Fig. 4c and d. The maximum power
density was  achieved at ca. 37 ◦C and pH 7. Remarkably, these BFC
retain high power densities at extreme temperature and pH values
as a consequence of the stabilizing effect of immobilization [4,5].
The ability to retain bioactivity in broad ranges provides advantages
to integrate these biocatalytic films for advanced applications.

3. Summary

In summary, we  introduced MOTF as a robust yet versatile
scaffold to produce tandem enzymatic systems that permit a cas-
cade enzymatic process. The cascade reaction that could not be
catalysed in a free enzyme condition was found to be effec-
tively activated when the enzymes were assembled on the MOTF
scaffold. These experiments provide an excellent example of the
possibilities opened by MOTF-based architectures to achieve multi-
enzymatic nanosystems. The self-sustaining nanofactory-system is
designed by selectively locating enzymes and active nanoparticles
in mesoporous layers, using pore size, surface charge and selective
reactivity as synthetic tools. This permits to build a tandem sys-
tem with well-defined functional domains. A first catalytic reaction
takes place in the top layer, where the starch fuel is abundant. The
intermediate reaction products and the electron transfer process
take place separately in the bottom layer. The present in situ fuel
processing in this nano-engineered anode shows the feasibility of
versatile EFCs fuelled by natural polymers such as starch, with sub-
stantial advantages including high performance and simple system
design, together with higher fuel harnessing capability and it is a
promising step toward practical biofuel cells capable to operate at
extremely low fuel concentrations.

It is worth mentioning that the assembly system is modular and
scalable, and can therefore be extended to numerous enzyme tan-
dem pathways giving rise to a novel generation of biofunctional
coatings and devices in many exciting areas of current research,
which ranges from a variety of applications in biosensors, syn-
thetic biology and responsive materials to industrial biocatalysis,

prosthetics and intelligent packaging. In addition, the production
and processing steps used are compatible with those used in elec-
tronics and microfluidics, permitting to incorporate these BFC in
devices. Finally, we report, indeed, a first step in the integration of
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Fig. 4. Biofuel cell stability. (A) Dependence of power density on current density in 1% starch solution pH = 7 phosphate buffered under air at 20 ◦C, before (blue) and after
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0  days (orange). (B) Long-term performance of voltage on time for continuous disch
nfluence of (C) pH and (D) temperature on the power density of biofuel cells in 1%
eader  is referred to the web  version of this article.)

ifferent aspects of cellular biochemistry such as enzymatic cas-
ades, confinement and crowding on MOTF that could in the short
erm lead the emergence of unique multi-compartment nanosys-
ems that mimic  complex living cell behaviour.

. Materials and methods

Synthesis of mesoporous layers. Prior to deposition, soda-
ime glass slides (76 mm long, 26 mm  wide, 1.1 mm thick) were
horoughly washed with Dextran followed by successive rins-
ng in water, ethanol, and acetone. Hierarchical mesoporous
hin films were synthesized using a reported procedure that
llows to obtain larger pore size using a low-cost polymer as

 second porogen agent (PPG = polypropylene glycol 4000—Alfa
esar GMBH&Co) [25]. Molar ratios in the precursor sols were
iCl4:BuOH:H2O:F127:PPG = 1:40:10:4 × 10−3:6.2 × 10−3. To coat
he glass substrates we used a dip-coating process at a withdrawal
ate of 0.5 mm s−1 and a relative humidity (RH) of 20%. After depo-
ition, the films were placed in 50% RH chambers for 24 h, the films
ere then subjected to a consolidation thermal treatment, which

onsisted of heating for 24 h at 60 ◦C, then 130 ◦C, and finally 2 h
t 200 ◦C. Next, the SiO2 mesoporous layer was  incorporated in
econd stages onto the stabilized titania film [24]. Si(OEt)4 (TEOS)
as used as the inorganic precursor and F127 was  selected as

he template. TEOS was prehydrolyzed by refluxing for 1 h in a
ater/ethanol solution; [H2O]/[Si] = 1; [EtOH]/[TEOS] = 5. To this

rehydrolyzed solution was added surfactant, alcohol, and acidic
ater in order to prepare the precursor solutions, with final compo-

ition TEOS:EtOH:H2O (0.1 M HCl):F127 equal to 1:40:5:0.0075 mol

atios. After deposition by dip-coating at 40–50% relative humidity
RH) and 2 mm s−1 withdrawal rate, as-prepared films were placed
n a 50% RH chamber for 24 h [24,25,34]. The films were then sub-
ected to a consolidation thermal treatment, which consisted of
under 500 �A cm−2 in starch solutions pH = 7 phosphate buffered under air at 20 ◦C.
 solutions. (For interpretation of the references to colour in this figure legend, the

heating at 60 ◦C for 24 h and at 130 ◦C for another 24 h and finally
at 350 ◦C during 2 h in order to remove the templating agents.

4.1. Photodeposition of silver NPs

The films were immersed in a 1 M AgNO3 water-ethanol solution
(1:1 vol. ratio) for at least 10 min  under agitation in the dark. Films
were subsequently placed in a plastic container and covered with
the Ag+ solution and located 2 cm beneath the UV  lamp (Philips
15 W,  lmax = 355 nm)  for 90 min  [6,7]. After deposition the sample
was retired from the bath and thoroughly rinsed with water and
ethanol.

4.2. Enzyme immobilization and activity

Amyloglucosidase (�-amylase) from Aspergillus niger
(60 U mg−1 solid), Glucose oxidase (GOx) from A. niger (181 U mg−1

solid) and Laccase from Trametes versicolor (14 U mg−1 solid)
were purchased from Sigma-Aldrich and used without further
purification. Protein immobilization was achieved by immersing
the so-prepared bilayered mesoporous films in a 1 mg/ml  enzyme
aqueous solution for overnight under agitation at room temper-
ature. The films were then thoroughly rinsed with water and
stored in a clean box at ambient conditions. The concentrations of
enzyme in the solution before and after protein adsorption were
determined by UV–vis spectroscopy at 280 nm [32] and the Lowry
method [33]. The enzymatic activity of immobilized amylase was
determined by the starch–iodine colorimetric method [4,29].

4.3. Instrumentation
The electrochemical characterization and the biofuel cell tests
were performed with a TEQ-03 Potentiostat/Galvanostat. All elec-
trochemical experiments were carried out in a conventional
three-electrode cell except for the biofuel cell experiments. A Pt
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ire and a saturated calomel electrode (SCE) were used as counter
lectrode and reference electrode, respectively. All runs were car-
ied out in triplicate at a constant temperature, using a water bath.
ransmission electron microscopy (TEM) images were obtained
sing a Phillips CM 200 electron microscope. Field emission-
canning electron microscopy (FE-SEM) images were taken with

 Zeiss Leo 982 Gemini electron microscope using the secondary-
lectron mode and an in-lens detector to improve resolution.
ilm thickness, porous volume and pore size distribution values
ere obtained from environmental ellipsometric porosimetry (EEP,

OPRA GES5A).

cknowledgments

We acknowledge valuable discussions with P. Catalano. This
ork was supported by CONICET (PIP 00186) and ANPCyT (PICT

848). S. M.  acknowledges CONICET for a doctoral scholarship.
.G.B. and G. J. A. A. S-I are members of CONICET.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.mtcomm.2016.
4.002.

eferences

[1] C. Sanchez, C. Boissière, D. Grosso, C. Laberty, L. Nicole, Design synthesis, and
properties of inorganic and hybrid thin films having periodically organized
nanoporosity, Chem. Mater. 20 (2008) 682–737.

[2] P. Innocenzi, L. Malfatti, Mesoporous thin films: properties and applications,
Chem. Soc. Rev. 42 (2013) 4198–4216.

[3] M.G. Bellino, I. Tropper, H. Duran, A.E. Regazzoni, G.J.A.A. Soler-Illia,
Polymerase-functionalized hierarchical mesoporous titania thin films:
towards a nanoreactor platform for DNA amplification, Small 6 (2010)
1221–1225.

[4] M.G. Bellino, A.E. Regazzoni, G.J.A.A. Soler-Illia, Amylase-functionalized
mesoporous silica thin films as robust biocatalyst platforms, ACS Appl. Mater.
Interfaces 2 (2010) 360–365.
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