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Cell-based biohybrid actuators are integrated systems that use biological components including

proteins and cells to power material components by converting chemical energy to mechanical energy.

The latest progress in cell-based biohybrid actuators has been limited to rigid materials, such as silicon

and PDMS, ranging in elastic moduli on the order of mega (106) to giga (109) Pascals. Recent reports in

the literature have established a correlation between substrate rigidity and its influence on the

contractile behavior of cardiomyocytes (A. J. Engler, C. Carag-Krieger, C. P. Johnson, M. Raab, H. Y.

Tang and D. W. Speicher, et al., J. Cell Sci., 2008, 121(Pt 22), 3794–3802, P. Bajaj, X. Tang, T. A. Saif

and R. Bashir, J. Biomed. Mater. Res., Part A, 2010, 95(4), 1261–1269). This study explores the

fabrication of a more compliant cantilever, similar to that of the native myocardium, with elasticity on

the order of kilo (103) Pascals. 3D stereolithographic technology, a layer-by-layer UV polymerizable

rapid prototyping system, was used to rapidly fabricate multi-material cantilevers composed of poly

(ethylene glycol) diacrylate (PEGDA) and acrylic-PEG-collagen (PC) mixtures. The incorporation of

acrylic-PEG-collagen into PEGDA-based materials enhanced cell adhesion, spreading, and

organization without altering the ability to vary the elastic modulus through the molecular weight of

PEGDA. Cardiomyocytes derived from neonatal rats were seeded on the cantilevers, and the resulting

stresses and contractile forces were calculated using finite element simulations validated with classical

beam equations. These cantilevers can be used as a mechanical sensor to measure the contractile forces

of cardiomyocyte cell sheets, and as an early prototype for the design of optimal cell-based biohybrid

actuators.
Introduction

Cell-based biohybrid actuators are integrated systems that

employ elements of biology to power synthetic structures. The

biological and synthetic components have a dependent rela-

tionship, which pass information in one or both directions; this

direct interaction forms a ‘biohybrid’ system. For example, cells

are able to sense the mechanical properties of the substrate they
aDepartment of Bioengineering, University of Illinois at
Urbana-Champaign, Urbana, Illinois, 61801, USA
bDepartment of Chemical and Biomolecular Engineering, University of
Illinois at Urbana-Champaign, Urbana, Illinois, 61801, USA
cDepartment of Electrical and Computer Engineering, University of Illinois
at Urbana-Champaign, Urbana, Illinois, 61801, USA
dDepartment of Mechanical Engineering, University of Illinois at Urbana-
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e2000 Micro and Nanotechnology Laboratory, MC-249, University of
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6375; Tel: +1 (217) 333-3097

† Electronic supplementary information (ESI) available. See DOI:
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are grown on and respond through biological functions such as

migration, differentiation, or proliferation.3 Driven by cells,

biohybrid actuators can be autonomous, or controlled chemi-

cally or electrically. Using glucose as a chemical energy source,

cells can generate power by converting it to mechanical energy.

These systems could be used to promote the design of more

effective and intelligent bio-machines (i.e. bio-bots4–6 and power

generators7), help us understand the emergent behavior of

cellular systems, and have applications in drug discovery.

Significant progress in developing cell-based biohybrid actu-

ators has recently been reported. Contractile stresses and forces

of single cells and cell sheets of cardiomyocytes and skeletal

myotubes cultured on silicon8 and PDMS9 micro-cantilevers

have been measured. Xi et al.4 developed a microdevice using

a silicon backbone with self-assembled cardiomyocytes grown on

a chromium/gold layer. The collective and cooperative contrac-

tion of the cells caused the backbone to bend and stretch in

a walking motion, which traveled at a maximum speed of 38 mm

s�1. Kim et al.5 established a swimming microrobot by micro-

molding PDMS. Using cardiomyocytes, cells were seeded on top

of four conjoined cantilever beams that were grooved to
This journal is ª The Royal Society of Chemistry 2012
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influence the alignment and enhance their contractility relative to

flat beams. An increase in force (88%) and bending (40%) was

recorded, with an average swimming speed of 140 mm s�1.

Feinberg et al.6 assembled cardiomyocytes on various PDMS

thin films with proteins to create muscular thin films. When

released, these thin films curled or twisted into 3D conformations

that purportedly performed gripping, pumping, walking (133 mm

s�1), and swimming functions (400 mm s�1).

However, progress in developing cell-based biohybrid actua-

tors has been limited to rigid materials, ranging in elastic moduli

on the order of mega (106) to giga (109) Pascals. Recent reports in

the literature have established a correlation between substrate

rigidity and its influence on the contractile behavior of car-

diomyocytes.1,2,10,11 These studies show that cardiomyocytes

cultured on hard substrates overstrain themselves, lack striated

myofibrils, and stop beating. Conversely, substrates showing

a close correspondence to tissue elasticity (�10 kPa) are optimal

for transmitting contractile work to the substrate and for longer

periods of time.1 Therefore, it is worthwhile to explore and

evaluate more compliant cantilevers with tissue-like elasticity on

the order of kilo (103) Pascals, and subsequently measure the

contractile stresses and forces of cardiomyocytes on these

devices.

While its mechanical properties can easily be altered in the kilo

(103) Pascal range12–14 by changing the monomer-to-curing agent

mixing ratio, functionalization of PDMS-based substrates for

cell adhesion is challenging.15 This can be attributed to its

chemical inertness, hydrophobicity, and high chain mobility. In

particular, chain mobility is probably the key limiting factor in

modifying PDMS; surface treatments lead to unstable and short-

lived oxidized layers.16 Thus, physical adsorption is relatively

inefficient and transient on PDMS. Furthermore, PDMS-based

microfabrication requires master molds patterned by photoli-

thography with SU-8 photoresist and silicon. This conventional

photolithography process requires clean room facilities and

costly equipment, which limits the complexity of multi-layer

constructs and the ability to make changes quickly and cheaply.

In contrast, poly(ethylene glycol) (PEG) is a synthetic polymer

that has tissue-like elasticity, which can be fine-tuned by

changing its molecular weight or percent composition.17 PEG-

based hydrogels are hydrophilic and can be functionalized by

activating with Sulfo-SANPAH and conjugating with full-length

ECM molecules.18 Cell adhesion domains,19,20 growth factors,21

and hydrolytic22 and proteolytic sequences23,24 can also be

incorporated directly into the PEG backbone. Additionally,

PEG is highly permeable to oxygen, nutrients, and other water-

soluble metabolites. This is especially advantageous for cell-

encapsulated, three-dimensional (3D) model systems. PEG-

based hydrogels can be photopolymerized with a UV laser or

lamp based on 3D CAD images; thus, complex 3D geometries

can be formed through direct exposure.

This study uses a 3D stereolithographic printer to rapidly

fabricate multi-material hydrogel cantilevers with varying stiff-

ness. A stereolithography apparatus (SLA) is a rapid prototyping

tool25,26 used to produce three-dimensional (3D) models, proto-

types, and patterns by repetitive deposition and processing of

individual layers.27,28 It uses a UV laser (325 nm) to directly write

on and polymerize photosensitive liquid materials based on

a CAD-designed digital blueprint, sliced into a collection of
This journal is ª The Royal Society of Chemistry 2012
two-dimensional (2D) cross-sectional layers, and processed into

a real 3D part using layer-by-layer deposition. The automated,

high-throughput process is particularly useful for biohybrid

systems due to its multi-material capability, which can be used to

change the synthetic material composition or insert cells or

proteins at precise locations on the structure.29 It has recently

been adapted for use with photopolymerizable hydrogels,30,31

which are highly hydrated and crosslinked polymer networks.

The SLA is particularly useful for testing biohybrid actuator

designs because of the ease in changing the dimension and shapes

quickly and producing new ones to seed cardiomyocytes on. The

aim of this paper is to incorporate acrylic-PEG-collagen into

photopolymerizable PEGDA hydrogels (PEGDA-PC) to create

cantilevers in the SLA that can be used to measure contractile

forces at different stiffnesses and to see how those stiffnesses

affect the contractility of cardiomyocytes for the design of cell-

based biohybrid actuators.

Materials and methods

Apparatus and preparation of pre-polymer solution

A commercial stereolithography apparatus (SLA, Model 250/50,

3D Systems, Rock Hill, SC, USA) was modified for the fabri-

cation of biohybrid cantilevers. The modification employed an

additive ‘‘bottom-up’’ method as previously described.31 The

laser wavelength was in the UV-A region (325 nm) with a 250 mm

beam diameter at the set focal plane. The platform had

a minimumZ-step of 50 mm. Acrylic-PEG-collagen was prepared

by mixing a working solution of acrylic-PEG-NHS (50 mg mL�1

in ice cold HBSS) with collagen I (3.68 mg mL�1, rat tail; BD

Biosciences) at a 1 : 1 acryl-to-lysine molar ratio for 30 minutes

at 4 �C. A 50% (v/v) acrylic-PEG-collagen solution was mixed

with 20% poly(ethylene glycol) diacrylate (PEGDA) and 0.5%

Irgacure 2959 photoinitiator in ice cold HBSS to form the pre-

polymer solution. The PEGDA molecular weight (Mw) was

varied to fabricate the base (Mw 700 Daltons) and beam (either

Mw 700 or Mw 3400 Daltons) of the cantilevers. PEGDA was

purchased from Sigma-Aldrich (Mw 700 Daltons) and Laysan

Bio (Mw 3400 Daltons). A working solution of Irgacure 2959

photoinitiator (Ciba, Basel, Switzerland), which is only partially

water-soluble, was prepared at 50% (w/v) by dissolution in

DMSO.

Fabrication of multi-material biopolymer cantilevers

To prepare for use in the SLA, energy dose characterizations of

the pre-polymer solutions were performed using a method

described previously.31 Briefly, the pre-polymer solutions were

pipetted into small containers capped on top by thin cover

glasses. The SLA laser was used to draw circles that were 1 cm in

diameter through the cover glass. The energy dose was varied by

changing the scan speeds of the laser, which produced cylindrical

gels of different thicknesses attached to the cover glasses. The

thicknesses of these gels were measured and a working curve was

plotted to determine the penetration depth (Dp) and critical

exposure energy (Ec) of the pre-polymer solution necessary to

produce cantilever beams with precise thicknesses. It was also

observed that a change in the energy dose affected the elastic

modulus of the gels. As a result, a constant energy dose
Lab Chip, 2012, 12, 88–98 | 89
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(150 mJ cm�2) was used to polymerize both the PEGDA-PC 700

and 3400 cantilever beams so that only the Mw of the hydrogels

would affect the elastic modulus.

The fabrication setup consisted of a 35 mm diameter Petri dish

and an 18 � 18 mm cover glass that was bonded to the dish with

double-sided tape. The dish was positioned at the center of the

SLA platform, and a carefully characterized volume of pre-

polymer solution was added into it. The beam of the cantilever

was fabricated first, by selective laser crosslinking of the pre-

polymer solution, to ensure the precise thickness was not affected

by the energy dose. The unpolymerized solution was then evac-

uated using a pipette and an equal volume of the pre-polymer

solution for the cantilever base was added. The SLA then poly-

merized the first layer of the base (300 mm thick) according to the

characterized energy dose for PEGDA-PC 700. The pre-polymer

solution was added, and the elevator controlled by the SLA was

lowered to a specified distance. After photopolymerization, the

part was recoated, and the process was repeated until comple-

tion. In all, the fabrication of the cantilevers took not more than

15 minutes, although the processing time can be accelerated. The

cantilevers were then transferred to a 0.02 N acetic acid solution

to be washed. This step prevented the high collagen concentra-

tion in the unpolymerized pre-polymer solution from gelling

around the cantilever; however, this step should only be done for

less than a minute as acetic acid affects cardiomyocyte adhesion

on the polymerized collagen from the cantilever beams. After

washing out the pre-polymer solution, the cantilevers were

moved to a physiological pH buffer solution to swell overnight.

A total of 4 cantilevers were fabricated in one run, but the SLA

process can easily be scaled up to accommodate many more.
Cardiomyocyte isolation and culture

The warm growth medium consisting of Dulbecco’s modified

Eagle’s medium (DMEM) and 10% fetal bovine serum (FBS) was

prepared for cell culture. Cardiomyocytes were obtained from 2

day old neonatal Sprague-Dawley rats (Harlan Laboratories)

using an approved protocol by the Institutional Animal Care and

Use Committee (IACUC; Protocol #08190). Briefly, whole

hearts were excised from the rats as described by Maass and

Buvoli,32 and placed in an ice-cold HBSS buffer. Using small

scissors, the left and right atria were removed and the remaining

ventricles were minced into 1 mm3 pieces. The minced ventricles

were digested in 0.1% (w/v) purified trypsin (Worthington

Biochemicals), while gently rocking at 4 �C overnight. After 18

hours, warm growth medium was added for 5 minutes at 37 �C to

inhibit trypsin digestion. The supernatant was discarded, and

0.1% (w/v) purified type II collagenase (Worthington Biochem-

icals) was added for 45 minutes while gently rocking at 37 �C.
The digested tissue was triturated to mechanically loosen the

cells, and the suspension was filtered through a 75 mm cell

strainer to remove undigested connective tissue. The suspension

was removed after centrifugation at 150 � g for 5 minutes. The

remaining cell pellet was re-suspended in warm growth medium

and pre-plated for 1 hour to enrich the suspension for car-

diomyocytes. The cardiomyocytes were then counted and seeded

on the backside of the cantilevers. To do this, individual canti-

levers were placed in a 24-well plate, turned upside down, and

evacuated of all liquid. They were allowed to dry for 10 min so
90 | Lab Chip, 2012, 12, 88–98
that the cantilevers would temporarily attach to the bottom of

the dish. The cantilevers were then seeded at 2 million cells per

well (1 � 106 cells cm�2) and incubated for 12 hours. After cell

attachment, the cantilevers were transferred to a new dish with

fresh medium and cultured overnight.

Hydrogel characterization

The stiffness of a gel disk fabricated in the SLA was evaluated by

measuring the elastic modulus (E) using a mechanical testing

system (Insight, MTS Systems, Eden Prairie, MN, USA). The gel

disk with a diameter of 5 mm was compressed at a constant

deformation rate of 1.0 mm s�1 at 25 �C, and the resulting stress

was recorded by MTS software (Testworks 4). From the strain

limit to the first 10%, the elastic modulus was calculated using the

slope of the stress (s) vs. strain (l) curve.

The swelling ratios of the gels at equilibrium were determined

by measuring the weight of the swollen gels after 24 hours in pH

7.4 buffer solutions at 37 �C and the weight of the dried gels. The

degree of swelling (Q), defined as the reciprocal of the volume

fraction of a polymer in a gel (v2), was calculated from the

following equation:

Q ¼ v�1
2 ¼ rP

�
Qm

rS
þ 1

rP

�

where rS was the density of water, rP was the density of polymer,

andQm was the swelling ratio, the mass ratio of the swelled gel to

the dried gel.

Experimental setup for measuring cantilever bending angles

Vertical motion and bending angles of the cantilevers due to

cardiomyocyte cell sheet contraction were captured using

a camcorder (HandyCam, Sony USA, New York, NY USA)

with an advanced HAD CCD imager at 720 � 480 pixel video

capture resolution. The camcorder recorded at 60 fps with a 60�
optical zoom. It was fixed on a multi-axis stage (Thorlabs) and

placed in a temperature- and CO2-controlled culture chamber

due to cardiomyocyte sensitivity to changes in the outside envi-

ronment. The temperature and CO2 were set to 37 �C and 5%,

respectively. The bending angles, q, and deflection values, d, were

measured using the Measure Tool in Adobe Photoshop software

(Fig. S1†). Still images were taken by the camcorder, and a line

was fitted along the slope of the free end of the deformed

cantilever. A second line was drawn along the horizontal axis of

the undeformed cantilever, which created a protractor for

measuring the angle. The vertical distance of the cantilever from

the undeformed base to its deformed base was also measured to

determine the deflection value. The smallest resolution that could

be measured with this software platform was 0.1�.

Modeling and analysis methods

Modeling and analysis of the cell-based biohybrid cantilevers

were carried out using an analytical solution based on finite

element modeling (FEM) analysis and validated by classical

beam equations. FEM is a powerful technique when used to find

numerical solutions to problems with irregular geometries or

nonlinear material behavior. This is especially the case for

cantilevers in which the beam width cannot be ignored. The
This journal is ª The Royal Society of Chemistry 2012
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intrinsic stress calculations were validated using the following

equation:33

sbeam ¼ 2Ebdtb

L2

where sbeam is the intrinsic stress (Pa), Eb is the elastic modulus of

the beam, d is the deflection of the beam (m), tb is the thickness of

the beam (m), and L is the length of the beam (m) (Fig. S2†).

Cells seeded on the cantilevers formed sheets that were

considered thin films, and the cantilevers were modeled as

composite, two-component systems. The model was validated by

simulating cantilevers with beam dimensions and comparing the

stress calculations to Atkinson’s approximation, a variant of

Stoney’s equation:8

sfilmz
dEbt

3
b

4tfð1� nbÞ
�
tf þ tb

�
L

where sfilm is the cell sheet stress (Pa), tf is the thickness of the cell

sheet (m), and nb is Poisson’s ratio of the beam (Fig. S3†).

The simulations were performed with measured elastic moduli

of 503 kPa for PEGDA-PC 700 and 17.82 kPa for PEGDA-PC

3400. Poisson’s ratio of PEGDA-PC was assumed to be 0.499.

Based on the literature, the elastic modulus of a sheet of car-

diomyocytes was assumed to be 10 kPa with a thickness of

10 mm.34,35 The density of cardiomyocytes and the PEGDA-PC

material was assumed to be 1.06 kg m�3 and 1.12 kg m�3,

respectively.

Immunostaining

Cells seeded on cantilevers after 3 days were washed twice with

HBSS and fixed in 4% (v/v) formaldehyde solution for 10 minutes

at room temperature. The cantilever beams were physically

detached from their bases with a sharp razor. The beams were

permeabilized in 0.2% (v/v) Triton-X 100 in HBSS for 10 minutes

at room temperature. The samples were washed twice with HBSS

before a blocking agent, Signal FX (Invitrogen), was added for

30 minutes. After another wash step, the samples were incubated

overnight at 4 �C with primary antibodies, mouse anti-a-actinin

(sarcomeric) and rabbit anti-connexin-43. The tissues were

washed twice before being incubated with Alexa Fluor 488 goat

anti-mouse and Alexa Fluor 594 goat anti-rabbit secondary

antibodies for 2 hours at 37 �C. The stained samples were washed

with HBSS and subsequently stained with an antibody for DNA,

40,6-diamindino-2-phenylindole (DAPI, Sigma Aldrich, St

Louis, MO, USA) for 5 minutes. After a final wash step, the cells

on the cantilevers were imaged using an inverted fluorescent

microscope (IX81, Olympus, Center Valley, PA, USA).

Results and discussion

Cantilever fabrication

The cantilevers were fabricated using a PEGDA backbone that

was chemically linked with acrylic-PEG-collagen (Fig. 1A).

PEGDA is a tissue-like, synthetic hydrogel that can be cross-

linked in the presence of a photoinitiator.36,37 It is mechanically

stable, and its properties can be tuned by varying the polymer

molecular weight, percent composition, or laser energy dose. It

was previously established that changing the molecular weight of
This journal is ª The Royal Society of Chemistry 2012
20% PEGDA from 700 to 10 000 Daltons and photo-

polymerizing it in the SLA could be used to modulate the elas-

ticity from 503 � 57 kPa to 4.73 � 0.46 kPa, respectively.31

Collagen was chemically linked to the PEGDA backbone by

acrylating its lysines, making them photocrosslinkable. Because

PEGDA is normally inert, the collagen served to promote cell

adhesion to the cantilever beams. The addition of collagen to the

PEGDA backbone did not noticeably affect the mechanical

properties of the hydrogel. Both the elastic modulus (Fig. 1B)

and swelling ratio (Fig. 1C) were conserved for PEGDA-PC 700

and 3400. For 20% PEGDA-PC 700, the elastic modulus was

507 � 110 kPa, and the swelling ratio was 6.25 � 0.06. For 20%

PEGDA-PC 3400, the elastic modulus was 29.8 � 17 kPa, and

the swelling ratio was 13.6� 0.95. From a biological perspective,

mechanical properties of these hydrogels are closer to the in vivo

environment of cells than either silicon or PDMS. They are also

optically transparent, and therefore force measurements and

immunofluorescence imaging of specific biological markers can

be made simultaneously under light microscopes.38,39

Eight cantilevers were built for every fabrication run, with two

sharing a common base. The SLA setup (Fig. 2A) can be easily

modified with a larger-sized container to scale up the number

of cantilevers in each run. The original dimensions (length �
width � thickness) for the cantilevers were specified in CAD-

based software, with the bases being 2 � 2 � 4 mm and the

cantilever beams being 2 � 4 � 0.45 mm (Fig. 2B). An inherent

characteristic of PEGDA hydrogels, however, is its tendency to

imbibe water and swell many times beyond its intended dimen-

sions. The cantilever thickness had to be adjusted to account for

this swelling. The actual dimensions of PEGDA-PC 700 and

3400 cantilevers after 24 hours of equilibrium swelling were 4.1�
2.1� 0.45 mm and 4.3� 2.3� 0.45 mm, respectively. One major

benefit of the SLA approach is that more than one biomaterial,

growth factor, or cell type can be introduced and spatially

defined in the same 3D construct.40 This is especially useful for

creating gradients of varying mechanical or bioactive properties.

In particular, cantilevers were fabricated on a base consisting of

PEGDA 700. The beams themselves were exchanged for either

PEGDA-PC 700 or 3400, depending on the desired elasticity. As

shown in the simplified process flow (Fig. 2C), the cantilever

beams were fabricated first in the SLA to ensure the correct

thickness, while maintaining the laser energy dose (150 mJ cm�2)

between PEGDA-PC 700 and 3400 materials to preserve the

same trend in elasticity. The resulting PEGDA-PC 700 (Fig. 3A)

and PEGDA-PC 3400 (Fig. 3B) cantilevers are shown with

comparable dimensions after equilibrium swelling in HBSS.
Cantilever beam intrinsic stress

Following the fabrication phase, cantilevers were rinsed in 0.02 N

acetic acid to remove unpolymerized material before soaking

overnight in HBSS. The cantilever beams would initially bend

downward due to the weight of the unpolymerized pre-polymer

solution and begin to swell as water diffused into them.Over time,

the cantilevers would reach an equilibrium swelling state and

bending would resolve to a final angle. These angles were

measured using ImageJ analysis software and converted to

displacement values. It was found that as the average molecular

weight of the PEG-based cantilevers increased, the bending angle
Lab Chip, 2012, 12, 88–98 | 91
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Fig. 1 Biohybrid material. (A) Amixture consisting of poly(ethylene glycol) diacrylate (PEGDA) and acrylic-PEG-collagen (PC) was formulated as the

photopolymerizable material for fabricating cantilever beams. Collagen I, extracted from rat tail, was modified on their lysine groups with acrylic groups

to UV cross-link to the PEG backbone in the presence of a photoinitiator. (B and C) The mechanical properties of PEGDA-PC hydrogels were measured

using a compression test at increasing molecular weight, demonstrating that the cantilever beams can be tuned to a wide range of elastic moduli and

swelling ratios. These values did not change from that of PEGDA-only hydrogels, which suggests that the incorporation of acrylic collagen did not affect

bulk mechanical properties. For n ¼ 3 and SD.
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would increase upward in the clockwise direction. Similarly, the

bending angle of the cantilevers would increase as the thickness of

the cantilever decreased (Fig. S4†). PEGDA-PC 3400 had

abending angle of 67.1� 7.9� (3420� 560mmdeflection), whereas

PEGDA-PC 700 did not bend (0� angle and 0 mm deflection).

Finite element analysis (COMSOL simulations) was used with

the displacement values to calculate the intrinsic stress of

the cantilever beams (Fig. 3C). The insets in Fig. 3C show the

simulated displacement values, which were used to calculate the

intrinsic stress for PEGDA-PC 700 and 3400. The intrinsic

stresses obtained were 0 � 0 Pa and 4160 � 910 Pa, respectively.

One hypothesis for the cantilever bending due to non-uniform

residual stress is that during the UV laser polymerization in the

SLA, the highest concentration of energy is focused at the surface

of the pre-polymer solution. As the laser penetrates into the

solution, it is absorbed by the photoinitiator and monomers. By

the time it reaches a penetration depth of 450 mm at the other end

of the beam, the energy is decreased, which reduces the overall

crosslinking density. A simple calculation using the Beer–

Lambert law reveals a 79.1% decrease in light transmittance

(l ¼ 325 nm) through the pre-polymer solution at a depth of

450 mm (see ESI†). This leads to a gradient in microstructure of

the polymerized gel across the thickness. Consequently, the

properties of the gel, such as swelling due to water absorption
92 | Lab Chip, 2012, 12, 88–98
and stiffness, also have a gradient. This gradient in swelling

across the thickness causes bending of the cantilever.
Cardiomyocyte adhesion and spreading

PEGDA hydrogels are hydrophilic and well-known to resist cell

adhesion. Many groups have chemically modified them with

proteins and peptide sequences to make them more amenable to

cell attachment.19One of the most frequently used sequences with

PEGDA is RGD (arginine-glycine-aspartic acid), which is found

in numerous extracellular matrix proteins. However, several

reports have suggested that while RGD peptides promote car-

diomyocyte adhesion, they are unable to promote the signaling

required for normal FAK expression and complete sarcomere

formation in cardiomyocytes.41 Sarin et al.42 went further to

demonstrate that RGD depressed the rate of contractile force by

altering the myofilament activation process. Based on these find-

ings, we sought to improve cardiomyocyte function by chemically

attaching collagen molecules to PEGDA hydrogels. This chem-

istrywas performedby the reactionof lysine amines on collagen to

acrylate-PEG-NHS, which is an N-hydroxysuccinimidyl ester

reactive to amines. The acrylate-PEG-collagen was then

combined in solution with PEGDA to form a PEG-based

hydrogel linked with bioactive collagen for cell adhesion.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Multi-material cantilever fabrication. (A) The cantilevers were fabricated with a 3D stereolithographic printer, which uses a UV laser to

construct layer-by-layer patterns. (B) Two separate cantilevers (2 mmwide� 4 mm long� 0.45 mm thick) were built on opposite ends of one base (2 mm

wide � 2 mm long � 4 mm thick). The molecular weight of the PEGDA-PC cantilever beam was varied using either PEGDA-PC 700 or 3400, while the

base was kept constant using PEGDA-PC 700. (C) A simplified fabrication process flow is shown, which begins with the formation of the cantilever

beam before the base.

Fig. 3 Intrinsic stress calculations. After the fabrication process, (A)

PEGDA-PC 700 and (B) PEGDA-PC 3400 cantilevers were washed in

HBSS to remove uncrosslinked pre-polymer solution. Due to an intrinsic

stress, PEGDA-PC 3400 cantilevers would bend upward to relieve stress

in the beams. (C) The peak stress was calculated by using finite element

analysis to simulate the deflection of the cantilever beam (inset). Scale

bars are 1 mm. Statistics by one-way ANOVA, Tukey’s test, *p < 0.05 for

n ¼ 8 and SD.
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Cardiomyocytes extracted from neonatal rat ventricular

myocytes were seeded on PEGDA, PEGDA-RGD, and

PEGDA-collagen (PEGDA-PC) hydrogels. After 2 days, cells

were qualitatively evaluated for cell adhesion and spreading. It

was clear that cardiomyocytes spread much better on PEGDA-
This journal is ª The Royal Society of Chemistry 2012
PC hydrogels than PEGDA and PEGDA-RGD (Fig. S5†). The

cells on PEGDA and PEGDA-RGD appeared to remain balled

up in spheres and preferentially attached to each other rather

than on the substrate. Many of the cells had washed off after

a change of media indicating poor cell attachment. On the other

hand, cardiomyocytes on PEGDA-PC spread greatly, formed

gap junctions, and began to contract in synchrony. Because of

that, we used PEGDA-PC hydrogels as our material choice for

cantilever fabrication, which has the bioactivity for cell attach-

ment and function, and ability to change its mechanical stiffness

through its molecular weight.
Cantilever bending due to cell traction forces

As a result of the intrinsic stress, the curvature of the PEGDA-

PC 3400 cantilevers made it difficult to seed cells uniformly and

at high densities on the beams. One solution was to turn the

cantilevers on their back sides and evacuate the liquid they were

immersed in. This created a surface tension that mechanically

flattened the curved cantilever beams onto the bottom of the

plate. Neonatal rat ventricular myocytes were then extracted and

seeded on the flattened cantilever beams at 1 million cells cm�2.

This backside seeding also prevented the cell sheets on the two

cantilevers from linking together, so that they could be examined

as two independent measurements. The cantilevers with seeded

cells were centrifuged to distribute cells evenly on the cantilevers.

After seeding, cardiomyocytes were allowed to adhere for

24 hours. By then, the cantilevers had already started to bend

downward due to cell traction forces as the cardiomyocytes began

to spread and reorganize themselves. Cell traction forces are

generated by actomyosin interactions and actin polymerization,

and regulated by intracellular proteins such as a-smooth muscle
Lab Chip, 2012, 12, 88–98 | 93
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actin and soluble factors such as TGF-b. Once transmitted to the

extracellular matrix through stress fibers via focal adhesions,

which are assemblies of ECMproteins, transmembrane receptors,

and cytoplasmic structural and signaling proteins, cell traction

forces direct many cellular functions, including cell migration,

ECM organization, and mechanical signal generation. The stress

induced by the cell sheet is clearly seen by the change in

displacement over time on the cantilever beams (Fig. 4A). The cell

sheet continued to apply traction forces on the cantilevers over 72

hours before it stabilized. The bending angle of the curved beams

was measured and recorded every day for 4 days (Fig. 4B).

Because of the cell traction forces, the bending angle for PEGDA-

PC 3400 cantilevers was decreased from its intrinsic value of

67.1� 7.9� to 44.2� 6.0� by the third day of culture. PEGDA-PC

700 cantilevers, having a high elastic modulus, did not bend at all

during culture. The displacement values were also measured and

used in FEM simulations to calculate the stress on the cantilever

beams by the cell sheet. The simulated displacements and stresses

for PEGDA-PC 700 and 3400 are shown inFig. 4C. For PEGDA-

PC 3400, the highest level of stress was seen at the fixed end of the

beam. The maximum stress values were calculated every day

(Fig. 4D), and the change in stress was plotted every 24 hours. The

cell sheet reached a maximum stress of 2040 Pa before it leveled

off. The change in stress was highest after the first day and

continually decreased before there was virtually no change

between 72 and 96 hours.
Fig. 4 Cell sheet stress calculations. Cells from the ventricles of neonatal r

traction forces of these cells, which are responsible for migration, proliferatio

deflect downward in theZ-direction over time. (B) The average bending angles

calculate the deflection at the tip of the beams. (C) These deflections were sim

cell sheets due to traction forces. (D) These stresses exerted by the cell sheet an

24 hour time points decreased and reached 0 by 96 hours. Scale bars are 1 mm

94 | Lab Chip, 2012, 12, 88–98
Cantilever actuation and force

Although cardiomyocytes began to contract individually as early

as 24 hours after seeding, the cells did not beat synchronously as

a whole sheet until at least 48 hours. During this period, car-

diomyocytes formed electrical connections between each other

through gap junctions. Membrane proteins known as connexins

formed six-membered rings called connexons on the sarcolemma

of cardiomyocytes. When gap junctions are open, they provide

direct communication between the sarcoplasmic spaces of

adjoining cells, creating a functional synctium or network of

synchronized cells.43,44 After 76 hours, when the majority of these

connections were formed, cells were stained for sarcomeric a-

actinin to qualitatively elucidate the morphology of car-

diomyocytes on PEGDA-PC 700 and 3400 cantilevers (Fig. 5A).

In both cases, cardiomyocytes exhibited the expression of sar-

comeric a-actinin, an actin-binding protein that plays a key role

in the formation and maintenance of Z-lines, throughout the

cytoskeleton. The localization of sarcomeric a-actinin in both

PEGDA-PC 700 and 3400 demonstrated a typical periodicity in

the Z-lines of cardiomyocytes.

Actuation of the PEGDA-PC 700 and 3400 cantilevers is

shown in Movies S1 and S2†. Actuation of the cantilevers is

a consequence of the contraction and relaxation of the car-

diomyocyte cell sheet through the sliding filament mechanism.45

During contraction, cardiomyocyte filaments shorten by the
at hearts were seeded on the backside of the cantilever beams. (A) The

n, and differentiation, caused the PEGDA-PC 3400 cantilever beams to

of the cantilevers were measured over a 96 hour period, which was used to

ulated using finite element analysis to calculate the stresses exerted by the

d modeled as a thin film were plotted over time. The change in stress over

. Statistics by one-way ANOVA, Tukey’s test, *p < 0.05 for n ¼ 8 and SD.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Cardiomyocytes on PEGDA-PC substrates. (A) Cells on the cantilevers were fluorescently labeled with anti-sarcomeric a-actinin and anti-DNA.

Qualitatively, cardiomyocytes on PEGDA-PC 3400 and PEGDA-PC 700 both expressed actomyosin complexes (striations), but those on PEGDA-PC

3400 appeared to be more elongated and spindle-shaped. (B) None of the PEGDA-PC cantilevers actuated until at least the second day in culture, but the

number of actuating cantilevers on this day was much greater for PEGDA-PC 3400 than PEGDA-PC 700. (C) The beating frequency of the car-

diomyocytes was also much greater for PEGDA-PC 3400 than PEGDA-PC 700, indicating a preference for the softer material. Statistics by one-way

ANOVA, Tukey’s test, *p < 0.05 for n ¼ 8 and SD.
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sliding of actin and myosin filaments in sarcomeres, as triggered

by action potentials and intracellular calcium signals.46 Calcium

is the critical part of the medium that allows the actin, myosin,

and ATP to interact, causing crossbridge formation and muscle

contraction. This process continues as long as calcium is avail-

able to the actin and myosin. During relaxation, cardiomyocyte

filaments return to their original position as calcium is pumped

back into the sarcoplasmic reticulum, preventing interaction of

the actin and myosin. Cardiomyocyte cell sheets on PEGDA-PC

3400 cantilevers had all started to actuate after 48 hours (100%),

whereas only a quarter of the cardiomyocyte cell sheets on

PEGDA-PC 700 cantilevers followed suit (25%) during the same

time period (Fig. 5B). This percentage increased after 72 hours

(83%), but the development of functional synctium was clearly

slower. Furthermore, the beating frequency of the car-

diomyocyte cell sheet was greater for PEGDA-PC 3400 than 700.

After 48 hours, cardiomyocytes on cantilever plates with Mw

3400 reached a beating frequency of 1.12 � 0.14 Hz, while those

for Mw 700 reached 0.39 � 0.05 Hz, respectively (Fig. 5C). The

frequency increased slightly for both after 72 hours to 1.40 �
0.16 Hz and 0.44� 0.06 Hz, respectively. These results seem to be

in agreement with previous reports that claim that the substrate

elasticity of the developing myocardial microenvironment are

optimal for transmitting contractile work to the matrix and for
This journal is ª The Royal Society of Chemistry 2012
promoting actomyosin striations.1 In addition to the substrate

elasticity, it is possible the hydrogels with higher molecular

weight have more cell adhesive sites exposed on the surface of the

cantilever than hydrogels with lower molecular weight.

Finally, we measured the actuation amplitudes of the cantile-

vers over 96 hours (Fig. 6A). Similar to the beating frequency, the

amplitudes reached a maximum on the third day post-seeding

with values of 2 � 8 mm and 390 � 40 mm for PEGDA-PC 700

and 3400, respectively. The actuation amplitudes did not reach

a maximum suddenly; rather, they increased linearly over time as

more cardiomyocytes joined the synctium of cells. Using these

amplitudes, we calculated the contractile forces of cardiomyocyte

cell sheets on PEGDA-PC 700 and 3400 cantilevers by using the

following equations (Fig. 6B):

F ¼ kcd

kc ¼ w

4
�
Ef tf þ Ebtb

�
L3

�
E2

f t
4
f þ E2

bt
4
b þ 4EbtbEf t

3
f

þ6Ebt
2
bEf t

2
f þ 4Ebt

3
bEf tf

�

where F is the contractile force, kc is the stiffness of the cantilever,

w is the width of the beam, and Ef is the elastic modulus of the

film. Stiffness, kc, was derived for a composite, two-component

system.47 The stiffness values for PEGDA-PC 700 and 3400 were
Lab Chip, 2012, 12, 88–98 | 95
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Fig. 6 Force of contraction. Using an equation for cantilever beam stiffness, the force of contraction was calculated by multiplying the stiffness by the

deflection of the cantilever after contraction. Statistics by one-way ANOVA, Tukey’s test, *p < 0.05 for n ¼ 8 and SD.
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calculated to be 0.36 N m�1 and 0.013 N m�1, respectively. Using

these values, and the peak deflection of actuated cantilevers

(from its relaxation state to its contraction state), the total

calculated forces were 0.89 � 2.89 mN for PEGDA-PC 700 and

5.09 � 0.48 mN for PEGDA-PC 3400.

The mechanical forces generated with cardiomyocyte cell

sheets on elastic substrates near that of the native myocardium

can be used to model and design self-propelled bio-bots. There

are several ways to improve the current output of force, such as

aligning the cardiomyocytes by patterning proteins or grooves

into the substrate.48 The stiffness of the beam can be decreased by

reducing the beam thickness or expanding its length. The density

of cells can be increased by encapsulating them in 3D. Varying

rigid (PEGDA-PC 700) and soft (PEGDA-PC 3400) materials

throughout the bio-bot design can also be beneficial for maxi-

mizing deflection in one direction and minimizing it in another.

These designs can be used to form the basis of more complex cell

systems. For example, cardiomyocytes can later be replaced with

skeletal myoblasts and co-cultured with neurons to form

neuromuscular junctions. The genetic machinery of the neurons

can be reprogrammed to form simple functions of switching on

and off chemical secretions, which in turn can be used to stim-

ulate muscle cells to propel the bio-bot. The advantage of using

this hydrogel system over silicon and PDMS is that when we

switch over to other cell types, which are sensitive to their envi-

ronment, we can tune the elasticity of the substrate in accordance

to them. As the stiffness is modulated for these specific cell types

(i.e., neurons and skeletal muscle cells), this may affect the

curvature of the material due to cell traction forces, in which case

more rigid materials can be used to maintain the structural

integrity of the bio-bot. Thus, a true living, multi-cellular

machine could be created using the capabilities of the SLA,

which can perform multiple functions such as sensing, moving,

and effecting.49
Control and longevity of cantilevers and actuators

The influence of various drug treatments has been evaluated on

the contractile activity of cardiomyocytes.52 For example, the
96 | Lab Chip, 2012, 12, 88–98
addition of isoproterenol to the medium can cause an increase in

the contraction frequency, whereas the addition of carba-

mylcholine chloride to the medium can cause a decrease in the

contraction frequency. Gap junction blockers, such as heptanol,

can completely stop synchronous contractility. These effects are

reversible; after 10 min in the drug-free culture medium, the

synchronous beating of the cardiomyocytes was restored to its

original amplitude and frequency. Pulsatile electrical stimulation

can also be used to pace the contractions of cardiomyocytes.53

Recently, light-induced stimulation of genetically engineered

cardiomyocytes that express the light-activated cation channels,

halorhodopsin or channelrhodopsin, was demonstrated.54,55

Experimentally, these cantilevers have been verified to func-

tion optimally for at least 5 days post-seeding. After this period,

the frequency and amplitude of the actuating cantilevers decrease

significantly. The lifetime of these cantilevers can be extended by

reducing the overgrowth of fibroblasts in low serum medium.50

Other groups have demonstrated up to 16 days of functional

components with cardiomyocytes.6 Furthermore, previous

reported results on cardioids show that periods up to 60 days are

readily attainable in culture.51 Lifetimes beyond this would

require new technologies to support long-term survival in vitro.
Conclusion

Multi-material cantilevers were fabricated using a 3D stereo-

lithographic printer with a PEGDA backbone that was incor-

porated with acrylic-PEG-collagen. The SLA allows us to

quickly and easily change the material and its properties in the

same 3D construct, which we show here with PEGDA-PC 700

and 3400 cantilevers. Cardiomyocytes were extracted and seeded

on the backside of the cantilevers and cultured to form cell

sheets. Through its traction forces, the cardiomyocytes created

a stress on the cantilever, causing it to bend. These stresses were

modeled using finite element analysis by mimicking the

displacement of the cantilevers. For PEGDA-PC 3400, the

maximum stress was 2040 Pa, while there was no stress on

PEGDA-PC 700 because of its high stiffness. The car-

diomyocytes then began to beat in synchrony after two days in
This journal is ª The Royal Society of Chemistry 2012
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culture, and the contractile forces were calculated. The peak

contractile forces were 0.89 � 2.89 mN for PEGDA-PC 700 and

5.09 � 0.48 mN for PEGDA-PC 3400. The stresses and forces

calculated here can be used to design and optimize a cell-based

biohybrid actuator that can generate net motion. The cantilevers

can be used as an early prototype for the design and optimization

of cell-based biohybrid actuators.
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