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SICM imaging. Two sets of apparatus were used for experiments, both similar in 
principle to the SICM set-up described previously [1]. 

For imaging of S-layer proteins from Bacillus sphaericus CCM 2177 we have built a 
custom SICM scanning head with a sample holder mounted on the top surface of the 
XY piezo scanner (Tritor 38, Piezosystem Jena Inc., Germany) that was bolted 
directly on to the active anti-vibration table (Halcyonics GmbH, Germany) and 
covered with a Faraday cage and acoustic proof enclosure in order to reduce 
mechanical vibrations. The scanning nanopipette was mounted on high-resonant 
frequency 8 µm piezo (Piezosystem Jena Inc., Germany) which provided vertical 
measurement and modulation at 1 kHz, with 7 nm amplitude, to provide an AC 
control signal that enables more reliable feedback control [2;3].  

Since imaging of sperm cells required optical guidance, another SCIM scanning head 
was developed in collaboration with Ionscope Limited, UK and mounted on a Nikon 
TE2000-U Inverted Microscope (Nikon Co. Japan). The sample holder was attached to 
a 100 µm HERA XY Nanopositioning System (Physik Instrumente (PI) GmbH & Co., 
Germany) used for lateral scanning. Vertical measurement and modulation was 
provided by 12 µm LISA XY Nanopositioning System (Physik Instrumente (PI) 
GmbH & Co., Germany). Both piezo stages were mounted on 25 mm Translation 
stage DC motors (Physik Instrumente (PI) GmbH & Co., Germany) to provide coarse 
lateral and vertical approach.  

Both setups were computer-controlled using SICM control software v. 1.2.00 
(Ionscope Limited) for M44 DSP board equipped with A4D4 ADC/DAC modules 
(Innovative Integration, USA). The time to acquire a 512 x 512 pixel image was 
approximately 10 minutes. A Standard 2D FFT algorithm was applied to determine 
the resolution of the SICM on S-layer protein lattice [4]. Fourier filtering was 
performed by selecting nine pairs of spots in the power spectrum. Image correlation 
averaging was done using SPIP (Image Metrology, Denmark). 

The nanopipettes were made from 1.00 mm outer diameter, 0.5 mm inner diameter 
quartz glass capillaries with inner filament (Sutter Instrument, USA) using a laser-
based Brown–Flaming puller (model P-2000, Sutter Instrument, San Rafael, USA). 
The nanopipettes, backfilled with PBS, and lowered in PBS produced a resistance of 
approximately 1.2 GΩ. The maximum ion current measured using an Axopatch 200B 
(Axon Instruments, USA), was about 130 pA both for the S-layer protein and for the 
sperm imaging. The set-point for imaging was 1 % of the maximum of modulated ion 
current. The S-layer proteins were imaged using PBS buffer. The sperm were imaged 
with PBS buffer in the nanopipette under TALP medium [5]. 

 S-layer protein. The sample of Bacillus sphaericus CCM 2177 on a mica surface 
(NANOS CSBIO13.1TM) was obtained from Nano S Biotechnologie GmbH, Austria, 
and imaged as supplied. 

Sperm cell preparation. Ejaculated boar spermatozoa were collected from boars 
maintained at the Babraham Institute or obtained pre-diluted in a commercial extender 
from JSR Newsham (Thorpe Willoughby, UK). All procedures involving animals 
were performed within UK Home Office approved guidelines. Spermatozoa were 
washed once by centrifugation (20 mins at 900 ‘g’) through 35%:70% Percoll in a 
Ca2+- and HCO3

- - free HEPES / TALP medium [5] and re-suspended to approximately 



107 cells/ml in the same medium. For induction of capacitation and spontaneous 
acrosomal exocytosis, CaCl2 and NaHCO3 were added to final concentrations of 4.5 
mM and 15 mM respectively and spermatozoa incubated at 38.5 0C in an 95%:5% 
air:CO2 atmosphere. Spermatozoa were allowed to settle onto glass cover slips and 
placed in a Petri dish under TALP medium for SICM imaging. 

Sample preparation for SEM. For SEM examinations boar spermatozoa were 
attached to a glass coverslip and fixed with 2.5% glutaraldehyde in 0.1M cacodylate 
buffer. They were then dehydrated in acetone series and critical-point dried from 
liquid CO2. Specimens were sputter-coated with platinum (2.5 nm, controlled by a 
STM-100/MF film thickness monitor, Sycon Instruments, USA) and then observed 
with a field-emission scanning electron microscope (S-4500, Hitachi Technologies, 
Japan). 
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Figure S1. SEM imaging of spermatazoa. (A) Low-resolution SEM image of a boar 
spermatozoon after spontaneous acrosome reaction. (B) Higher resolution image of 
the Equatorial Segment (EqS) region of the sperm marked in (A). The equatorial 
segment and subsegment are regarded as the initial site of fusion with the egg 
membrane. The irregular protrusions that can be seen on the membrane surface in 
SEM images are comparable to those detected in fixed sperms by AFM [6] at similar 
resolution. 



The effect of membrane resistance changes on SICM measurement. 
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Figure S2. An equivalent circuit for considering the effect of ion channel opening 
under the probe tip on feedback current. (A) Schematic diagram of the ion currents 
through a scanning nanopipette over ion channel and the corresponding electrical 
circuit. (B) This circuit can be simplified by placing the resistance Rchannels (the 
resistance of ion channel under the pipette) in series with Rpipette (the resistance of the 
electrolyte in the pipette from electrode to the pipette opening) and R1access (resistance 
of the path from the pipette opening to the ion channel) and in parallel with R2access 

(resistance of the path from the ion channel to the bath electrode).  
 
Our distance feedback mechanism uses a voltage clamp mode and adjusts the 
nanopipette sample-distance to maintain a constant modulated ion current to the 
nanopipette. The scanning protocol operates correctly if the membrane ion channel 
leakage to ground is low compared to current flowing via the access resistance. An 
equivalent electrical circuit for the nanopipette over the sample surface comprises a 
constant pipette resistance in series with an access resistance that depends on 
nanopipette/sample separation. The effect of the opening of large-conductance ion 
channels just beneath the nanopipette tip can be assessed from the equivalent circuit in 
Figure S2. This circuit can be simplified to consider an additional component in the 
electrical circuit – a resistance (Rchannels) that provides an alternative current path, via 
the cell, to ground (Figure S2). The maximum effect of Rchannels can thus be considered 
as a resistance in parallel with the part of access resistance, R2access, which would 
increase the scanning micropipette ion current. This would force the control system to 
readjust the position of the micropipette tip towards the sample to reduce the ion 
current back to the set-point. The following calculation is presented for our experiment 
with pipette of 6 nm inner radius and a cone angle of 2° (this cone angle is based on 
scanning electron micrograph images of the pipette). This combination gives an 



overall pipette resistance of around 1.75 GΩ (calculated as per Sakmann and Neher, 
1995) with Raccess  (R1access + R2access) of 28 MΩ in PBS solution (see Hille, 2001 for 
the calculation of Raccess in a slightly simpler case). We then performed numerical 
integration to calculate the current/distance characteristics in the presence and absence 
of an additional current path introduced by the opening of ion channels of different 
sizes. For simplicity, the direction of ion current through the channel is not considered 
in the model, so channels are represented by pores of 10 nm length and a radius of 0.4, 
0.6, 0.8, 1, 2 and 4 nm. According to our calculations (as per Sakmann and Neher, 
1995) these pores would have resistance 13, 5.9, 3.4, 2.26, 0.59 and 0.17 GΩ 
respectively. Note, that we have included pores of much larger radiuses than those of 
ion channels, which typically have resistances larger than 10 GΩ, in order to assess the 
worst-case scenario. 
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Figure S3. Numerical simulation of the approach characteristics in the presence of ion 
channels of different sizes to assess the effect of the resistance, Rchannels, on the SICM 
set point current. The left-hand panel shows the effect of Rchannels on the normalised 
DC current flow (IDC) into the pipette tip. The right-hand panel shows the effect on the 
modulated current component, IMOD, and the effect this would have on our distance 
estimates. (d is the separation distance between the pipette and the sample in 
nanometres). 
 
The DC current (IDC, Figure S3 left-hand panel) and the AC modulated current 
component, which we use for feedback control, (IMOD, Figure S3 right-hand panel) can 
then be calculated as a function of distance from the cell surface. It is important to 
note that the feedback system maintains our pipette at a working distance of one 
pipette radius above the surface. According to our calculations appearance of the pore 
with 0.8, 1.0, 2.0 or 4.0 nm radius under the pipette will introduce correspondingly a 
0.08, 0.11, 0.3 and 0.84 nm shift, to maintain the ion current at its set-point level. As 
can be seen the shift introduced by 0.8 nm radius pore is close to the vertical 
resolution limit of the microscope. This pore will provide ~300 pS conductance which 
is much larger than the conductance of most ion channels. This means that the opening 



of even large-conductance ion channel will introduce negligible distortion in the 
measured surface topography. However, for the pipette radius in these experiments, 
the opening of pores larger than 1 nm radius would produce a sufficient addition to the 
ion current to be detected and result in a depression in the SICM topographical image. 
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