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Cell culture on microfabricated one-dimensional polymeric structures

for bio-actuator and bio-bot applications'

Sandeep V. Anand? M. Yakut Ali, @ and M. Taher A. Saif*?

Here, we present the development, characterization andtifjoation of a novel 1D/2D like polymeric platform for celllture.
The platform consists of a 2D surface anchoring a long (felliméters) narrow filament (1D) with a single cell scale (noic
scale) cross section. We plate C2C12 cells on the platforncharacterize their migration, proliferation, and diffetiation
patterns in contrast to 2D culture. We find that the cells landhe 2D surface, and then migrate to the filament only when th
2D surface has become nearly confluent. Individual andtisdleells randomly approaching the filament always retraetya
towards the 2D surface. Once on the filament, their difféaéioh to myotubes is expedited compared to that on 2D saifiestr
The myotubes generate periodic twitching forces that defibre filament producing more than L displacement at the tip.

Such flagellar motion can be used to develop autonomous mséede bio-bots.

1 Introduction ing as the polymer of choice for developing such bio-hybriu

structures owing to its several unigue properties - its kxae
Bio-hybrid structures developed by combining mammalian

biocompatibility, transparency for a broad range of light s
cells with soft polymeric scaffolds have received much at-

tra, robust mechanical properties, easy conjugation WBME
tention recently2. Such structures, often termed as bio-

matrix proteins, negligible degradation in cell culturedizeat
actuators or bio-machines hold tremendous potential in var

elevated temperatures for extended periods of tithe
ious applications ranging from development of synthetic or

gans to drug screening, drug delivery, micro-surgery, -sens Recent studies have successfully developed and demon-

ing and actuation, autonomous or controlled directed motio strated bio-actuators and bio-machines capable of perforr

(walking/swimming/crawling), transportation of cargafar- ing some of the aforementioned tasks using clusters of mam-

mation processing and other similar in-vivo and in vitro lgpp malian cells in conjunction with soft polymeric scaffoldd

cations that require unconventional techniques and deviee PDMS and hydrogels. A 1-dimensional, microscale, bio-bot

In all of the aforementioned structures, the choice of the L .
capable of swimming in fluids at low Reynolds number was

polymeric scaffold and the associated cell types determm%eveloped using PDMS filamerits Neonatal rat cardiomy-

their mechanical and bio-chemical properties and thus thelocyte clusters cultured on PDMS filaments were used as ac:i.

functionalities. Polydimethylsiloxane (PDMS) is fast eme ators to achieve a propulsion speed of up totf/s with

2 Department of Mechanical Science and Engineering, Unigersf a single filament. Propulsion speeds as high aspﬁﬁs
lllinois at Urbana-Champaign, Urbana, lllinois 61801, USA-mail: ’

saif@illinois.edu; Tel: 217-333-8552

} Electronic Supplementary Information (ESI) available were observed in swimmers with two filaments. Other stud-
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ies have utilized cardiomiocytes beating in clusters amjico  the ability to co-culture with other cell types. However)yoa
gated with PEG hydrogels to achieve walking motion. Chan efew studies have been reported that take advantage of akelet
al. developed a walking bio-bot powered by cardiomycytes ormuscle cells for bio-actuator and bio-bot applicationsel&k
3D printed hydrogels Their design consisted of a 'biolog- tal muscles have been primarily utilized to study the adtve
ical bimorph’ cantilever structure scaffold where cardjem sion in Myotubes in isolation or in clusters on silicon, PDMS
ocytes act as actuators to drive the bio-bot. They were able tand collage#?'*% Other applications include the develop-
achieve walking speeds of up to 28fn/s in fluidic environ-  ment of engineered skeletal muscle tissues in 3D. Engideere
ments. Tanaka et al. developed micropumps by utilizing theskeletal muscle was developed using myotubes and syntheu::
contractions from a sheet of cardiomycytes on PDMS scaftendon$®1’. Other methods to develop skeletal muscle tis-
folds uniquely designed to pump fluitis They were able to  sues include culturing myotubes in pre-fabricated scasfol
make fluid flow measurements usingufin polystyrene beads and suspending between PDMS pills
suspended in the fluid. The fluid oscillating frequency was In this study we report the development of a novel 1D poly-
observed to be 0.7 Hz and a linear displacement of upto 156neric platform and culture technique to form C2C12 derived
um was observed. The fluid flow rate was measured to benyotube filaments. Patterns of cell migration and mitosis g
2 nL/min. They went on to further improve their design by the 1D substrate are reported. Parameters like nucleitarien
wrapping a sheet of cardiomyocytes around spherical PDM$ion, spread area, deformation and cell density on the 1B sub
scaffold!®. Swimming jellyfish like structures have been real- strate are quantified and compared with those on flat PDM¢:
ized by culturing cardiomyocytes on thin elastomers areadng substrates. Techniques for precise control of cell placeme
in freely moving lobes around a central déc on the 1D structure are outlined. Finally, methods for my-
otube formation and eventual bio-actuator realizationdere
There are several limitations to using primary cardiomy-gqined. The novel techniques presented here will be useft|

ocytes for bio-bot applications, namely- cells are re@lfiv i, jmproving the performance and functionalities of exigti

large in size leading to space limitations on structure®isg o swimmers and future biological machines by integra

of force generated is not feasible as the cells do not myltipl i, spunits like neurons and vascular networks for contro’

and proliferate, not very useful for co-culture with othetic 54 uidance of biobots and for other higher order functions
types like neurons, primary cells are not feasible for largt
experiments because they cannot be cryopreserved andaequ  Materials and methods
sacrificing of rats for each experiment. Skeletal muscléscel
. . . . 2.1 Silicon mold and device fabrication
are viable alternatives to cardiomyocytes as functionat-co
ponents of futuristic bio-bot designs. This is due to some ofThe 1D PDMS structures were fabricated using a previously
the intrinsic advantages they present in terms of contrdl andeveloped proced$ by the authors. Briefly, a silicon wafer

guidance, force scalability, robustness and most imptiytan was patterned and etched using standard microfabrication
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techniques as shown in Fig. 1(a-b). Photoresist was spuBioscience, 25ug/mL) was the preferred extracellular ma-
coated on a4 Si wafer and patterned using standard pho-trix for cell attachment on the structures. They were incu-
tolithography techniques. The wafer was then etched usindated in fibronectin for about 3 hours after which they were
a dry etching process in an inductively coupled plasma reagain rinsed in PBS 2-3 times. Following ECM functionaliza-
active ion etching (ICP-DRIE) machine. The etch depth andion, the structures were transferred onto two differepety
thus the depth of the final PDMS structure was determined bypf substrates depending on the experiments to be performed.
the etch time. A thin layer of polytetrafluoroethylene (PJFE For the purpose of high resolution immunoflourescence imag-
was deposited on the wafer after the completion of the egchining the structures were transferred onto a glass bottoni peti
process to lower the adhesion of PDMS to the Si wafer andlish. For the purposes of time lapse imaging and bio-aatuatc
to prevent delamination of the structures during peelirfg of experiments they were transferred to another substratehwhi
from the molds. The device design was such that there weraas custom prepared to minimize cell adhesion. These sub-
4-5 microchannels of width 7-1am and 2-3 mm in length strates were prepared by gluing two square silicon chips of
connected by squares of 3 mm edges on either sides. ThedenmX4mm edge and 500m thickness separated by a dis-
squares are referred to as reservoirs where PDMS (Sylgatdance equal to the length of the 1D structure (filaments) ar *
184, 4:1 base to crosslinker ratio) was poured as shown in Figncubating the entire substrate in Pluronic F127 (1% in PBS
1(c). Liquid PDMS filled the microchannels in about 2 min- Sigma-Aldrich) for 20 mins to ensure negligible cell adbesi
utes due to capillary dra¥ as shown in Fig. 1(d). PDMS in on regions without ECM. The ECM coated PDMS structures
the molds was then cured at%Q for 12 hours. The molds were then mounted on the Si chips. The Si chips acted as
with the cured PDMS structures were submerged in ethan@duspenders which prevented any kind of interaction betwee 1
for about 15 mins to allow PDMS to swell, which facilitated the cells on the filaments and those on the petri-dish. The
the peeling process. The structures were then released mamal configuration of the PDMS structure mounted on Si chips
ally and transferred to polystyrene petri dishes and thgiibu ~ in a petri-dish is shown in Fig. 2(a). Cells of required den-
rinsed in PBS before extracellular matrix functionalinatiA  sity were plated on the structures as shown in Fig. 2(b). Tte
schematic diagram of the finally peeled PDMS structure iscells landing on the PDMS surface adhered, while the other:,
shown in Fig. 1(e). The scanning electron micrographs ofemained rounded and were washed away during subseque::
the final structures are shown in Figs. 1(f-g). media change procedures. The attached cells elongated a0
eventually started to proliferate and move towards the Hb fil

2.2 1D substrate preparation and extracellular matrix ments as shown in Fig. 2(c).

functionalization

The structures were air dried after rinsing at room tempera-

ture for 2-3 hours in a sterile environment. Fibronectin (BD

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |3
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2.3 Cell culture and imaging (TRITC) conjugated phalloidin (Sigma-Aldrich, MO) at 50

ug/mL concentration for 1h at room temperature followed by
C2C12 myoblast cells (ATCC, Manassas, VA) were cultured

) ) . a PBS rinse. Finally, nuclei were stained using DAPI (1:000
in growth media (GM) composed of DMEM (Life Technolo-

) for 20 min at room temperature. The samples were incubated
gies, Grand Island, NY, Cat. No. 41965-039) supplemented

) ) in PBS overnight and imaged using a Zeiss LSM 700 confocal
with 10% fetal bovine serum (ATCC, Manassas, VA, Cat. No.

_— . scanning laser microscope.
30-2020) and 1% Penicillin-Streptomycin (ATCC, Manassas,

VA, Cat. No. 30-2300). The C2C12 myotubes in GM were ) )
3 Results and discussion
seeded on the ECM functionalized structures at a cell den-

sity of about 200,000 cells/chand incubated at 37C and 3.1 Unique cellular migration and mitosis

5% CQ, for 1 hour before any experiments were performed._ _ )
Time lapse imaging of the C2C12 myoblasts for extended pe-

The process of differentiation to myotube was initiatedé&y r . . . .
riods of time revealed their migration patterns and cetloia

placing GM with fusion media (FM) comprising of 2% horse = ) ,
tosis on 1D substrates. Figs. 3(a-j) show a set of phase cor.

serum (ATCC, Manassas, VA, Cat. No. 30-2040) in place , ,
trast images obtained over 40h after the cells were plated. T

of the fetal bovine serum in GM. One hour after plating the = i , i
entire time lapse may be viewed in supplementary video S2

cells on the suspended structures, time lapse imaging sepha .
Note that the geometry of the 1D substrate contains irregu-

contrast mode was carried out using an Olympus IX81 micro- .. .
g ymp larities in the form of notches and groves. The plated cells

scope with an incubation chamber. The filaments were ob-
P preferentially landed on the reservoir pads with large ilat s

served at 10X magnification in an environmental chamber un- i )
face areainstead of the filaments. Almost no cell landeden th

der biological conditions. Images were captured autorabyic
g g P By filament due to its narrow width{10 um). Fig. 3(a) shows

at 2 minute intervals for 40 hours. the filament along with the grove 1h after cell plating when
time lapse imaging started. Over time the cells started to mi
2.4 Immunohistochemistry and fluorescence imaging ) )
grate towards the filaments from both the reservoirs. Paat of
The cells were first washed three times with PBS and themell was first spotted 8h 20 min after the beginning of the time
fixed with 4% paraformaldehyde in PBS for 15 min at room lapse as represented by the arrow in Fig. 3(b). The singdle cel
temperature. Next, they were permeabilized with 0.3% Trito without the influence of any other cells in its vicinity, mave
X100 for 3 min and blocked in 5% Bovine Serum Albumin towards the groves from right to left of the image (Fig. 3(c))
(BSA) for 10 min at room temperature. The cells were thenThe cell constantly sensed its microenvironment by extendi
immunostained with monoclonal sarcomeric myosin antibodyits filopodia. The moment the cell sensed the presence of ti.c
MF-20 (Developmental Studies Hybridoma Bank, lowa City, groves (Fig. 3(d)) it returned towards the reservoir follagv
IA) for 1h at room temperature and rinsed 3 times withthe same path that it had taken to reach the grove (Fig. 3(e)),

PBS. F-actin staining was done using tetramethylrhodaminand completely disappeared from the field of view (Fig. 3(f))

4|  Journal Name, 2010, [vol] 1-19 This journal is © The Royal Society of Chemistry [year]
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as it moved further towards the right of the image towards thelid not stay at rest for too long- instead it reversed itsafiom
reservoir. As time progressed, cells began to divide anlifpro and moved at a much faster rate (almost twice the forwards
erate in and around the reservoirs and the free space deailabselocity) to return towards the reservoir. Fig. 4(b) reprgs
for the cells to migrate and expand starts to shrink. As dtiesu the instantaneous forward and return velocities of singlisc
the cells were forced to move towards the grove due to 'peeunder various circumstances. The 'single’ case indicagdis c
pressure’ (Fig. 3(g)). More and more cells started to apjpear moving in isolation without the influence of other cells. The
the field of view as they were forced to make their way towardsorward and return velocities in this case were 1,06/min
the filaments from either side, bridging the groves (Fig)B8(h and 1.94um/min respectively. Multiple 'case’ indicates a sin-
After about 29h the cells were completely confluent on the fil-gle cell under the influence of multiple cells. The velogtie
ament. During mitosis the cells partially detached thexesel in this case were 2.26m/min and 4.79um/min. Finally
from the 1D substrate, assumed a spherical morphology andew’ indicates the velocities of newly formed cells immedi
appeared to be dangling from the structure as shown in Figately after cell division migrating with a forward and retur
3(h,i). The daughter cells merged with the rest of the celts a velocity of 1.71um/min and 3.6um/min respectively. In all
adhered to the 1D substrate. In the course of the time lapsthe cases it was observed that the return velocity was alme -
many cells divided in the same way and migrated and mergetice the forward velocity indicating biophysical bias t&ngs
with other cells. At the end of the time lapse around the 40hquick change in directions. It may also be noted that thescell
time mark (Fig. 3(j)), several cells could be observed iresph under the influence of other cells tended to move faster in ei:
ical morphologies and the entire structure was confluert wit ther directions when compared to isolated cells. This itgis
at least one layer of cells. The velocities of the cells undethat the cell migration on 1D substrates is dependent on an |
different circumstances are quantified in the next section.  affected by the phenomena of 'crowding’ and 'peer pressure
Actin and nuclei distribution of the cells are charactediaad

3.2 Migration velocities quantified in the next few sections.

Migration velocities of the cells at various different stagpf

3.3 Actin and nuclei distribution
the time lapse observation were calculated using a simple pa
ticle tracking cross-correlation algorithm in MATLAB. Fig The actin and nuclei distribution of the C2C12 myoblasts on
4(a) shows the displacement of the first observable cell (Figthe 1D filaments and plain PDMS are as shown in Figs. 5(a-
3(b-e)) as a function of time. The migration velocity of tledic  i). These images were obtained after fixing and staining the:
on the smooth part of the 1D surface under no influence frormyoblasts for 24h after plating them on the structures. Thc
other cells seemed to be fairly constant (at aboutril/min). cells were still in the growth medium (GM) and hadn't started

The cell suddenly stopped when it encountered the groves irto fuse into myotubes. Figs. 5(a-c) show the actin and nuclei

dicated by the flat region in the curve. Interestingly, thik ce distributions of the cells at a relatively lower magnificati

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |5
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of 10X in order to visualize the intersection between the fila tion are different on the top surface and the edges than on the
ments and the reservoir (left of the images). Dense clugteri sides. The nuclei on the sides and edges seemed to be more
of actin was observed at the intersection. The cells seemedeformed as compared to those on the wider top surface. The
to be uniformly distributed forming a confluent layer ovee th actin density was higher along the edges. The nuclei seemed
filament. The nuclei seemed to be fairly well aligned alongto be flattened due to the actin network passing over them and
the length of the filament (Figs. 5(d-f)). The actin distribu exerting downward forces. It also appeared that the cedls ha
tion seemed to be fairly uniform and dense over the entiresccumulated at the bottom of the filaments too although at a
structure. Furthermore, the nuclei seemed to be elongatéd alower density as compared to the top side.

stretched assuming an ellipsoid morphology. We believg thi

happens due to the geometric confinement of the cells on th&5 Nuclei orientation

surface of the filaments. Similar morphologies of cells were ) , ,
The orientation angle of the nuclei (about 40 cells) of C2C12

observed in the literature when plated on patterned 1D shape i , .
myoblasts on the filaments and flat PDMS is measured using

like lines on soft substrates like PA gét&L Figs. 5(g-i) _ _ _
Imaged. The data is represented in a polar plot (Fig. 7(a-b™

show the actin and nuclei distribution of the cells plated on . . )
On the filament structure most of the nuclei were oriented be-

flat, large area, PDMS substrates. It may be noticed that the o
tween 160- 18(° (around 22 cells) indicating that the cells

nuclei orientation and actin distribution have no specifit- p , i o
aligned themselves along the length of the filaments. This ic

tern of organization. Instead, they seem to be more random ) ) ]
due to the geometric confinement of the cells on the filaments

when compared to the filament case as there is no geometric ) ] ) ]
as discussed in the previous section. The nuclei on flat PDM&

confinement of the cells. ) ) ) ) .
substrates did not show orientation bias towards any dtmect
as can be noted from Fig. 7(b). The orientation angles were

3.4 Three dimensional characterization spread over 6- 18(P. This indicates that given the freedom to
grow, proliferate, migrate and expand on flat PDMS substratc

Three dimensional fluorescence images were recreated from

i without any microscopic geometric constraints, the ceils w
the confocal z-stacks of the cells on the filaments (see sup-

) ) orient themselves randomly.
plementary movies S2-S4). The Z resolution of the stacks
was about 0.7um. Cells completely wrapped around the fil-

. ) ) 3.6 Nuclei deformation and spreading

aments from all four sides as opposed to just attaching on the
sides with the highest surface areas (Figs. 6(a-c)). Ondédwou Nuclei spread area of the C2C12 myoblasts on the filaments
have expected the cells to migrate from the thinner sides tand flat PDMS was calculated using ImageJ. Box plots of nu
the wider sides in order to spread out. But it appears that thelei spread area shown in Fig. 7(d). The circular markers
cells occupied all the surfaces evenly. However, it must bat the center of the shaded boxes represent the mean nuclei

noted that the morphologies of the nuclei and actin distribu spread area. The horizontal lines through the shaded boxes

6| Journal Name, 2010, [vol]1-19 This journal is © The Royal Society of Chemistry [year]
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indicate the median nuclei spread area and the lower and upaents as shown in the phase contrast image in Fig. 8(a). Fur-
per edges represent the'28nd 7% percentile, respectively. thermore, we were able to control the placement and length
The whiskers extending vertically from each box represenpf myotubes on the PDMS structure through spatial pattern-
the standard deviation. The median nuclei spread area of thag of ECM and pluronic F127 (Fig. 8(b)). One side of the
cells on the filament was about 90n? whereas in the case of structure was made to adhere to the petri-dish surfacedhrou
flat PDMS substrate the nuclei spread area was much highetiction, and ECM was carefully placed over the reservoit an
at 130um?. This indicates that the narrow geometry of the 300-400um of the exposed PDMS structure. Once, the ECM
structures tend to compact the cells thus leading to a smallavas conjugated to the exposed surface, the entire strugase
median spread area. On the other hand the cells can spreegleased and incubated in pluronic F127 leading to a very sf.e
freely on flat PDMS substrates as there are no geometric comific region of interest where myotubes could grow (see Fig.
straints. A direct consequence of the compaction effect pro8(b)). The nuclei, actin and myosin organization of the dif-
duced by the filaments was the increased cell density as showiarentiated myotubes are as shown in Fig. 8(c-f). The myosir
in the histograms in Fig. 7(c). There were more than 40 cellorganization in these images was of particular interest as i
per 10000um? area of the structure as compared to about 35howed the formation of thick myotubes around the filamer:
cells per 10000um? on flat PDMS substrates. The higher in a very short span of 6 days. It usually takes longer to fuse
density of nuclei is expected to produce thick myotubes inmyotubes on PDMS substrates (between 10-14 day3Jhe
relatively shorter time frame compared to PDMS substratesteason for the myotube fusion in such short duration may be
The lateral deformation of the nuclei is quantified using a pa due to the alignment and compaction of the C2C12 myoblasts
rameter called the circularity index of the nuclei using Im- achieved through geometric confinement on the filaments. Iti
aged. Circularity index (Cl) was calculated using the retat  reported in the literature that myoblasts cultured on liag p
Cl=4xmx [Area]/[perimeterf. Hence, a CE O indicates  terns on 2D substrates fuse faster than those cultured on flat
an infinitely elongated polygon and a €11 indicates a per- substrate$23 Such functionality is highly desirable in bio-
fect circle. CI of nuclei on the filament was estimated to beactuators and micro-swimmers.

about 0.6 while that of the nuclei on flat PDMS is estimated to

be about 0.8 as shown in Fig. 7(€). 3.8 Bio-actuator characterization

Fully differentiated myotubes are known to twitch and con-
3.7 Myotube formation

tract?*25 We made use of this property of the myotubes to
The C2C12 myoblasts were incubated in fusion media (FM)Xevelop periodically contracting bio-actuators. We awltu
after 24h of cell plating. Fully differentiated myotubesree the myoblasts on suspended filaments and differentiated the
obtained on the filaments after 6 days in the FM (Fig. 8).cells to form myotubes. Once the myotubes were formed af-

Myotubes extended all the way from the reservoir to the fila-ter about six days of culture in fusion media, one end of the

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |7
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filament was manually cut off such that it resembled a can4 Conclusions

tilever beam. Fig. 9 shows such a structure with Myotubes

cultured all along the length of the filament. The filamentA novel 1D polymeric platform and a cell culture methodol-

doesn't look straight anymore because the regions withéigh ogy have been developed, characterized and quantified-for ro

density of Myotubes are deformed due to the higher tractionbUSt bio-actuator and bio-bot development using C2C12 cell

stresses applied by the Myotubes. A contracting myotube Wa-ghe developed techniques are expected to improve the per-

. . _.formance and functionalities of existing micro-swimmensl a
observed close to the base of the cantilever as shown in Fig. 9

9. This Myotube produced enough periodic contractile forcefUture biological machines by allowing the capability toein

. . rate subunits like neurons and vascular networks for obntr
to actuate the entire beam (see supplementary movie S5). V\ge

tracked the displacements of three distinct points sepaiay and guidance and other higher order functions. The unigue ge

few hundred micro meters along the length of the beam usirLé])metry of the 1D filaments enhances cell density and incsease

: . . . : . cellular compaction, thus leading to the formation of matur
simple particle tracking cross-correlation algorithm irAM P 9

LAB. The view graphs on the right show the horizontal andand thick myotubes in shorter time frames with autonomous

: . , . . contraction capability. Cellular migration and mitosigtpen
vertical displacement profiles of the three points labetetthé b y g P

. on the 1D substrate has been characterized by observing mi-
phase contrast image. As can be seen, the peaks of the three y g

. . rating cells on the filaments under various metric condi
curves on both the plots align perfectly (although with vagy 9 g cetls S geome 0

. . L. tions. Precise control of Myotube placement on the filaments
magnitudes) indicating that there is just one source ofeactu y P

tion on the beam. The maximum peak displacement was obhas been demonstrated through spatial pattering of ECM prc-

: . . i Il Il lecules. A le bio-
served to be as high as 1irm for point 3. Such deformations teins and cell repellant molecules. An example bio-actuato

. . ign le of nom ntraction h n deme~,
may be utilized to develop autonomous biobots. Note tha%jesg capable of autonomous contraction has been de

. r . Th vel latforms an hni will
here the bio-actuator contracts purely based on spontaneoat ated e developed platforms and techniques be use,

o . . li lectricall icall I [
twitching of the myotubes. The contraction of the bio-atiiua to realize electrically and optogenetically controlled-bots

o . . _in the near future.
due to spontaneous twitching of myotubes implies that swim- the near future

ming bio-bots similar to those demonstrated befdrat with
much higher control and improved functionalities may be ob-5 Acknowledgements
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Figure captions

Figure 1: One dimensional PDMS structure fabrication methodlogy. Si micro-molds are prepared using photolithography
and dry etching of Si wafers. (a) Photoresist is patterned S8hwafer using standard photolithography techniques. Wéfer

is then etched in an inductively coupled plasma- deep meaan etching (ICP-DRIE) machine to the desired depth. (g T
etched wafer is then coated with polytetrafluoroethyleB=) covering the side walls and the bottom surfaces of treani
channels. PDMS (4:1 base to cross-linker ratio) dropletspaured on the reservoirs of the micro-channels. (c) The 8DM
fills the micro-channels through capillary draw. (d) Solid PDMS structures connected by the reservoirs may be peéfled o
after curing at 60 C for 12 hours. (e) Scanning electron micrograph of the cai2dPDMS structures showing a smooth and
continues topography (f) Zoomed SEM image showing a singléce with a broad region closer to the reservoir transitign

smoothly to a thinner structure.

Figure 2: Final PDMS structure configuration and cell plating. (a) Shows the final configuration of the PDMS structure on
the Si chips in a petri dish just before cell plating. The PDM#®icture is coated with ECM while all the other surfaces arc
coated with pluronic F127. (b) Schematic of rounded cellglbithe 2D surfaces immediately after cell plating. Notet tthe
cells do not land on the 1D regions due to limited surface awadlable to adhere. (c) Elongated cells after severalshofir
plating. Cells divide and proliferate after few hours oftplg. Once, the reservoirs are confluent, the cells starimyaowards

the 1D structure and eventually cover the whole structure.

Figure 3: Time lapse imaging of C2C12 myoblasts over 40 houra) Free standing device coated with fibronectin after onz
hour of cell plating. (b) A single cell starts to appear on tight side of the image as indicated by the arrow. (c) Theisell
now entirely in view and it is moving towards the groves aldimg side of the filament. (d) The fillopodia of the cell extend a
sense the presence of the grove as an irregularity in théotgyae) The cell doesn't proceed forward anymore and nstugf)
The cell completely exits the field of view moving further tands the reservoir from where it came. (g) A cell reappeansal
with several other cells moving in a group as the free spa@nihnear the reservoir region is starting to shrink as atre$ul
proliferating and migrating cells crowding the area. (hgTells temporarily detach from the device to form sphestaictures
just before cell division. (i) The newly formed cells frometldividing spheres are shown by the arrows. (j) At the end ef th
time lapse the entire structure is confluent with cells. Sdw&pherical structures may be observed indicating thatyncalls

are at the stage of division at this point. (k-I) Zoomed in gas of the highlighted regions in (i) and (j) respectivelpwsing a

confluent layer of cells and newly formed cells on the street(Scale bar: 10Qm)

Figure 4: Displacement tracking and velocity data from the tme lapse images(a) Shows the horizontal tracking data of a

10| Journal Name, 2010, [vol], 1-19 This journal is © The Royal Society of Chemistry [year]



Page 11 of 19 Lab on a Chip

single point on a cell moving in isolation without the infleenof any other cells during the initial phase of the timetap®)

Instantaneous forward and return velocities of singlesagtider various different circumstances.

Figure 5: Actin and nuclei organization of C2C12 myoblasts a the 1D PDMS devices and plain PDMS substratega-c)
show the actin and nuclei organization of the cells on the Bidvices at 20X magnification (Scale bar: 108). (d-f) show
the actin and nuclei organization of the cells on the PDMSadsvat 40X magnification. The nuclei seem to be elongated and
the actin fibers show a directional preference along thetlteofjthe device. (g-i) show the actin and nuclei organizatibthe

cells on plain PDMS. (Scale bar: 26n).

Figure 6: Three dimensional visualization of the PDMS deviceonfluent with C2C12 myoblast cells on all sides(a-c)
show the three dimensional nuclei and actin organizatiah@fC2C12 cells on the top and side surfaces of the PDMS gtauct

It may be observed that the nuclei on the edges and sides aredeformed than the ones on the top surface. (d-f) show the
cross sectional view of the nuclei and actin distributiontioe PDMS device. It may be observed that the cells wrap arou~z

the device completely but in a non-uniform manner. The degimensions in the image are 200X30X1. (Scale bar: 5@um)

Figure 7: Quantitative comparisons of the nuclei orientaton, deformation and cell spreading on the 1D devices and flat
PDMS substrates.(a-b) show polar plots representing the nuclei orientagiogles of the C2C12 cells on 1D PDMS structures
and flat PDMS substrates respectively. Angles closef tan@ 180 imply nuclear orientations along the neutral axis of the 1D
PDMS beam. It may be observed that the nuclei on the 1D desiwkto be oriented along the beam axis while those on the fla*
PDMS substrates have no particular orientation bias. @ysha bar plot of the cell density on 1D device and flat PDMS sub-
strate. The cell density is calculated by counting the nurobauclei within a given area. (d-e) show box plots of nusigiead
area on 1D device and flat PDMS substrate. The circular marltee center of the shaded box represents the mean nuabeaidspr
area. The horizontal line through the shaded box indichesiedian nuclei spread area and the lower and upper edgeseep

the 28" and 79" percentile, respectively. The whiskers extending veliidaom each box represent the standard deviation.
(f-g) show box plots of nuclei circularity index on 1D struct and flat PDMS substrate. Circularity is calculated uiegela-

tion: circularity= 4 x 7 x [Area]/[perimeterf. Hence, 0 indicates an infinitely elongated polygon and icates a perfect circle.

Figure 8: Characterization of fully differentiated C2C12 derived myotubes on the 1D PDMS substratega) shows a phase
contrast image of fully matured myotubes after day 6 of dellipg. (b) shows a phase contrast image of Myotube formaiio
only one side of the PDMS device through selective pattgroinfibronectin (scale bar: 50m). (c-f) show nuclei, actin and

myosin organization in the differentiated myotubes aftey € of cell plating. The myotube formation observed throogtosin

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 | 11
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staining indicates total maturation around the 1D devickexttending along the length of the device.

Figure 9: Demonstration of Myotube powered bio-actuator. The phase contrast image shows fully differentiated mysgub
formed along the length of the 1D structure which is releageshe end to behave like a soft cantilever beam. The spamiane
periodic twitching of the myotubes closer to the base of tnatitever (indicated by the dashed circle) deforms therermiiam

in a cyclic fashion. Other dense myotubes (denoted by ajrexert enough traction forces to bend and deform the beam. Th
view graphs on the right show the horizontal and verticgbldisements of three different points (denoted as pointsdn3he

beam as the myotube close to the base contracts periodi@digle bar: 10Qum)

Top View Side View
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Etched Si wafer

PTFE Deposition
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Fig. 1
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