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C e l l  P a t t e r n i n g  w i t h  a  H e p t a g o n  A c o u s t i c  
T w e e z e r  –  A p p l i c a t i o n  i n  N e u r i t e  G u i d a n c e  

F. Gesellchen,a A. L. Bernassau,b T. Déjardin,a D.R.S. Cummingb and M.O. 
Riehlea  

Accurate control over positioning of cells is a highly desirable feature in tissue engineering 
applications since it allows, for example, population of substrates in a controlled fashion, 
rather than relying on random seeding. Current methods to achieve a differential distribution of 
cells mostly use passive patterning methods to change chemical, mechanical or topographic 
properties of surfaces, making areas differentially permissive to the adhesion of cells. 
However, these methods have no ad hoc control over the actual deposition of cells. Direct 
patterning methods like bioprinting offer good control over cell position, but require 
sophisticated instrumentation and are often cost- and time-intensive. Here, we present a novel 
electronically controlled method of generating dynamic cell patterns by acoustic trapping of 
cells at a user-determined position, with a heptagonal acoustic tweezer device. We demonstrate 
the capability of the device to create complex patterns of cells using the device’s ability to re-
position acoustic traps by using a phase shift in the acoustic wave, and by switching the 
configuration of active piezoelectric transducers. Furthermore, we show that by arranging 
Schwann cells from neonatal rats in a linear pattern we are able to create Bands of Büngner-
like structures on a non-structured surface and demonstrate that these features are able to guide 
neurite outgrowth from neonatal rat dorsal root ganglia. 
 
 

Introduction	  

Spatial control of cell positions is of particular importance in 
the field of tissue engineering. In complex tissues, cells rely on 
a variety of cues from their environment, such as cell-cell 
contacts (homo- or heterotypic), substrate adhesion and 
mechanical forces or extracellular stimuli such as signalling 
molecules (auto- or paracrine)1. These factors are dependent on 
accurate positioning of cells in their microenvironment, which 
remains a major challenge for replication of a functional 
histoarchitecture in tissue engineering.  
A variety of microscale methods for patterning cells on a 
substrate with µm accuracy have been developed in recent 
years. They are based either on the direct patterning of cells, or 
indirect patterning via chemical2, topographic3, or mechanical4, 

5 modification of surfaces to direct differential cell adhesion. 
Direct cell patterning has been demonstrated with inkjet or laser 

assisted cell printing6, 7, as well as electrical force 
(dielectrophoresis8, 9), optical force (laser guided direct writing 
10 and laser guided micropatterning11) and magnetic forces 
using iron oxide-labelled cells12. Indirect patterning by selective 
surface modification is mostly done by microcontact printing 
(µCP) using poly-di-methyl-siloxane (PDMS) stamps 
fabricated from a master made using photolithography13. The 
PDMS stamp is then used to print self -assembling monolayers 
of derivatized alkanethiols, on to a solid substrate, that promote 
matrix protein and thus cell adhesion. Alternatively, 
extracellular matrix proteins can also be printed directly on a 
substrate to permit cell adhesion14. PDMS stamps have also 
been used to create microfluidic devices for cell and protein 
patterning15. Other approaches use dynamic substrates, i.e. 
“switchable surfaces”, whose cell adhesiveness can be modified 
by light16, temperature17 or voltage18. 
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While these methods have been successfully employed to create 
cell patterns and co-cultures of varying complexity, they often 
require specialized equipment, and can be cost- and time 
intensive. Furthermore, many of these methods are inflexible 
and do not offer dynamic ad hoc geometric control over the 
pattern; in the case of PDMS stamps, for example, the pattern is 
limited to that of the lithographic mask used to create the 
stamp. To address some of these shortcomings we have recently 
developed a portable device based on acoustic force for spatial 
manipulation of cells and particles19 (Fig. 1A). The use of 
acoustic force for immobilization of cells is well established, 
employing either bulk or surface acoustic waves in a resonant 
structure that produces a fixed standing wave pattern20-22. Cells 
or dense particles agglomerate at nodes with lowest acoustic 
pressure. The position of these pressure nodes is determined by 
the geometry of the device and the frequency at which 
piezoelectric transducers generating the standing acoustic wave 
are operated. Control over the position of the pressure nodes in 
conventional transducer-reflector devices is therefore limited. 
Our device overcomes this limitation by using a heptagonal 

geometry with transducers that generate travelling waves. The 
interference pattern produced at the intersection of two or more 
forward travelling waves creates a nodal pattern that is capable 
of trapping cells23 (Fig. 1B). Waves are either absorbed at the 
vertex opposing the transducer`, or scattered away from the 
central region of the device. Because the device operation relies 
on the use of travelling waves`, the precise interference 
pattern`, hence the acoustic pressure nodes`, may be 
electronically controlled by adjusting the phase of the excitation 
to each transducer19. The distance between two adjacent 
pressure nodes is given by d=θ/2sin(λ/2), where θ is the angle 
formed between the normals to the planes of the active 
transducers. In a regular heptagonal device with sides numbered 
1-7, when transducers placed on two adjacent odd, or 
equivalently even-numbered, sides and activated at a frequency 
of 4 MHz (λ=375 µm in water), θ=103˚. The separation 
distance between nodes is therefore d = 240 µm. Using the 
phase shifting capabilities of the device, linear acoustic pressure 
nodes can then be moved linearly to any desired position in the 
range d 19.  

Fig. 1 	  Device setup and simple cell patterning. (A) Setup of the heptagon acoustic tweezer on a microscope stage (Olympus BX51). The device is 
connected to a wave generator on three connectors, allowing each of the connected transducers (1, 3 and 5) to be addressed individually. A 4X 
objective is used to observe the experiment. (B) Principle of device operation. Acoustic waves emanating from two activated non-adjacent transducers 
(3 and 5, highlighted in red) interfere at the center of the device, combining to form a standing wave pattern where nodes of minimal acoustic energy 
act as acoustic traps (schematically depicted as vertical red lines). 1-7, piezoelectric transducers, black-inactive, red – active; dashed lines, normals to 
the plane of active transducers; d, distance between two neighbouring acoustic traps determined by the angle θ. (C) Pattern of MitoTracker Red 
labelled C2C12 cells aligned in parallel using a 1-3 transducer configuration (see inset). (D) “Lattice” pattern of C2C12 cells generated by two 
successive patterning steps (see inset). Scale bars – 100 µm.	  
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Our aim in this study was to investigate successive patterning 
of cells and using acoustic tweezers for an application in tissue 
engineering. We have previously shown that acoustic tweezers 
are capable of trapping micron-scale particles, and cells at 
nodes of minimal acoustic pressure23. Here, we demonstrate 
complex multistep cell patterning using phase shifting and 
varying transducer configurations to arrange cells in six 
different successive patterns. Furthermore, we show the 
usefulness of a pattern generated by the device for tissue 
engineering. In response to peripheral nerve injury, a natural 
aligned structure termed “Bands of Büngner” develops during 
peripheral nerve repair24. These Bands of Büngner consist of 
aligned Schwann cells and are the natural substrate that 
regenerating neurons follow and use to reconnect to their  
peripheral targets. A variety of methods have been developed to 
create aligned structures that guide Schwann cells in vitro and 
in vivo with the aim to create an environment conducive to 
optimal nerve regeneration. Apart from mechanically aligning 
Schwann cells by directional tension within a collagen gel25 
most techniques rely on indirect patterning of cells by proxy of 

their interaction with a patterned substrate. Substrate features 
that align neuronal regeneration can be linear chemical 
micropatterns26, 27, microtopographies28, and static electrical 
fields29. So far direct cell patterning, e.g with cell printing, 
optical trapping or magnetic guidance, has not been used to 
create replicates of Bands of Büngner to the best of our 
knowledge. Therefore we decided to explore the capability of 
the heptagon acoustic tweezer device for direct patterning of 
Schwann cells, obviating the need for prior treatment of the 
substrate. We show that ultrasonically patterned Schwann cells 
form linear arrangements resembling Bands of Büngner that 
serve to guide neurite outgrowth from rat dorsal root ganglia 
(DRG), in an in vitro model for peripheral nerve regeneration. 

Experimental	  

Sample preparation including cell culture and fluorescent 
labelling, magnetic labelling and separation of Schwann cells, 
and image analysis of neurite outgrowth are described in the 
Supplemental Information.  

Fig. 2 Complex cell patterning by phase shift and transducer switching. (A) Cartoon depicting the generation of a complex striped pattern by applying 
successive phase shifts of an acoustic wave at one transducer. Differently colored lines (red, green and blue) represent successive patterning events. 
Active transducers are highlighted, with the colour indicating the phase φ of the acoustic wave emanating from the transducer: red - 0˚, blue - 120˚, 
green - 240˚. (B) Schematic representation of phase shifts and transducer switches used to pattern cells in a “tartan”-like pattern. Active transducers are 
highlighted in red, coloured arrows indicate successive phase shifts (green 120˚, blue 240˚), red arrow indicates a transducer switch. Shown are 
schematic representations of the pattern obtained before the transducer switch and the final pattern. (C) Composite of fluorescent micrographs taken 
after patterning fluorescently labelled C2C12 cells as depicted in (A). (D) Composite of fluorescent micrographs taken after patterning fluorescently 
labelled C2C12 cells as depicted in (B). Cells in (C) and (D) stained with MitoTracker Red, MitoTracker Green and Hoechst 33342, Scale bar 100 µm. 
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 Acoustic tweezer operation. The design and construction of 
the heptagon acoustic tweezer is described in detail elsewhere19. 
The transducers were driven by a 4 MHz sine wave 
(corresponding to a wavelength of 375 µm in water) at an 
amplitude of 8 Vpp, generated from an arbitrary waveform 
generator (TGA12104, Thurlby Thandar Instruments Ltd, UK). 
The waveform generator enabled synchronisation between 
channels and independent control of frequency, phase and 
amplitude to each transducer. Signals were amplified and 
electronically matched using high-speed buffers (BUF634T, 
Texas Instruments UK). 
Prior to the patterning experiments, a layer of 1.5% agar in 
phosphate buffered saline (PBS) was deposited inside the 
heptagon cell, filling the cavity up to approximately halfway 
(~1.2 mL) in order to reduce acoustic streaming that can occur 
in liquid medium30.  
Cell patterning. A 13 mm glass cover slip coated with Poly-L-
lysine (Sigma-Aldrich) or laminin (AMS Biotechnology, UK), 
to facilitate cell adhesion, was placed at the centre of the cavity 
and covered with 0.5 mL of DMEM. The differently labelled 
cells were introduced to the cavity in successive stages, with 
different patterns of acoustic excitation for each. 50-100 µl of 
cells (25 − 50,000 cells) were carefully added to the centre of 
the device and left to adhere under the influence of the acoustic 
field for 30-60 min before altering the acoustic excitation for 
the next round of cell patterning. After patterning was complete 
and cells had adhered sufficiently strong, the coverslips were 
transferred to a tissue culture plate for further incubation if 
required. 

Patterning of Schwann cells for DRG neurite outgrowth. 
Schwann cells at P0 or P1 were detached from tissue culture 
flasks with Trypsin/EDTA and resuspended at a concentration 
of 5x105 cells/mL in DMEM/F12. 5x104 cells were patterned in 
the heptagon acoustic tweezer using two active transducers for 
30 min to generate a linear pattern as described in the main text. 
After letting the patterned cells adhere for at least another hour, 
the 13 mm coverslip was carefully removed with forceps from 
the device, transferred to a 24 well plate and 500 µl of culture 
medium added, taking care to prevent dislodging of cells. 
Patterned Schwann cells and randomly seeded controls were 
incubated for 24 h at 37C (5% CO2, 100% humidity) before 
initiating co-culture with DRGs. 
Co-culture of DRG and Schwann cells. Thoracic DRGs were 
isolated from 2-day-old neonatal Sprague-Dawley rats. Rats 
were euthanized by a Euthatal® injection and then dissected in 
accordance with Home Office regulation. After removal of 
muscle and bones dorsally around the spinal cord, the DRGs 
were extracted with surgical tweezers and processed to remove 
remaining nerve tissue. 
The freshly isolated rat neonatal DRGs were placed onto the 
patterned area at the center of the coverslip in SCGM 
supplemented with 10ng/mL NGF 2.5S (Life Technologies, 
UK). The media level was reduced to 250µl in order to permit 
attachment of DRGs and incubation continued for 4 days. One 
half of the media was exchanged daily. 
DRGs placed at the center of coverslips with randomly seeded 
Schwann cells and treated identically throughout served as 
controls.  

Fig. 3 Seeding of DRGs on acoustically patterned Schwann cells. Schwann cells patterned in lines have formed columnar structures 18 h after seeding 
(A), while randomly seeded cells have not (D). Explanted neonatal rat DRGs are positioned at the center of the coverslip (D, E) and neurite outgrowth 
from DRGs is assessed after 4 d (C, F). Top panels – patterned Schwann cells, lower panels – randomly seeded Schwann cells. Scale bars 200 µm. 
Inset shows Bands of Büngner-like structures at higher magnification using a phase contrast objective, Scale bar 100 µm.
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Immunofluorescence. Cells were fixed in 4% formaldehyde, 
permeabilized (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2, 
0.476 g HEPES 0.5 ml Triton X-100 in 100 ml PBS) and 
blocked using 1% bovine serum albumin (BSA) in PBS. 
Neurons were immunostained with a βIII-tubulin antibody 
(mouse anti-TU-20, Santa Cruz Biotechnologies, USA), 
followed by biotinylated anti-mouse IgG and Fluorescein-
labeled streptavidin (Vector Laboratories Ltd, UK). All 
antibodies were diluted 1:100 in PBS/1%BSA.  
Microscopy & Image analysis. For microscopic observation 
the device was placed on the stage of an upright 
epifluorescence microscope (Olympus BX51, Olympus UK; 
Fig 1A) equipped with a tri-pass filter cube (U-M61002, 
DAPI/FITC/TexasRed) and a motorized stage (H1P1BX, Prior 
Scientific UK). Micrographs were taken using a 4 or 5X 
objective with a cooled CCD camera (QImaging) and the 
ImagePro Plus 7.0 software package (Media Cybernetics, 
USA). Tiled images of neurite outgrowth from DRGs were 
taken with the StagePro module of the ImagePro Plus software; 
the scan area was manually defined to encompass the entire 
area of interest and images stitched automatically. Image 
analysis for measuring distances and angles was performed 
using the corresponding tools in ImageJ 1.4431. Qualitative and 
quantitative analysis of the directionality of neurite outgrowth 
was performed using the ImageJ plug-in OrientationJ32 (see SI 
Text for more details). A Chi-square test was performed to 
compare the frequency distributions obtained for neurite 
outgrowth on patterned and randomly seeded Schwann cells. 

Results	  

Initial experiments to demonstrate the feasibility of the 
approach were conducted using fluorescently labelled C2C12 
cells (ATCC CRL 1772). Three sets of C2C12 stained with 
different fluorescent dyes (MitoTracker Green, MitoTracker 
Red and Hoechst 33342) were used in order to visualize 
successive patterning events. Once we had demonstrated to our 
satisfaction that acoustic tweezing could be used to manipulate 
multiple batches of cells in successive cycles, we went on to 
demonstrate that manipulated cells could be used to in turn 
align neurite outgrowth in a peripheral nerve injury model. 

Acoustic trapping 

It was first necessary to show that lines of cells could be formed 
using the acoustic tweezer, and that they would adhere and 
begin to culture on a planar surface as determined by the user. 
The surface was a 13 mm PLL-coated glass coverslip inserted 
into the centre of the acoustic tweezer device. The cell 
alignment is illustrated in Fig. 1C where C2C12 that were 
stained with MitoTracker (MT) red were patterned using 
transducer pair 2-4. 
PATTERNING WITH TRANSDUCER SWITCHING 
Complex cell patterns can be generated using the heptagon 
device by operating different sets of transducers in succession. 
C2C12 cells stained with CellTracker (CT) Orange dye were 
initially patterned on a PLL-coated coverslip in parallel lines 

using transducers 2 and 4 as in the previous experiment (Fig. 
1C). After cells had adhered to the substrate for 30 min, the 
active transducers were switched from a 2-4 to a 4-6 
configuration. The pattern of acoustic pressure nodes was 
rotated by 2 × 360˚/7 = 102.9˚ by this action. Fig. 1D shows the 
result of a patterning experiment after addition of a second 
aliquot of CT Orange stained C2C12 cells to the initially 
patterned lines and left for at least a further 30 mins, up to 60 
mins. Consequently, the combination of the two successive 
additions of cells formed a lattice pattern at the centre of the 
device. Measurement of the obtuse angle formed by the 
patterned cells with ImageJ confirmed that the lines intersected 
at 102±4˚ (n=10). We conclude that switching the transducer 
configuration could be used to create lattice patterns at angles 
defined in accordance with the geometry of the heptagon. 
PATTERNING WITH PHASE SHIFT 
Next, we explored the capability of the device to dynamically 
create complex cell patterns using phase shifts to re-position 
acoustic pressure nodes. As before, C2C12 cells stained with 
MT Red were patterned in lines on a PLL-coated coverslip 
using a 2-4 transducer configuration. After a period of 45 mins 
the cells had adhered to the substrate and the phase of the 
acoustic wave emanating from transducer 2 was shifted by 120˚ 
(for a schematic depiction see Fig. 2A). This change in phase 
resulted in a shift of acoustic pressure nodes by 80 µm at the 
centre of the device (60 µm per 90˚ shift, i.e. 80 µm for 120˚ 
shift). Adherent cells were not moved by this shift of the 
position of the pressure nodes of the acoustic pattern. A fresh 
batch of cells, this time labelled with MitoTracker Green dye, 
was added to the device and left to adhere for 45 min, as before. 
Finally, another phase shift of transducer 2, again by 120˚ (for a 
total of 240˚) was performed and C2C12 cells labelled with 
Hoechst 33342 (blue) were added to the device. Fig. 2C shows 
the final result of this patterning experiment. Cells had adhered 
in a pattern of parallel lines with a spacing of ~80 µm between 
neighbouring ones. Detailed evaluation showed the separations 
to be 86±6 µm between red and green, 76±10 µm between 
green and blue, 82±7 µm between blue and red for n ≥ 21, The 
separation between cells of the same colour should ideally be 
240 µm was experimentally found to be 239±8 µm, 237±8 µm 
and 241±7 µm for red, green and blue labelled cells, 
respectively, for n ≥ 15. The error between the experimentally 
obtained values and expectation is attributed to slight deviations 
in the geometry of the device from that of a perfect heptagon. 
Although 90% of cells remained attached where they had 
initially settled, some (~10%) were moved to the new position 
of the pressure node when the phase was shifted, as evident by 
the presence of green (11.4%) and red cells (9.1%) mixed with 
the blue cells, which had been patterned last (Fig. 2C). 
PATTERNING WITH TRANSDUCER SWITCHING AND PHASE SHIFT 
To complete our initial patterning study, we investigated 
whether or not a combination of phase-shifts and transducer 
switching could be employed to create an even more elaborate 
cellular pattern. We started out by creating a striped cell pattern 
using MT Red, MT Green and Hoechst 33342 stained C2C12 
cells and used two successive 120˚ phase shifts (+120º, +240˚) 
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of the acoustic wave at a 2-4 transducer configuration. After 
patterning the three sets of labelled cells in this direction, we 
switched to a 4-6 active transducer setup to pattern cells in a 
second direction (at an ~103˚ angle to the first). This was 
followed again by two successive 120˚ phase shifts of the 
acoustic wave, in order to pattern all three labelled cell types in 
a parallel fashion at the new angle (see Fig. 2B for a schematic). 
In this manner, we were able to dynamically build up the 
complex pattern of cell tissue seen in Fig. 2D - a “tartan-like” 
arrangement of the cells, essentially a superposition of two 
successively derived striped patterns at an angle of 103˚ to one 
another. From these experiments we concluded that a high 
degree of control over cell position and orientation could be 
achieved using this acoustic tweezer. 

Schwann cell patterning for neurite guidance 

After establishing the capability of the acoustic tweezer for cell 
patterning, we aimed to test its usefulness in a model system for 
tissue engineering, specifically in peripheral nerve regeneration. 
To this end we deposited Schwann cells isolated from neonatal 
rat sciatic nerves in a linear pattern on PLL-coated cover slips 
using the heptagon acoustic tweezer device for 30min, in a 1-3 
transducer configuration. After 24h incubation the cells largely 
retained the linear pattern and partially arranged in a columnar 
fashion reminiscent of bands of Büngner (Fig. 3A + inset), 

formed by denervated Schwann cells during peripheral nerve 
regeneration. In contrast, randomly seeded Schwann cells 
displayed no preferential orientation after overnight incubation 
(Fig. 3D). There was no difference in the number of rounded – 
non-proliferating cells between the two groups (e.g. in Fig. 3A, 
D), indicating that acoustic tweezing did not affect cell 
survival. Neonatal rat DRGs placed on patterned and randomly 
seeded Schwann cells (Fig. 3B and E, respectively) both had 
substantial neurite outgrowth after 4 days in culture (Fig. 3C 
and F).  
In order to visualize the direction of outgrowing neurites, cells 
were stained for βIII-tubulin, which revealed an extensive 
network of neurites on patterned as well as non-patterned 
Schwann cells (Fig. 4). Neurites growing on a patterned 
Schwann cell layer exhibited an orientation along a pattern axis, 
while those on randomly seeded Schwann cells projected 
networks in several directions (Fig. 4A and D). We used the 
ImageJ plug-in OrientationJ32 to obtain a qualitative and 
quantitative measure of neurite orientations. OrientationJ 
derives the local orientation and isotropic values (coherency 
and energy) of every pixel in an image and outputs a color-
coded representation of local angles and isotropy of features. 
Fig. 4B and E show the output generated for the images in Fig. 
4A and D respectively. For those neurites outgrowing on 
patterned Schwann cells (Fig. 4B) a clear preference for 

Fig. 4 Analysis of neurite outgrowth on patterned and non-patterned Schwann cells. Representative images of a β3-tubulin stain of neurites 
outgrowing from DRGs on patterned (A) and randomly seeded Schwann cells (D) after 4d and false-color representation of pixel orientations 
computed using the ImageJ plug-in OrientationJ (B, E). Scale bars 1 mm.(C) and (F): Normalized frequencies of pixel orientations obtained with 
OrientationJ for three different patterned (C) and randomly seeded cover slips (F). Pixel orientation in (C) relative to the initial angle of patterned 
Schwann cells. 
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directions around +90 and -90 degrees, which is in good 
accordance with the original Schwann cell pattern (Fig. 3B) is 
evident. The neurites on randomly seeded Schwann cells appear 
to show a set of two preferential orientations as well, which 
could be due to a bias e.g. by the position of the nerve stumps, 
and maybe some neurite associated self-organization of the 
underlying Schwann cell layer (see difference in cell pattern 
between 3E and 3F). However, compared to the axon network 
on patterned Schwann cells, other local angles are just as 
strongly represented, indicating a more random pathfinding of 
the axon network. This becomes even more evident when 
comparing the local angle histograms from three separate 
experiments (Fig. 4C and F). The local angles of neurites 
growing on patterned Schwann cells display a preferred 
direction around the initial angle of the respective Schwann cell 
pattern (defined as zero degrees) compared to the random 
controls (where zero denotes the horizontal axis of the image), 
indicating that patterned Schwann cells provide an efficient 
guidance cue for neurites growing out from the DRGs. A 
second analysis using OrientationJ’s Measure function, which 
determines the dominant orientation (as well as coherency and 
energy) of features within a user defined ROI, allowed us to 
include faintly stained areas, that were excluded from the 
measurement of pixel orientation due to the detection threshold 
being set for the whole image. Using a custom-written macro 
each image was divided into adjoining 250x250 pixel ROIs that 
were individually analyzed, if their integrated density value 
exceeded a user-defined threshold. In this way we were able to 
include even faintly stained neurites in our analysis (Fig. S1). 
The relative frequency distributions of local directions, 
obtained with this analysis are shown in Fig. 5, using 20 degree 
bins centered on zero degrees (Fig. 5A). Despite experimental 
variability, neurites growing on patterned Schwann cells show a 
clustering around the zero degree orientation, with ~60% of the 
analyzed areas oriented within +/- 30 degrees of the initial 

Schwann cell pattern, and angles >50 degrees relative to the 
pattern clearly underrepresented. In contrast the neurite 
outgrowth on randomly seeded Schwann cells shows no 
preferred direction (Fig. 5B). A Chi-square test showed a highly 
significant difference between the two frequency distributions 
(p<<0.001), indicating that the initial patterning of Schwann 
cells by acoustic force had a significant influence on the 
subsequent outgrowth of neurites from explanted DRGs. 

Discussion	  

In the present study we have shown that the acoustic tweezer is 
capable of trapping cells at predetermined positions and, by 
using the ability to switch phase, and operate different sets of 
transducers, we can generate complex cellular patterns. 
Compared to other methods such as laser guided direct writing, 
the new device has the advantage of being small, electronically 
controlled, flexible in the patterning and can be easily 
integrated with standard microscopy equipment. The device can 
handle high cell densities and consequently has a relatively 
good throughput, which is very beneficial for applications in 
tissue engineering. Additionally it allows handling of different 
cell types sequentially; if an initially patterned cell type is left 
to adhere for a sufficient amount of time (usually 30 min) these 
cells stay in position when the position of the acoustic traps is 
shifted. Another cell type can then be seeded at the newly 
positioned pressure nodes, as exemplified by the patterning 
experiments with fluorescently labelled cells. The technique is 
made possible because cells, once adhered to a surface, are 
sufficiently firmly bound that the acoustic forces exerted by the 
tweezing device cannot move them. Therefore, successive 
additions of cells can be manipulated independently from 
previous aliquots of cells. The forces exerted onto individual 
cells by this acoustic tweezer is in the range 2-10 pN, or 
71 kPa30. However, the forces needed to detach individual cells 
are of the order of tens, to several hundreds of nN33-35. Even 
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Fig. 5 Direction of neurite outgrowth on patterned and non-patterned Schwann cells. (A) Histogram of neurite orientations on patterned and randomly 
seeded Schwann cells as determined with OrientationJ’s Measure function. Zero degrees is defined as either the initial angle of Schwann cell 
patterning (Patterned) or the horizontal axis (Random). Bin size is 20 degrees centred on zero, error bars represent standard deviation from n=6 
different patterning events. (B) Wind rose plot of the data in (A) illustrating bias introduced to neurite outgrowth by patterning Schwann cells. Note 
that the dataset for neurites on random seeding have been mirrored in order to prevent overlap.
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individual integrin/fibronectin binding events can reach rupture 
strengths of around 90 pN36, which exceeds the maximal forces 
applied by the acoustic tweezer by a factor of about 10-20. 
While the topologies of the patterns that can be generated with 
the acoustic tweezer are set by the device geometry, it is 
possible to actively control the position of any further cell types 
by adjusting the position of the acoustic pressure nodes by 
phase shifts, or transducer switching with an accuracy of less 
than 10 µm, which is smaller than a tissue cell diameter. It 
should be noted that no treatment of either the cells or the 
surfaces is necessary to achieve a patterned cell layer. The 
number of different cell types that can be patterned in this 
fashion is only limited by space available between the pressure 
nodes. Using a 1-3 transducer configuration, operated at 4 
MHz, results in a spacing of ~240 µm between the nodes, 
taking the size of cells into account (10-30 µm) this limits side-
by-side patterning to 90˚ phase shifts (~60 µm spacing) and 
thus four different cell types. Space permitting, cells can then 
be patterned at an angle to the initial pattern as evidenced by 
the “cell tartan” (Fig. 2D). Available space being the main 
limitation, for C2C12 cells, some cells were inevitably stacked 
on top of previously patterned cells, which prevented them 
from adhering to the substrate. The other possible transducer 
combinations (1-2, 1-3-5) were not considered here because of 
extreme streaming (1-2)30, or because the position of the phase 
shifted node pattern would in parts overlap with the initial 
pattern (1-3-5)19. The “cell tartan” shows clearly the versatility 
of the acoustic tweezer device for complex cell patterning on 
any flat substrate with any adhesive cell type in normal media, 
making this technology compatible with a wide array of cell 
culture techniques. 
After demonstrating the versatility of the acoustic tweezer for 
manipulating cells, we tested its usefulness in a model system 
for tissue engineering, specifically in peripheral nerve 
regeneration. Although peripheral nerves have good 
regenerative properties, the outcome is often less than optimal, 
highlighting the importance of supporting strategies in nerve 
repair37. Schwann cells are instrumental in supporting the repair 
process, first by initiating clearance of axonal and myelin debris 
at the injury site and subsequently supporting regrowth of 
axons sprouting from the proximal stump38. However, 
functional outcomes are often suboptimal, limited by 
misdirection of outgrowing neurites and a slow regeneration 
rate, leading to chronic denervation of Schwann cells distal to 
the injury site39. This in turn causes those Schwann cells to lose 
their growth supporting phenotype, ultimately leading to a 
failure to re-innervate the target organ40. While autologous 
nerve grafts still represent the gold standards in peripheral 
nerve repair, tissue engineering approaches to improve the 
functional outcome have received increasing attention in recent 
years41. Several studies utilized Schwann cells to generate a 
repair-permissive environment in in vitro or animal models of 
nerve repair27, 28, 42-45. While these approaches used 
micropatterned or microstructured surfaces or polymer 
scaffolds our goal was to investigate whether it is possible to 

align Schwann cells for nerve repair without underlying 
guidance cues in a self-organizing, scaffold-free approach. 
A simple, linear pattern of Schwann cells was chosen to assess 
if we can influence the direction of neurite outgrowth from 
explanted DRGs in this manner. Interestingly, once patterned, 
the Schwann cells maintained their linear orientation and 
formed columnar structures similar to Bands of Büngner in 
regenerating peripheral nerves (Fig. 3A), a phenomena that has 
also been observed previously in scaffold based Schwann cell 
alignment42. Outgrowth of neurites on the layer of Schwann 
cells was obvious after 4 days when observed through 
brightfield microscopy, but directional information could not be 
extracted due to the background of cells and high density of 
neurites growing on top of them. We utilized βIII-tubulin 
staining to visualize the neurites and analyzed area scans taken 
with a motorized stage. Due to the high density of neurites a 
tracing of single neurites was not feasible. We therefore used 
the ImageJ plug-in OrientationJ to obtain quantitative data on 
directionality. Analyses on a single pixel level (Fig. 4) using the 
Distribution function of OritentationJ showed that the 
outgrowth of neurites largely followed the orientation of the 
initial Schwann cell pattern. While the analysis of pixel 
orientations provided useful information on the direction of 
neurite outgrowth, it also had some limitations. In order to 
restrict the analysis to actual features (i.e. neurites) and omit 
isotropic areas, the threshold for analysis parameters – 
coherency and energy – had to be chosen accordingly. 
Invariably, in some of the images this caused some of the more 
faintly stained neurites to be omitted from analysis (compare 
Fig.4 A+B and D+E). In addition, the fact that the distribution 
histogram is weighted by the coherency parameter makes it 
difficult to compare the results from different experiments, 
even after normalization. Analysis of 250x250 ROIs (Fig.5 and 
Fig. S1) with OrientationJ’s Measure function confirmed that 
the majority of neurites growing on patterned Schwann cells 
were oriented within +/- 30˚ of the pre-patterned direction. This 
is in good agreement with other studies, which aligned 
Schwann cells using micropatterned laminin44 or a stretched 
collagen matrix46. The fact that in our experimental setup, the 
Schwann cells had no external guidance cues after the initial 
patterning by the acoustic stencil suggests that there was a 
significant degree of self-organization involved. A study by 
Parrinello et al. found that after peripheral nerve injury, 
fibroblast are instrumental in organizing Schwann cells into 
cords, in a cell-sorting process mediated by Sox-247. It appears 
that the acoustic alignment was sufficient to promote a similar 
process just with Schwann cells. The extending neurites 
maintain the alignment of their associated Schwann cells, thus 
stabilizing the patterns48 (Fig 3C & F). Further studies using the 
phase-shift capabilities of our acoustic tweezer device could 
explore if including fibroblasts in the patterning process would 
improve the neurite guiding properties of the patterned cells. 

Conclusions	  
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The engineering of tissues for regenerative medicine sometimes 
requires accurate positioning of cells. Here we demonstrate the 
usability of a novel method manipulating cells, using acoustic 
radiation forces, for the creation of complex, tartan-like patterns 
of cells. This relies on the fact that the forces acting on the cells 
are very low, in the pico-Newton range, and that the pattern in 
which cells are deposited can be switched easily. We test the 
usefulness of such a cellular pattern, on a model of peripheral 
nerve injury. In peripheral nerve injury bands of Schwann cells 
guide axonal regeneration, we create such bands using the 
acoustic tweezer, and show that outgrowth is guided even 
though the acoustic forces are no longer present. 
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