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Electrical properties of in vitro biomineralized recombinant silicatein
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We report the fabrication of silica dielectrics obtained by in vitro biomineralization of recombinant
silicatein. We exploit pressure-driven microfluidics to deposit silicatein which catalyses the
deposition of silica features with thickness in the range 2–6 lm. We follow the biomineralization
process with staining and confocal fluorescence for an incubation time up to 5 days and
correspondingly characterize the leakage current through the resulting biomineralized silica layer
by embedding it into a metal-insulator-metal device. We further characterize the morphology
of the biosilica surface through atomic force and scanning electron microscopy and demonstrate
the electrical insulation within planar electrodes patterned over such surface with leakage
C 2012 American Institute of Physics.
currents in the pA range for applied bias up to tens of V. V
[http://dx.doi.org/10.1063/1.4766186]
Many efforts are spent today towards the low-cost realization of organic devices for microelectronics.1–6 Thin films
of thermally evaporated low-molar-mass molecules or spincast conjugated polymers7 are employed as semiconducting
layers in field-effect transistors (FETs), reaching carrier mobility comparable to those of hydrogenated amorphous silicon ( 1 cm2/Vs).4,6,8 Silicon dioxide still remains the most
used dielectric material, though industrial processes for
obtaining silica layers generally use toxic chemicals, and
very high temperatures9 in extreme ranges of pHs and pressures, such as in chemical vapour deposition.10 For these
and other1,3,4,7 reasons, spin-cast films of electrically inert
polymers such as poly(vinyl alcohol),4,11 poly(vinyl
phenol),2,12,13 and poly(methyl methacrylate) (PMMA)1,14
are employed as gate insulators, though adding further organic synthesis steps to the process. Other approaches are
based on flexible ion gel dielectrics,15 sol-gel methods,16 or
self-assembled SiO2 nanoparticles.17 Biomaterials such as
DNA-hexadecyltrimethylammmonium chloride,18 nucleobases,19 silk,20 and albumen21 have also been introduced as
potential candidates for the upcoming low cost organic electronics since presenting the outstanding advantages of
bioresorbability, biodegradability, and biocompatibility.
Silica-based dielectric materials realized under mild, possibly physiological conditions22,23 via a low cost, high
throughput and fully controlled technology would add value
to the low-temperature processing and deposition methods of
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organic semiconductors, which make these materials so
attractive for a variety of applications. Microfluidics24 is a
well established approach that fully meets such requirements, it is easily predictable based on the analogous behaviour of hydraulic and electric circuits,25 it enables the control
of single species with size down to 50 nm26 and it has been
employed for the selective deposition of proteins.27 Here, we
introduce an approach toward the fabrication of continuous
silica layers obtained by biomineralization of a recombinant
silicatein deposited via microfluidics. We investigate the progress of the biomineralization process over the incubation
time and we correspondingly characterize the quality of the
resulting layers as electrically insulating media. We demonstrate electrical insulation with leakage currents down to the
pA range under a bias of tens of V both across and on the
surface of the biosilica layers thus being usable as dielectric
layers for organic electronics.
The chance of combining oxide materials with the
advantages of a soft technology for patterning silica layers is
inspired by the nature. In fact, as opposed to conventional
anthropogenic and industrial manufacturing, the biological
synthesis of silica by several single- and multicellular organisms generally occurs at ambient temperature and pressure
and at near-neutral pH through a process known as biomineralization.28 In particular, sponges (phylum Porifera) produce
complex silica skeletal architectures such as the spicules that
provide structural support and protection to the animals and
are highly diverse from species to species.29 For instance,
the marine demosponge, Suberites domuncula (Fig. 1(a)),
exhibits spicules whose main fraction presents monaxonial
tylostyles of hundreds of micrometers (Fig. 1(b)) terminating
with a sharp tip and a knob with diameter of about 10 lm
(inset in Fig. 1(b)). In this and other species,30 the synthesis
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FIG. 1. The demosponge Suberites domuncula (a) and its spicules imaged
by SEM (b). Inset of (b): knob at one of each spicule termini. (c)–(g) Electronics on biosilica. Schematics of silicatein features patterning via pressuredriven microfluidics (c–d), biosilica growth during incubation in TEOS (e),
and Au electrode patterning (f). Features not in scale.

of biosilica is catalysed by a specific protein, namely the silicatein,31 belonging to the cathepsin proteinase family.30 Not
only does enzymatically generated biosilica show optical
properties similar to those of artificial optical fibers for confining and guiding light,32 but, as here demonstrated, it can
also serve as dielectrics. Silicatein extracted from this and
other natural sources, such as the sponges Petrosia ficiformis
and Tethya aurantia,30–33 is a complex protein, subjected to
post-translational modifications, and has a high enzymatic
activity. However, important requirements for the exploitation of biosilica coatings as dielectrics are large area patterning ability, high throughput, and mass production. These
aspects suggest the use of recombinant proteins which show
a good enzymatic activity,22,23,30,34 thus overcoming issues
related to laborious and low-throughput isolation from
natural sources, and the sacrifice of living organisms.
The patterning of biogenic silica features is schematized
in Figs. 1(c)–1(f). Recombinant silicatein is deposited on a
Si substrate by external pumping into the hollow microchannels of a system composed of an elastomeric mold, replicating a photolithographically realized master and placed in
conformal contact with the substrate (Fig. 1(c)). Masters for
defining the microfluidic devices and for protein patterning
are realized by photoresist deposition (SU8), UV-exposure
(2000 at 350 W), and development. Typical master features
are 1000 lm in width and 2–6 lm in thickness (as measured
by a Dektak stylus profilometer) controlled by employing
photoresists of different viscosities and with different spincoating rates. An elastomeric replica of the master is
obtained by in situ polymerization (75  C, 200 ) of poly(dimethylsiloxane) (PDMS, A:B 1:4). Such replica is then placed
onto the surface of n-type Si wafers.
The hydrophobic nature and poor wettability of pristine
PDMS are well documented its water contact angle being
around 120 (Ref. 35) while bare silicon presents a partial
hydrophilic character and a contact angle around 35 .36 The
spontaneous filling of such microchannels with mixed hydro-
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philic and hydrophobic walls has been previously investigated37 resulting in only a partial filling of the channel. The
most used approach to overcome this issue relies in the
plasma and chemical treatment of the involved surfaces to
improve their wettability;35,38 however, this often results in
microchannel sealing. On the other hand, pressure driven
microfluidics offers a full control over the capillary filling.
We use a programmable peristaltic syringe pump (Harvard
Apparatus) connected to the microfluidic chip via a series of
plastic tubing and shut off valves for inlet and outlet fluidic
access and flow stopping, and find an optimal injection flow
rate in the range of 50–100 ll/h. Exploring various flow
rates, we establish the above range as the best compromise
between faithful pattern transfer to silicatein (width is fully
transferred while thickness is reproduced up to its 90%) and
process yield (a series of parallel microchannels are simultaneously filled in a few seconds). A quantity of 2 ll of silicatein solution (0.85 mg/ml, full details about the preparation
of recombinant silicatein are reported elsewhere34) is enough
to completely fill the whole chip.
After 2 h being the evaporation of the solvent complete,
the elastomeric replica is peeled off and the Si substrate with
silicatein features is incubated in tetraethyl orthosilicate
(TEOS) solution for 24–120 h for silica biomineralization
(Fig. 1(d)). The biomineralization process is followed with
staining and confocal fluorescence as reported elsewhere.22
Briefly, biosilica patterned substrates are incubated in a
R123 solution at a concentration of 1 lg/ml in phosphate
buffer solution (PBS) for 24 h, and washed three times with
PBS. The investigation is carried out by confocal laser scanning microscopy equipped with an Ar laser source using
488 nm as excitation wavelength. The detected fluorescence
intensity increases monotonously with the TEOS incubation
time (Figs. 2(a)–2(c)). The polycondensation of the precursor, catalytically directed by silicatein and resulting in precipitating silica, induces important changes in the physical
properties of the final film with respect to the pristine protein
layer. In order to investigate the resulting electrical properties, conductivity measurements are carried out on both
native silicatein and biomineralized features after incubation
in TEOS for different time intervals (up to 120 h). Au electrodes are deposited on the biomineralized surface by physical vapour deposition through shadow masks (copper grids
with 25 lm-wide bars and square holes with side of 75 lm,
Fig. 1(f)), and a further electrical contact is realized on the
highly doped silicon substrate. The electrical characterization is carried out by manual miniature probeheads, a
semiconductor parameter analyzer (4200 SCS, Keithley
Instruments), and a stereomicroscope for device visual
inspection and careful probe positioning. Each micrometric
probehead is connected to a W probe tip to carefully contact
the device terminals. Si is contacted by a probe tip on a Cu
plate, on its turn placed under the substrate. The different
electrical response of Au, Si and Cu and eventual local faulty
contacts between Si and Cu surfaces may result in the registration of non-zero currents under zero applied bias. These
current values are generally comparable with instrumental
sensitivity. Silicatein structures carry current densities (J) up
to the order of A cm2, whereas the biosilica ones formed
after 120 h of incubation are characterized by J values below
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FIG. 2. Growth and characterization of the biosilica layer. (a)–(c) Confocal
fluorescence micrographs of silica films labeled by Rh123, after a TEOS
incubation time of 0 (a), 48 h (b), and 72 h (c). Excitation provided by an Ar
laser (488 nm). Scale bar: 100 lm. (d) Currents through the biomineralized
layer vs. incubation time, as measured in a metal-insulator-semiconductor
configuration under an applied bias of 0 (circles), 10 (squares), 20 (upward
triangles), 30 (downward triangles), and 40 V (rhombus).

105 A cm2 (Fig. 2(d)). The clear enhancement of the insulating properties of biosilica upon increasing the incubation
time is consistent with the formation and progressively proceeding aggregation of silica particles39 as induced by the
silicatein, finally filling nanoscale voids in the dielectric
layer.
The surface of such dielectrics is investigated by scanning electron microscopy (SEM) using an accelerating voltage of 2 kV and an aperture size of 30 lm revealing a
uniform surface (Fig. 3(a)) over areas up to 0.3 mm2. Atomic
force microscopy (AFM) reveals a surface root mean square
roughness value of about 4 nm over several 100 lm2 areas
(Fig. 3(b)).
We explore dielectrics with thickness in the range
2–6 lm. In fact, we find that the thickness (Z) of each biomineralized feature is strongly affected by the one of the silicatein deposited by microfluidics (thickness variation
smaller than 10% as measured by a stylus profilometer), and
thus ultimately related to the height of the used microchannels. Controlling the geometry of the elastomeric elements
by properly realized master patterns, these layers are obtainable with Z values tuneable between 2 and 6 lm after 120 h
of TEOS incubation. On 6 lm-thick layers, the average
measured J values are stable around a few nA cm2 under
applied electric fields below 10 kV cm1, increasing up to
the range of lA cm2 above 500 kV cm1. The current density increases by four orders of magnitude (up to 104 A
cm2 at an applied bias of 30 V) upon decreasing Z from 6 to
2 lm (Fig. 4(a)). For sake of comparison, 2 lm-thick biomineralized layers carry J values higher by about one order of
magnitude with respect to 1 lm-thick spin-cast PMMA under
comparable applied electric fields (Fig. 4(b)).

FIG. 3. Biosilica surface morphology imaged by SEM (a) and AFM (b), after 120 h of TEOS incubation. Scale bars: 20 and 1 lm for (a) and (b),
respectively.

Overall biosilica films can be promising as dielectrics
for organic electronics. In fact, the electrical insulation
between two electrical contacts deposited on the surface of
each biosilica feature (circles in Fig. 4(c), electrodes at a reciprocal distance of 20 lm as shown in Fig. 4(c) inset) is
measured to be as good as the one measured across the biosilica layers (squares) with leakage currents of less than 1 pA
for applied bias up to 30 V.
The full viability of this approach would need thinner
and smooth, ultimately 100 nm-scale, biomineralized layers.
We anticipate that this can be accomplished in future by the
inclusion of small amounts of TEOS (10% in volume) in
the silicatein solution during the surface functionalization
step. Preliminary experiments in this sense demonstrate the
possibility of speeding up the biosilica formation, and to
favour the formation of biosilica layers with reduced thickness (down to about 1 lm). Indeed, the presence of silica precursors in the patterned silicatein film is likely to promote
the fusion and interconnection of small silica particles during
the incubation.39
It is noteworthy to observe that the presented biosilicification approach offers a valid alternative toward the production of natural biogenic silica films under physiological
conditions by mimicking the capabilities of single- and
multicellular organisms to realize species-specific 2D and
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FIG. 4. Leakage currents. (a) Measured current density, across the biosilica
layer as a function of its thickness under an applied voltage, VGS, of 0
(circles), 10 (squares), 20 (upward triangles), and 30 V (downward triangles)
(with VDS ¼ 40 V). (b) Current density through 2 lm-thick biosilica
(squares) and 1 lm-thick PMMA (circles) vs. applied electric field. (c) Leakage current on the surface (circles) and across the thickness (squares) of a
biosilica feature. Inset: micrograph of 75  75 lm2 Au electrodes patterned
on the surface of a biosilica feature at a reciprocal distance of 20 lm. Scale
bar: 50 lm.

3D nano- and microstructures. Other low-temperature
approaches such as sol-gel chemistries,40 may still involve
the exploitation of acidified solutions, alcohols, surfactant
species, and heating (at 100  C) to initiate the gelation step
or during the post-processing phase.16,40
In summary, we fabricate biogenic silica dielectrics by
exploiting microfluidics and biomineralization in silica precursors and correlate the morphological, chemical, and electrical properties of such layers with respect to the incubation
time. We show that biosilica layers exhibit electrically insulating properties both across their thickness and above their
surface, with leakage currents in the pA range for applied
bias up to tens of V. Combining microfluidics and biomineralization offers the chance for in situ selective patterning of
dielectrics, under physiological conditions and in a fully controlled microenvironment for disposable electronics and
sensing.
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