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Bi i Sili N t t Di tBi i Sili N t t Di tBiogenic Silica Nanostructures : DiatomsBiogenic Silica Nanostructures : Diatoms

• Unicellular, eukaryotic, 
photosynthetic algae

• There may be up to• There may be up to 
100,000 different species 
of diatoms

• Diatoms range most• Diatoms range most 
commonly from 1 μm to 
500 μm in diameter

• Cell wall is made of silica• Cell wall is made of silica
and called a frustule

R. Gordon et al., Trends in Biotechnology 27 (2009) 116-127
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N t l Sili Di t NN t l Sili Di t NNatural Silica Diatom NanoporesNatural Silica Diatom Nanopores

• Diatom frustules exhibit a 
hierarchical pore structure
with pore sizes down towith pore sizes down to 
40 nm

• Diatoms can be grown to 
reach 200 µm in diameterreach 200 µm in diameter

• The silica diatom shell 
can be chemically 
modifiedmodified

IMAPS 2011 Device Packaging Conference

000976

D
ow

nloaded from
 http://m

eridian.allenpress.com
/im

aps-conferences/article-pdf/2011/D
PC

/000974/2260323/2011dpc-tp26.pdf by guest on 03 January 2023



Di tDi t Sili S Pl tfSili S Pl tfDiatom Diatom -- Silicon Sensor PlatformSilicon Sensor Platform
Ag/AgCl
electrode

Silicon
micropore

Diatom shell
(nanopore membrane)

PDMS microwells

Silicon 
substrate

glass cover slide

PDMS channel
layer

• Diatom frustules are mechanically stable and can be mounted 
on a larger substrate such as a silicon micropore device

• Mounting can be accomplished using poly L lysine or epoxy

g

• Mounting can be accomplished using poly-L-lysine or epoxy 
resist
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Sili Mi S b t t D iSili Mi S b t t D iSilicon Micropore Substrate DesignSilicon Micropore Substrate Design

Th ll G O id

Design A
Th ll G O id

Design B

5 - 50 μm

30 μm

Thermally Grown Oxide
400 nm thickness

Si

5 - 50 μm

20 μm

Thermally Grown Oxide
800 nm thickness

Si
μ

20 μm100 μm

Si
SU-8 40 μm

100 μm

Si
SU-8

Backside etch using KOH Backside etch using reactive ion etch (ICP-RIE)

KOH etch is highly reproducible SU-8 does not have to cover the 
Tapered backside etch limits 
the spacing of the pores 

Taper res lts in thin SU 8 la er

edge of the back side pore

Dry backside etch shows a 
size dependent etch rateTaper results in thin SU-8 layer 

→  capacitance increase !
size dependent etch rate
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Di t Sili MiDi t Sili MiDiatoms on Silicon MicroporesDiatoms on Silicon Micropores

SEM Image of Diatom on Si chip
Optical micrograph of Diatom 
mounted using Epoxy glue on amounted using Epoxy glue on a 
Si chip on top of a 20 µm pore
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E i t l S tE i t l S tExperimental SetupExperimental Setup

Silica Diatom

Glass slide
PDMSsolvent

Silicon chip

Microscope Objective

• Molecular diffusion assays
were done on a fluorescence 
microscope using a PDMS

• For electrochemical 
experiments the silicon chip 
was mounted in a Teflon holder microscope using a PDMS 

layer to create a well on the 
bottom side of the silicon chip 
and placing the PDMS on a 

was mounted in a Teflon holder
• Electrodes connected to a 

patch clamp amplifier 
measured the changes in 

glass slide.
easu ed t e c a ges

current when particles diffused 
through the nanopore.
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N SN SNanopore SensorsNanopore Sensors
• Nanopore membranes can act as selective filters

A i ll b llAn optically transparent nanopore membrane allows to 
stimulate a cell locally while observing an optical response

• Nanopores can be used as conductimetric sensors
In conductimetric sensors the conductance is influenced by 
particles or biomolecules that reduce the cross-section area p
of a nanopore through which an ionic current is passing. 

• Nanopores can host membranes and biomolecules• Nanopores can host membranes and biomolecules
Solid-state nanopores can host biomembranes, allowing the 
study of an array of membranes or an array of biomolecules
inserted in these membranesinserted in these membranes  
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Nanopore Membranes as Selective Nanopore Membranes as Selective 
FiltersFiltersFiltersFilters
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L li d C ll Sti l tiL li d C ll Sti l tiLocalized Cell StimulationLocalized Cell Stimulation

• Porous polycarbonate 
membrane used as cell culture 
substrate

• Local dose of ethanol triggers
initial fluorescence

• The fluorescence area increases
• Polymer film limits the area

between the upper and the lower 
chamber that is permeable to 

with time due to cell-cell 
communication rather than 
chemical stimulation

K. Takoh et al., Sensors and Actuators B 108 (2005) 683–687

p
chemicals
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Fl A R B l i Eth lFl A R B l i Eth lFluorescence Assay: Rose Bengal in EthanolFluorescence Assay: Rose Bengal in Ethanol

initial 76s 189s 260s 314s
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Fl A 500 P l t B dFl A 500 P l t B dFluorescence Assay: 500nm Polystyrene BeadsFluorescence Assay: 500nm Polystyrene Beads

initial 904s668s
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P ti l R t tiP ti l R t tiParticle Retention Particle Retention 

• 1 µm Polystyrene particles do not migrate through 
the diatom pores and are efficiently retained
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Nanopores as Nanopores as 
Conductimetric SensorsConductimetric Sensors
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C lt C tC lt C tCoulter CounterCoulter Counter
Electric field-driven Coulter counter
• A membrane divides two 

h b i ichambers containing an 
electrolyte solution.

• Particles of appropriate size and 
charge will enter the channel and 
reduce the ion current. 

Coulter counter data
• Consist of a series of current 

pulses.p
• The height of the pulse, Δic, is 

related to particle size and the 
width, Δt, corresponds to the 

R.R. Henriquez et al., Analyst , 129, 478-482, 2004

d , , co espo ds o e
particle transit time. 
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C lt C ti 25 G ld N ti lC lt C ti 25 G ld N ti lCoulter Counting: 25nm Gold NanoparticlesCoulter Counting: 25nm Gold Nanoparticles
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• Deionized water (zeta potential: -70mV), σ ~ 23 µS/cm
• positively charged nanoparticles
• long translocation time = small mobility
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C lt C ti 50 L th G ld N dC lt C ti 50 L th G ld N dCoulter Counting: 50nm Length Gold NanorodsCoulter Counting: 50nm Length Gold Nanorods
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• signal shape depends on how
the elongated rods move
through the nanopore
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C bi d A 25 Z S Q t D tC bi d A 25 Z S Q t D tCombined Assay: 25nm ZnSe Quantum DotsCombined Assay: 25nm ZnSe Quantum Dots

initial 28m 30minitial 28m 30m

33m 35m 43m
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C bi d A 25 Z S Q t D tC bi d A 25 Z S Q t D tCombined Assay: 25nm ZnSe Quantum DotsCombined Assay: 25nm ZnSe Quantum Dots
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• Deionized water, σ ~ 23 µS/cm
• approx. 200 nanopores conducting (~ 7.2 pA/pore)
• ΔI = 2.2 pA expected, ΔI = 2.6 pA measured

C t b ilt t i d lifi G i 1 V/ A• Custom-built transimpedance amplifier, Gain = 1mV/pA
• Measurements performed while sample was illuminated
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Nanopores as Biomembrane HostsNanopores as Biomembrane Hosts
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I Ch l AI Ch l AIon Channel ArrayIon Channel Array

• frequency of binding event 
reveals concentration of analyte

• duration and amplitude reveal

• array platform: engineered pores
with different sensitivity sensing
in parallel, ionic current signal p

identity of analyte
p , g

pattern processed using DSPs
H. Bayley and P. Cremer, Nature 413, 226-230 (2001)
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NN Bil Li id M bBil Li id M bNano Nano -- Bilayer Lipid MembranesBilayer Lipid Membranes

• lipid bilayer membranes show 
higher seal resistance and 
longer lifetime (approx. 4 
days) when formed on 200 nm 
diameter silicon nitridediameter silicon nitride 
nanopore membranes

L. X. Tiefenauer and  A. Studer, Biointerphases 3(2),FA74-FA79, 2008.
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Al i ALD Di tAl i ALD Di tAlumina ALD on DiatomsAlumina ALD on Diatoms

• Atomic Layer Deposition of alumina to modify the surface properties
• alternative to porous alumina membranes with reduced pore length 
• high mechanical stability of diatoms due to their hierarchical pore• high mechanical stability of diatoms due to their hierarchical pore
structure
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N OH Et hiN OH Et hiNaOH EtchingNaOH Etching
Original Diatom

Diatom after 30 min 
etch in 1N NaOH

• NaOH etching allows tailoring of the nanopore size
• long etching results in fragile shells
• shells were suspended on 5 µm diameter Si apertures• shells were suspended on 5 µm diameter Si apertures
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N OH Et hiN OH Et hiNaOH EtchingNaOH Etching

1G
0

Open Diatom (NaOH etch), PBS electrolyte 

1G
0

Lipid Bilayer on Diatom (NaOH etch)
PBS electrolyte 
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• larger pore size allows Gigaseal formation
• higher open pore resistance due to 5 µm diameter Si aperture
• clear change from resistive to capacitive behavior at low frequencies• clear change from resistive to capacitive behavior at low frequencies
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Li id Bil F ti Di tLi id Bil F ti Di tLipid Bilayer Formation on DiatomLipid Bilayer Formation on Diatom
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• lipid bilayers show a step-wise breakdown
• no catastrophic failure as observed for micron-sized apertures
• higher breakdown voltage compared to bilayers on micropores

bil b d t d b l h lt ( )• bilayers can be destroyed by a large enough voltage (zap)
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F t P tiF t P tiFuture PerspectivesFuture Perspectives

• directed self-assembly of 
di t l ilidiatoms on planar silicon 
surfaces

• permanent mounting of

• universal nanopore
sensor platform

• lab-on-a-chipfrustrules
• SU-8 based microfluidics

lab on a chip

• surface modification (high-k)
on the diatom surface to
modulate its (electro-)chemical
potential

• Local chemical 
stimulation of a cell sheet 
through a diatom shell

potential

• ion channel incorporation into 
nano BLMs

• Long-time stable bilayer  
membranes for ion-channelnano BLMs membranes for ion-channel 
sensor arrays 
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Thank You !
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