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 A spatially organized three-dimensional (3D) co-culture of multiple cell types 
is required to recapitulate cellular interactions and microenvironments in 
complex tissues. Although there are limited reports for 3D patterning of cells 
and materials, approaches to examine functional interactions of 3D spatially 
patterned multiple cell types are lacking entirely. This is mostly due to diffi cul-
ties in controlling the physical arrangement of cells in a 3D matrix and the 
physical properties of the cell-encapsulating matrix, while keeping the cells 
alive and functional for extended periods of time. In this study, an automated 
maskless fabrication technique is combined with a tunable polymer blend to 
spatially organize primary hippocampus neurons (HNs) and skeletal muscle 
myoblast cells (MCs) in a 3D hydrogel matrix with tunable mechanical and 
degradation properties. The spatial organization of these multiple cell types 
revealed that the presence of MCs resulted in increased cholinergic function-
ality of the HNs, as quantifi ed by their choline acetyltransferase activity. The 
presence of a factor alone is not suffi cient, but its spatiotemporal control is 
necessary; a condition that is possibly true for many cellular interactions. 
Therefore, the system described here offers a different approach to examine 
such previously unknown interactions. The approach proposed in this study 
can be used to examine interactions between many different cell types and 
shift the 3D fabrication paradigm to a next level, which is to fabricate tissues 
that are not only viable but also functional .
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  1. Introduction 

 Engineering complex three-dimensional 
(3D) tissues presents great promises to 
improve treatment of tissue defects and 
to provide a better understanding of the 
behavior of normal and pathologic cells. 
Hence, there is an immediate need for 
systems that can recapitulate and further 
manipulate the tissues of interest in a 
high throughput and automated manner, 
while maximizing the cell and tissue func-
tionality. Many studies report the develop-
ment or optimization of techniques for 
spatially organized and complex 3D tissue 
fabrication. [  1–10  ]  Among these techniques, 
layer-by-layer photolithography, commonly 
referred to as stereolithography (SL), is 
one of the most promising approaches. 
SL is a maskless computer aided design 
(CAD)-based rapid prototyping technique 
that can fabricate complex 3D structures 
with feature sizes ranging from a few 
micrometers to centimeters, and with 
the option of incorporating matrices with 
varied properties and structure. [  1  ]  Current 
studies clearly demonstrate the capabili-
ties of these fabrication approaches on 3D 
spatial patterning of bioactive molecules, [  2  ]  
cells, [  3–5  ]  or materials. [  6  ,  7  ]  Nevertheless, in these studies limited 
or no cell culture experiments are reported, often with a dem-
onstration of cell viability only, leaving the functionality of the 
cells unexplored. It is noteworthy that only in a few of these 
studies the function of cells that are seeded on [  8  ]  or encapsu-
lated inside [  10  ]  these hydrogels are examined, while interactions 
of more than one cell type are not examined. In the majority of 
these studies, cells were seeded after scaffold fabrication rather 
than being encapsulated during fabrication, [  2  ,  7–9  ]  therefore many 
advantages of cell-laden hydrogels remain unexploited. [  11  ]  These 
advantages include accommodating cells in a 3D and fully 
hydrated environment similar to their native one, co-culturing 
more than one cell type with control over their spatial organiza-
tion, higher yields of cell densities, and a more uniform cell 
distribution compared to cell seeding. Furthermore, the lack of 
cells in the fabrication step is inconsistent with the paradigm 
of high throughput and automated tissue fabrication. Hence, 
it can be suggested that a large gap exists between the devel-
opment of 3D fabrication methods and their ability to regulate 
cell–cell or cell–environment interactions towards the control of 
cellular phenotypes. This gap is related to fabrication methods 
Adv. Funct. Mater. 2011, 21, 3642–3651
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that are not optimized for cell encapsulation, combined with a 
limited choice of polymers that can be used with these fabrica-
tion methods while maintaining cell viability. 

 This study aims to create a well-defi ned 3D co-culture envi-
ronment and to exploit it to investigate and quantify the spatial 
interaction of two cell types that can interact to regulate their 
phenotypic activities. In the current study, we used a novel tun-
able and degradable polymer with a SL system, which resulted 
in an improvement in cellular viability and cell spreading. Fur-
ther, we improved the patterning capability of our system, and a 
layer-by-layer fabrication process in the  x ,  y , and  z  dimensions 
is demonstrated. Finally, we show biological functionality and 
the changes upon interaction with other cells encapsulated in 
the polymer. MCs and HNs were used to show enhanced neu-
ronal functionality due to factors released by the MCs. We used 
a hydrogel consisting of oxidized methacrylic alginate (OMA) 
linked with optional cell adhesion oligopeptides, containing 
a Arg-Gly-Asp (RGD) sequence and poly(ethylene glycol) 
methyl ether methacrylate (molecular weight ( M  w ) 1100 Da, 
PEGMA1100), for fabricating 3D multicellular constructs with 
an SL apparatus (SLA). The fabrication process was modifi ed 
and optimized to accommodate patterning of multiple cell and 
material types. OMA was previously synthesized to independ-
ently control stiffness, permeability, and degradation rate of 
PEGMA1100 hydrogel, which displays the intricate dependency 
between properties. [  12  ,  13  ]  The hydrogels prepared in this study 
were characterized for their mechanical properties, degrada-
tion rate, and biocompatibility. C2C12 myoblast cells (MC), a 
PC12 neuron-like cell line, adipose-derived stem cells (ASC) 
and primary rat hippocampal neurons (HN) were encapsulated 
together or separately to assess the fabrication capabilities with 
multiple cell types, to quantitatively investigate cell viability and 
spreading, and to quantify cell–cell interaction and cell func-
tionality through patterned co-encapsulation. Such systems can 
be very useful to gain a deeper understanding of how coopera-
tive cell behavior leads to the formation of large organized cel-
lular structures (i.e., neuro–muscular junctions), while their 
applications can be used to create novel implantable scaffolds 
in which multiple cell types coordinate to perform a specifi ed 
function. 

   2. Results and Discussions 

  2.1. 3D Hydrogel Fabrication 

 Alginate molecule was fi rst rendered degradable through 
oxidation, then made photocrosslinkable by reacting with 2-
aminoethylmethacrylate, and fi nally functionalized by conju-
gating RGD peptides to the polymer. The resulting OMA was 
mixed with PEGMA1100 for fabricating hydrogels through 
photocrosslinking ( Figure    1  A). For crosslinking, an SLA was 
used, which utilizes a UV laser (325 nm) and a computer con-
trolled elevator (100–250  μ m step size) that allows automated 
fabrication of complex 3D shapes in a layer-by-layer fashion. The 
initial modulus ( E  0 ) of the fabricated hydrogel was ca. 12 kPa, 
which is ideal for culturing skeletal muscle tissue (Figure  1 B). [  14  ]  
The initial number of elastically effective crosslinks ( N  0 ), 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 3642–3651
calculated from the elastic modulus ( E ) and swelling ratio ( Q ) 
(see Equation 2 and Figure S2 in the Supporting Information), 
was independent of the number of oxidized uronic acid (oUA) 
residues in the alginate molecule (Figure  1 B). In contrast, the 
hydrogel degradation, quantifi ed with a decrease of the number 
of elastically effective crosslinks ( N ), normalized with  N  0  over 
time, increased by the increasing the number of oUA residues 
of OMA (Figure  1 C). This results show that the hydrogel deg-
radation rate was controlled by the number of oUA residues 
of OMA, irrespective of  N  0 . Figure S1 shows a CAD model of 
a human head (left) and an image of the hydrogel fabricated 
using this model in 56 layers (right). With this layer-by-layer 
mechanism the SLA provides an inherent ability to change the 
solution type that is added in each layer, if the system is modi-
fi ed and optimized properly.  

   2.2. Muscle Cell Encapsulation 

 We fi rst assessed the effect of oxidation on cell viability in 
gels polymerized in the SLA. MCs were encapsulated in 
OMA–PEGMA1100 gels with different numbers of oUA 
residues (3, 6, and 10% oUA). A MA–PEGMA1100 hydrogel 
was used as a positive control, which was demonstrated 
to maintain cell viability at a high level. Results of a MTS 
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) assay showed that, up to 6% 
oUA content, the initial cell viability in the gels was the same as 
in the MA control, while 10% oUA caused a signifi cant drop in 
viability, possibly due to toxicity caused by the aldehyde groups 
in oUA ( Figure    2  A). The long-term viability of MCs showed no 
signifi cant difference between the test groups after the fi rst 24 h, 
indicating that OMA with 3% and 6% oUA residues are as 
biocompatible as PEGDA3400, a widely used hydrogel for cell 
encapsulation (Figure  2 B). After an initial decrease on day 
4, MCs in the hydrogel consisting of PEGMA1100 and OMA 
with 6% oUA remained viable until day 14, with no further sig-
nifi cant drop in the cell viability, and the cells in it survived sig-
nifi cantly more comapred to other test groups. Specifi cally, the 
cell viability level was 1.8 times higher than the cells cultured 
in hydrogels prepared with OMA containing 3% oUA, and 
2.5 times higher than the cells cultured in a PEGDA3400 
hydrogel. This enhanced viability is probably related to the 
hydrogel degradation, which provides cells with more space 
for spreading and increased diffusion of nutrients and waste, 
caused by an increased swelling ratio.  

 Further modifi cation of the hydrogel with RGD peptides 
showed signifi cant cell spreading and fusion. Fluorescence 
microscopy images of MCs in the hydrogel of PEGMA1100 and 
OMA with 6% oUA gels, stained for actin fi laments and counter 
stained with DAPI (4 ′ ,6-diamidino-2-phenylindole), revealed 
extensive cell fusion and large tubelike formations within these 
gels (Figure  2 C–F). The tubelike formation is a result of further 
interaction of closely located, already spread cells. Some cells are 
spread separately in the rest of the hydrogel, while some other 
form network structures that ultimately form cell dense tubelike 
structures, as shown in Figure  2 C. The degree of spreading was 
also quantifi ed using ImageJ [  15  ]  to calculate the cell area in the 
hydrogels over 14 days (Figure  2 G). This was further examined 
mbH & Co. KGaA, Weinheim 3643wileyonlinelibrary.com
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    Figure  1 .     Synthesis of a trifunctional alginate for fabricating a biodegradable and cell-adherent hydrogel using SL. A) Alginate was rendered degradable 
(step 1), UV crosslinkable (step 2), functionalized with RGD (step 3), and then mixed with PEGMA1100 for in situ cell encapsulation through UV 
crosslinking. B) The initial number of elastically effective crosslinks ( N  0 ) of OMA–PEGMA1100 hydrogels is independent of the number of oxidized 
uronic acid (oUA) residues in the OMA. C) An increase in the number of oUA residues of the OMA accelerated the decrease of  N  with time, which 
was used to quantify the degradation profi le of the hydrogels.  N  measured at each time point was normalized with  N  0  calculated from the initial elastic 
modulus ( E ) and the swelling ratio ( Q ) of the hydrogels.  
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qualitatively using brightfi eld microscopy (Figure S3A–C) and 
two-photon laser scanning microscopy (LSM) (Figure S3D–F 
in the Supporting Information). As a comparison, 3% 
oUA was also quantifi ed for cell spreading (Figure S4 
in the Supporting Information). In previous studies, we have 
shown that the swelling behavior, stiffness, toughness, and deg-
radation behavior of MA and OMA can be controlled independ-
ently, a very important issue in examining cell–environment 
interactions. [  12  ,  13  ]  Previous studies with alginate showed that, 
while alginate itself was inert for cell attachment and spreading, 
the cell adhesion properties of alginate can be tailored by con-
trolling the amount of RGD that is linked to its backbone. [  16  ]  
Our studies with the same type of cells (i.e., C2C12 myoblast 
cells), but encapsulated in a 3D fashion instead of seeding 
on the surface of the gels, and a modifi ed alginate polymer 
(i.e., OMA) showed a similar result (Figure  2 ). MCs did not spread 
at all in the absence of RGD groups linked to OMA–PEGMA1100, 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
while extensive cell spreading was observed with the conju-
gated RGD. This result suggests that the cell adhesion proper-
ties of OMA–PEGMA1100 can be tailored with bioactive groups 
(i.e., RGD), independent of the oUA amount and the stiff-
ness of the material. Finally, incorporating this material with a 
complex 3D fabrication method provides a unique method for 
examining cell–environment interactions. 

   2.3. Hippocampal Neuron Encapsulation 

 Since we want to explore the use of primary cells in the SLA 
system, we also included a neuronlike PC12 cell line to compare 
their viability with primary HNs. Both cell types were encap-
sulated in the hydrogel of PEG1100 and OMA with 6% oUA 
(OMA–PEGA1100, 6% oUA) and assessed for their viability 
for 14 days. The polymerization was performed in the SLA. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 3642–3651



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

    Figure  2 .     MCs were encapsulated using an SLA and characterized for their viability, spreading, and cell fusion. The viability of MCs in different OMA–
PEGMA1100 hydrogels was quantifi ed using MTS (the data are normalized to the day 0 value of each group,   n   >   3  , the error bars represent the standard 
deviation (SD),  ∗  indicates the signifi cance within a group (p  <  0.001), and  +  indicates the signifi cance among the groups (p  <  0.001)). A) MC viability 
after 24 h in OMA–PEGMA1100 with different oxidation degrees, B) MC viability over 14 days in OMA–PEG1100 with 3% oUA, OMA–PEGMA1100 
with 6% oUA, and in PEGDA3400 (a control for a nondegrading, biocompatible gel). MCs spreading in OMA–PEGMA1100 (6% oUA) hydrogels. 
C–F) Fluorescence microscopy images of the MCs in OMA–PEG1100 (6% oUA) hydrogels on day 14, stained with DAPI and Phalloidin-Alexa488 (scale 
bar  =  200  μ m in all images). G) The spreading was quantifi ed as the cell area that was measured using ImageJ over 14 days in gels with (w/) and without 
(w/o) RGD groups. The data are fi t to a normal distribution. H) Average cell area throughout the culture duration (error bars represent the standard 
deviation (sigma) of the fi t curves,  ∗  indicates the signifi cance within and among the groups (p  <  0.001),  n   ≈  150 cells from 3 different gels).  
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According to MTS studies the number of viable cells remained 
constant, both for the PC12s and for the HNs ( Figure    3  A). At the 
end of day 14, HNs were examined via immunohistochemistry 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3642–3651
using MAP2 and counter stained with DAPI. Two-photon LSM 
showed the neuronal spreading inside the gels, with their proce-
sees extending up to hundreds of micrometers (Figure  3 B).  
bH & Co. KGaA, Weinheim 3645wileyonlinelibrary.com
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    Figure  3 .     Neurons in OMA–PEGMA1100 (6% oUA) hydrogels. A) HN and PC12 viability quantifi ed using MTS assay for 14 days (data is normalized 
to the day 0 value of each group,   n   =   3  , the error bars represent the SD, there is no signifi cant difference within HNs or PC12s (p  >  0.1)). Two-photon 
LSM of HNs was performed on day 14; the cells were stained with DAPI and anti-MAP2 (scale bar is 20  μ m). B) A complete  z  stack image showing the 
cell bodies and the neuronal processes, C–F) Sections from different  z  stacks in order to show the connections between the cells and the cell nuclei.  
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   2.4. 3D Spatial Patterning of Multiple Cell Types 

 In our previous studies we have shown that it is possible to 
encapsulate different cell types by using a modifi ed bottom-
up approach rather than using the conventional top-down 
approach of the SLA. [  5  ]  After the demonstration of the cell 
viability of MCs and HNs, described above, we next moved 
to examine the co-culture of these cell types in three dimen-
sions. In the current study, we added a wash step in between 
the layers and chose appropriate geometries to demonstrate 
that it is possible to encapsulate more than one cell and/or 
material type in the same layer ( xy  patterning) as well as in 
the subsequent layers ( z  patterning). As a proof of concept, we 
labeled three different cell types (MCs, HNs, and ASCs) with 
live cell trackers and constructed 3D patterns with these cells. A 
square-shaped islands of cell-encapsulating OMA–PEGMA1100 
hydrogel was built with regular size and spacing, the the inter-
stitial area was sequentially fi lled with a hydrogel consisting of 
poly(ethylene glycol) diacrylates ( M  w   =  3400 Da, PEGDA3400). 
 Figure    4  A and B shows the basics of the SL and the steps of the 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
modifi ed fabrication process, respectively. Fluorescence micro-
scopy images show the spatial patterning and compartmentali-
zation of MCs (red) and HNs (green) in OMA-PEGMA1100 and 
ASCs (blue) in PEG3400 in the same (Figure  4 E) or subsequent 
layers (Figure  4 G and H). This spatial organization remained 
stable during the cell culture period with no signifi cant mixing 
in between the cell types (Figure  4 C and F).  

   2.5. MC–HN Co-encapsulation and Functional Analysis 

 Recapitulating multicellular three-dimensional complex tis-
sues is the “holy grail” of tissue engineering and has countless 
applications in basic science and biomedical fi elds. The effects 
of microenvironment stiffness, cell attachment sequences, sub-
strate geometry, and substrate topography on the cell behavior 
has been one of the main foci of tissue engineering, biomate-
rials, as well as stem cell research. [  17–20  ]  3D environments that 
resemble native ones have started to gain more and more atten-
tion because of their physiological relevance. [  21,22  ]  A particularly 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 3642–3651
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    Figure  4 .     In order to achieve cell patterning in all three dimensions, the SLA was modifi ed and optimized. A) Schematic representation of the SLA. 
B) Fabrication steps for  xyz  patterning. C) CAD model for fabricating a hydrogel with different cell/material types in the same layer. D) Stereomicroscopy 
image of the constructed hydrogel. A window frame was fabricated using PEGDA3400, and squares were fi lled with OMA-PEGMA1100. E) Fluorescence 
microscopy image of the encapsulated MCs (red), HNs (green), and ASCs (blue), localized at different compartments in the same layer. F) CAD model 
for fabricating a hydrogel with two different cell types (MCs and HNs) in the same layer, followed by a third cell type (ASCs) encapsulated in the subse-
quent layer. G) Fluorescence microscopy image of the ASCs (blue) in the fi rst layer, encapsulated in PEGDA3400; H) Fluorescence microscopy image 
of the MCs (red) and HNs (green) in the second layer, encapsulated in OMA-PEGMA1100 (the scale bar is 1 mm, cells were labeled using CellTracker 
for live cell tracking, images were taken 24 h after cell encapsulation).  
interesting aspect of cell–environment interaction that has not 
been investigated much is spatially confi ned cell–cell interac-
tion, where cells nearby can act as a source for bioactive mol-
ecules (i.e., paracrine interactions). Recent research on stem 
cells have also shown that the surrounding cell types play an 
important role in their differentiation tendencies. [  23–25  ]  

 We encapsulated MCs and HNs in a spatially organized 
manner in OMA–PEG1100 (6% oUA) hydrogels through SLA 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3642–3651
fabrication process. First, MC-encapsulating hydrogels were 
fabricated in a torus form, and the HN-encapsulating hydro-
gels were subsequently assembled inside this torus ( Figure    5  A). 
For control experiments (a HN only culture, and HN only with 
conditioned media (HN  +  CM)), the torus was made without 
adding MCs to the polymer solution. For the MC control, HNs 
were not included in the polymer solution. Figure  5 B shows the 
MCs encapsulated in the torus (red) and the HNs encapsulated 
bH & Co. KGaA, Weinheim 3647wileyonlinelibrary.com



FU
LL

 P
A
P
ER

3648

www.afm-journal.de
www.MaterialsViews.com

    Figure  5 .     HN functionality in a spatially patterned 3D co-culture with MCs in OMA–PEGMA1100 (6% oUA) hydrogels. A) Schematic outline of the 
SLA fabrication process. A toroid of MCs in hydrogels was defi ned with the SLA. Then the unpolymerized portion in the center was washed out, and 
prepolymer with HNs was placed in the middle and polymerized. B) Florescence image of HN (green) in the middle of the toroid containing MC 
(red) in the spatially patterned 3D co-culture. C) ChAT specifi c activity of HNs in different culture conditions after 10 days (CM stands for conditioned 
medium,   n   =   6  ,  ∗  indicates the signifi cance (p  <  0.001)). D) Magnifi ed fl uorescence images of the 3D spatially patterned co-culture, showing that the 
cells are not in physical contact but in close proximity (the cells were labeled using CellTracker for live cell tracking, images were taken 24 h after cell 
encapsulation). E) Two-photon LSM of HNs in the co-culture on day 14, stained with DAPI, anti-tau (red, showing the axons), and anti-MAP2 (green, 
showing cell body and dendrites) (scale bar is 30  μ m).  
in the region inside the torus (green), after 24 h of their encap-
sulation tracked using CellTracker for live cell tracking. The 
functionality of the neurons inside the hydrogels was quanti-
fi ed through their choline acetyltransferase (ChAT) activity after 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
10 days of cell culture. The characterized activity was compared 
to the activity in the presence of MCs, in order to investigate 
the 3D interaction of these two cell types encapsulated together 
(Figure  5 C). Results show that a ca. 2.5 times increase occured 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 3642–3651
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in the ChAT activity of HNs in a spatially patterned 3D co-
culture with MCs, while there was no signifi cant difference in 
the HNs and HNs  +  CM control samples. MCs alone did not 
show any signifi cant ChAT activity, as expected. [  26  ]   

 The system that we used to co-encapsulate ASCs, MCs, 
and HNs can be used to examine the differentiation of these 
stem cells towards neurogenic or myogenic linages, depending 
on their location with respect to neuronal cells and myoblast 
cells. Furthermore, the distances between the cells and the 
material properties can be varied, for example, to assess the 
dominant factor in the stem cell differentiation (i.e., environ-
ment versus surrounding cell type). An alternative approach 
can be to examine the effect that neurons and myoblasts have 
on each other, and optionally a stem cell source can be easily 
incorporated in the culture system, serving as a reservoir for 
biological factors that might affect this interaction. It is very 
challenging, if not impossible, to obtain such spatially confi ned 
culture models through conventional tissue culture methods 
and to separate the contact versus noncontact mode of inter-
actions. Therefore, most of the studies examining paracrine 
effects were either done by co-culturing the cell types together 
or by using conditioned media. As an example, the difference 
in contact and paracrine cell–cell interactions was shown using 
cells seeded on paddles of a movable culture device, and it was 
found that the hepatocyte functionality can differ depending 
on their mode of interaction (contact or noncontact) with the 
nearby fi broblasts. [  27  ]  

 ChAT synthesizes acetylcholine using choline and acetylCoA 
as substrates in cholinergic neurons. Although acetylcholine 
is the major neurotransmitter of the motor neurons that are 
responsible of actuation of skeletal muscle cells, it is known that 
some cells in the central nervous system also have this neuro-
transmitter. [  28  ]  The cholinergic neurons in the rat hippocampus, 
although rare but present in all layers of it, was shown by the 
immunolabeling of ChAT. [  29  ]  The presence of ChAT has long 
been used for confi rming the cholinergic property of a neuron, 
while its activity has been used as an indicator of its function-
ality. [  29–31  ]  There have been studies examining the effect of 
muscle-derived factors on cholinergic neurons, mostly on spinal 
cord neurons, since these cells interact in their natural environ-
ment. Co-culturing these cells or using conditioned media from 
skeletal muscle cells infl uenced the motor neurons, particularly 
in a functional manner, by increasing their ChAT activity. [  26  ,  32  ]  
In addition to skeletal muscle cells, heart muscle cells showed 
a similar effect, although they are not related to motor neurons 
directly. [  33  ]  Also, this effect is not limited to motor neurons and 
was shown in other cell types, including neuroblastoma [  30  ]  and 
PC12 cells. [  31  ]  The skeletal muscle-related factors causing this 
effect are collectively referred to as “cholinergic factor”. [  34  ]  One 
of the strong candidates for this factor is bFGF (basic fi broblast 
growth factor); however, there is no consensus, yet, and possibly 
the effect is caused by a combination of cytokines. Neurons from 
hippocampus have been shown to possess cholinergic proper-
ties. [  29  ]  They produce acetylcholine throughout their entire life 
span, and the amount of it decreases with age. [  35  ]  It was also 
shown that there are stem cells in both adult and embryonic hip-
pocampus that could be used to derive cholinergic neurons. [  36  ]  
Although not thoroughly examined, some studies investigate the 
interaction of hippocampal neurons with skeletal muscle cells. 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3642–3651
It was shown that co-culturing with MCs or using conditioned 
media from these cells induced some structural changes in hip-
pocampal neurons, namely expression of peripherin, a cytoskel-
etal protein, which is not expressed in hippocampal neurons in 
situ. [  37  ]  More recently, stem cells isolated from neonatal rat hip-
pocampus was fi rst turned into neurospheres, and then induced 
to retain cholinergic lineage. [  38  ]  The amount of cholinergic 
neurons in the culture was quantifi ed by the presence of ChAT 
antigen, and it was signifi cantly more if the neurospheres were 
cultured in embryonic skeletal muscle cell extract compared to 
the controls. Nevertheless, to the best of our knowledge, there 
is no study examining the infl uence of skeletal muscle on the 
ChAT activity of hippo campal neurons, and its effect on their 
functionality as cholinergic neurons. Although it is known that 
there are cells in the hippocampus producing this enzyme, thus 
have cholinergic properties, [  29  ]  it is interesting that the enzyme’s 
activity is infl uenced by skeletal muscle-derived factors, since 
these cells never interact in their natural environment. The 
cholinergic nature of brain cells is thought to be important for 
reasons ranging from Alzheimer’s disease to aging or stem cell 
research and development. [  35,36  ,  38,39  ]  Therefore, examining such 
interactions might give insight about the physiology of cholin-
ergic hippocampal cells and might be infl uential in under-
standing the cholinergic nature of brain. 

 In our study, we co-encapsulated HNs with MCs to examine 
the effect of skeletal muscle-derived factors on the ChAT activity 
of HNs in a well-defi ned 3D environment, and then quantifi ed 
the HN functionality. In order to examine only the paracrine 
effects and avoid possible infl uences that might arise from cell-
to-cell contact, we exploited our SLA technology to encapsulate 
these cells in the same hydrogel but in a spatially controlled 
manner. We also found that conditioning HN media for two 
days with MCs did not affect the ChAT activity of the HNs sig-
nifi cantly, while co-culturing did. One possible explanation is 
that a sustained and/or time dependent release of the neces-
sary factors is required. Also it might be that the hydrogel is 
acting as an extracellular matrix for the HN cells, concentrating 
the paracrine factors released by nearby MCs, while the added 
conditioned media never reaches adequate concentrations due 
to diffusion limitations (i.e., factors diffusing from the inside 
to the outside versus from the outside to the inside). Another 
possibility is that the effect might depend on the accumulative 
effects of factors released from the MCs or changes in factors, 
as the cells mature during the 14 day culture. In the case of 
conditioned media, on the other hand, MCs were in culture 
for only the duration of media conditioning, which is two days, 
ruling out the possibility of sustained or cumulative effects. In 
any case, our results show an interesting interaction between 
HNs and MCs, which happens in a spatially patterned 3D co-
culture, as compared to conditioned media, implying that there 
might be more to the simple presence of cholinergic factors, 
such as spatio-temporal or reciprocal control. It will be essen-
tial to conduct more detailed mechanistic studies on the ChAT 
activity enhanced by co-encapsulation of cells in the future. 

    3. Conclusions 
 In conclusion, our culture system, using a multifunctional 
polymer with SLA to control spatial distribution and adhesion 
bH & Co. KGaA, Weinheim 3649wileyonlinelibrary.com
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of multiple cell types, allowed us to examine the reciprocal 
interaction between two different cell populations in an envi-
ronment close to their natural 3D environment, demonstrating 
their interaction and, in turn, functional enhancement. MCs 
spread extensively throughout the hydrogel during the 14 day 
culture period and formed tube-like structures, while HNs 
extended their processes throughout the gel. The spatially pat-
terned 3D co-culture of these two cell types resulted in signifi -
cantly enhanced functionality of HNs, quantifi ed by their ChAT 
activity. This result is particularly interesting, because it shows 
that this interaction is not limited to the native skeletal-muscle-
motor–neuron couple, but can be recapitulated with similar 
cell types (i.e., hippocampal neurons). This fi nding might be 
useful for gaining a deeper understanding about the nature 
of muscle–neuron interaction, while the system itself can be 
extended to various other cell pairs or triplets. Our fi ndings 
show that combining this material with the SLA system for 
precise control of spatial organization of cells (while allowing 
computer-aided design-based rapid prototyping technology and 
automated fabrication of complex 3D tissues) can be used for 
tissue engineering applications or for the fabrication of multi-
cellular biological systems. 

   4. Experimental Section 
  Hydrogel Fabrication and Characterization : OMA was synthesized 

starting from commercially available alginate, rich in gluronic acid 
residues (LF20/40, FMC Technologies,  M  w   ≈  250 000 Da) by following 
a previously published protocol. [  13  ]  RGDS- (Sigma–Aldrich) conjugated 
OMA was prepared by aqueous carbodiimide chemistry of the 
synthesized OMA and RGD (1.6%) at room temperature for 12 h. The 
polymer solution consisted of 3% OMA (with different oUA residues), 
20% PEGMA1100, and 0.5% I2959 (1-(4-(2-hydroxyethoxy)-phenyl)-2-
hydroxy-2-methyl-1-propane-1-one (Irgacure 2959, Ciba, Tarrytown, NY) ,  
prepared in DMSO) in DMEM. As a control for cell viability studies and for 
multi-material fabrications poly(ethylene glycol) diacrylate  M  W   =  3400 Da 
(PEGDA3400, Laysan Bio, Arab, AL) was used. The composition of 
PEGDA3400 polymer solution was 20% PEGDA3400, 0.5% I2959 (in 
DMSO, vortexed for dissolving), 5 m M  RGDS (conjugated to acrylate-
PEG3500-NHS (JenKem Technology, Allen, TX)) in DMEM. Hydrogels 
were fabricated using a stereolithography apparatus (SLA, Model 
250/50, 3D Systems, Rock Hill, SC, USA) in all experiments. The SLA 
was modifi ed and optimized as described previously and used for 
patterning multiple cell and material types in predetermined regions 
of the construct. [  5  ]  If fabrication was done with more than one material 
and/or cell types in a layer, a wash step was added to the process, and 
the elevator was kept at the same position as the previous layer until 
a new layer was built. Different material/cell types can be incorporated 
to subsequent layers without the wash step. The process was repeated 
until completion of the desired complex 3D structure. Hydrogels were 
characterized for their mechanical properties as described previously. [  5  ]  
For degradation studies, measurements were repeated for 14 days. 

  Cell Encapsulation : Primary hippocampal neurons (HNs) were isolated 
form Sprague–Dawley rats (1 to 3 days postnatal), in accordance with 
PHS guidelines for the humane treatment of animals under approved 
protocols established through the University of Illinois at Urbana-
Champaign Institutional Animal Care and Use Committee under the 
Vice Chancellor for Research, following a well-established protocol and 
used immediately for encapsulation. [  40  ]  ASCs (gift from Prof. Lawrence 
B. Schook, Dept. of Animal Science, UIUC, IL) and C2C12 myoblasts 
(MCs, ATCC, VA) were incubated in serum-free media (2% HS) 
after encapsulation. PC12 cells (ATCC, VA) were cultured in F-12K, 
supplemented with 15% HS and 5% FBS. Prior to encapsulation in 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
hydrogels, the cells were added to the polymer solution and mixed gently 
(10 000 cells mm  − 3 ). 

  Characterization of Encapsulated Cells : The cell viability in OMA-
PEGMA1100 was quantifi ed using the MTS ((3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) 
assay for 14 days, as described previously. [  5  ]  MC spreading inside the 
hydrogels was examined qualitatively with fl uorescence and two-photon 
LSM and quantitatively using bright-fi eld images and ImageJ, [  15  ]  which 
was used to measure the increase in cell area troughout the culture 
durations. Immunostaining was performed as described elsewhere. [  41  ]  
Neuron functionality is assessed by means of ChAT activity using a 
modifi ed version of the methods in the literature (see the Supporting 
Information for details). [  42  ]  

  Statistical Analysis : Statistical signifi cance was determined using 
one-way ANOVA (analysis of variance) followed by Tukey’s Multiple 
Comparison Test ( n  and  p  values of each test are given in the fi gure 
legends). All data are presented as mean values, and the error bars 
represent the standard deviation. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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Materials C2C12 myoblast cells (MCs), PC12 cells and F-12K media were purchased from 

ATCC, Manassas, VA. Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), 

horse serum (HS), penicillin – streptomycin (100 x), phenazine methosulfate (PMS), Triton X-

100, CelLytic™ MT Cell Lysis Reagent, Eserine, Choline Chloride, Acetyl coenzyme A sodium 

salt, Bradford Reagent, Protease Inhibitor Cocktail, 4′,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI), RGDS peptide sequence (Arg-Gly-Asp-Ser), Poly(ethylene glycol) 

methyl ether methacrylate MW 1,100 Da (PEGMA1100), NaIO4, MES (2-(N-morpholino) 

ethanesulfonic acid) buffer, 1-hydroxybenzotriazole (HOBt) and 2-aminoethyl methacrylate 

(MA-NH2) were supplied from Sigma Aldrich, St. Louis, MO. DMEM without phenol red, 

CellTracker
(R)

s (CMFDA, CMTMR and CMAC), Image-iT® FX signal enhancer, Phalloidin- 

Alexa 562 and Alexa 488 goat - anti mouse secondary antibody was obtained from Invitrogen 

Carlsbad, CA. Hibernate-A and NbActiv4® were bought from Brain Bits, Springfield, IL. 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) was purchased from Promega, Madison, WI. Poly(ethylene glycol) diacrylate MW 3,400 

Da (PEGDA3400) was purchase from Laysan Bio, Arab, AL. 1-[4-(2-hydroxyethoxy)-phenyl]-2-

hydroxy-2-methyl-1-propane-1-one (Irgacure 2959) Ciba, Tarrytown, NY. Sodium dodecyl 

sulfate (SDS), formaldehyde (37 % solution) and dimethyl sulfoxide (DMSO) were obtained 

from Fisher Scientific, Springfield, NJ, USA. Choline/Acetylcholine Assay Kit was purchase 

from AbCam, Cambridge, MA. Papain was supplied from Worthington, Lakewood, NJ. Mouse 

monoclonal anti-MAP2 was purchase from Chemicon, Billerica, MA. Acrylate-PEG-NHS (MW 

3500) was supplied from JenKem Technology, Allen, TX. Alginate (LF20/40, Mw ~ 250,000) 

was obtained from FMC Technologies (Philadelphia, PA). 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) was purchase from Thermo Scientific (Waltham, MA). Pig Adipose Tissue 

Derived Stem Cells (ASCs) were a kind gift of Prof. Lawrence B. Schook (Dept. of Animal 

Science, UIUC, IL).  

 

Methods 

Oxidized Methacrylic Alginate (OMA) Synthesis OMA was synthesized starting from 

commercially available alginate rich in gluronic acid residues (LF20/40, FMC Technologies, Mw 

~ 250,000). A lower Mw alginate (Mw ~ 50,000 Da) was obtained by irradiating with a dose of 2 

Mrad for 4 hours from 
60

Co source. This alginate solution was mixed with NaIO4 for 18 hours 

with stirring. The reaction was quenched with ethylene glycol, and the mixture was dialyzed 

extensively for one day, changing deionized (DI) water twice. The oxidized alginate was next 

dissolved in MES (2-(N-morpholino) ethanesulfonic acid) buffer (pH 6.4) at a concentration of 

10 % (w/w) to prepare methacrylic alginate. Then, 1-hydroxybenzotriazole (HOBt), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and (2-aminoethyl methacrylate) MA-NH2 were 

added to the alginate solution and the mixture was subject to stirring for 18 hours. Both the molar 

ratios of HOBt to MA-NH2 and EDC to MA-NH2 were kept constant at 2:1. The mixture was 

dialyzed extensively for two days, while exchanging DI water every 12 hours. All the alginate 

samples were lyophilized, and the dried samples were re-dissolved in cell culture media in a final 

concentration of 3 % (w/w). The number of methacrylates linked to a single alginate was kept 

constant at 60, and the number of oxidized uronic acid (oUA) residues per polymer chain was 

varied from 7 (3 %) to 25 (10 %).  



 

Hydrogel Characterization SLA was used to fabricate disk shaped hydrogels (5 mm dia., 1 mm 

thickness) from OMA-PEGMA1100 with different amounts of oUA residues (3%, 6% or 10%).  

Fabricated hydrogels were subjected to compression using a mechanical testing system (Insight, 

MTS Systems, Eden Prairie, MN, USA). The elastic modulus (E) of the hydrogels was measured 

by compressing at a constant deformation rate of 1.0 mm/s at 25°C. From the strain limit to the 

first 10%, the elastic modulus was calculated using the slope of the stress vs. strain curve. The 

swelling ratio of the hydrogel at equilibrium was determined by measuring the weight of the 

hydrated gel and that of the dried gel. The degree of swelling (Q), defined as the reciprocal of the 

volume fraction of a polymer in a hydrogel (v2), was calculated from the following equation (1),  

    
     [

  

  
 

 

  
]                       (1) 

where ρs is the density of water, ρp is the density of polymer, and Qm is the swelling ratio, the 

mass ratio of swelled gel to the dried gel.  

The number of elastically effective cross-links of the hydrogel (N) was further calculated with 

the elastic modulus and swelling ratio using equation 2, according to a rubber elasticity theory.  

  
      

  
                    (2)  

where S is the shear modulus calculated from the slope of versus - (λ- λ
-2

) assuming the 

hydrogels followed an affined network model (s: stress, λ: strain), and Q is the degree of 

swelling.  

Primary Hippocampal Neuron Isolation Primary hippocampal neurons (HNs) were isolated 

form Sprague-Dawley rats (1 to 3 days postnatal) in accordance with PHS guidelines for the 

humane treatment of animals under approved protocols established through the University of 

Illinois at Urbana-Champaign Institutional Animal Care and Use Committee under the Vice 

Chancellor for Research following a well-established protocol from literature [39]. Briefly, after 

rapidly decapitating the subjects, the brains are removed and hippocampi dissected in ice-cold 

hibernate media followed by 30 min incubation at 37 
0
C with activated papain (25.5 U.mL

-1
 in 

hibernate). Enzyme treatment was followed by wash with hibernate, mechanical dissociation 

through trituration and the supernatant was centrifuged at 1400 rpm for 5 min. Cells were 

resuspended inNbActiv4 media and immediately mixed with polymer solution for encapsulation 

(10,000 cells/ mm
3
) and cultured in NbActiv4 at 37

o
C and 5% CO2 with a half media change 

every 2 days.  

Cell Viability Cell viability in OMA-PEGMA1100 with various oxidation degrees was 

quantified using MTS assay for Days on Days 0,1,4,7 and 14. PEGDA3400 was used as a control 

for biocompatible and non-degradable well established hydrogel. Briefly cell laden gels were 

incubated in MTS reagent mix (333 µg/mL MTS and 25 µM PMS in DMEM without phenol red, 

500 µL/ gel) at 37
o
C and 5% CO2 for 4 h followed by addition of SDS (20 % in sterile ddH2O, 

104 µL/ gel) in order to stop the reaction. After stopping the reaction the hydrogels were left in 

the incubator for an additional 15 hours to ensure the diffusion of the product (soluble formazan) 

into the medium. The absorbance was measured at 490 nm using a Synergy HT microplate 

reader (BioTek, Winooski, VT, USA). All viability data was normalized to Day 0 value of the 

same group and n>3 for all groups. 

Cell Staining For fluorescence and 2-photon LSM, cells were fixed using 4% formaldehyde, 

incubated in 0.1 % Triton X-100 for 1 h and blocked for 3 h using FX-signal enhancer. After this 

step, MCs were stained overnight with phalloidin-Alexa562, while HNs were stained with mouse 

monoclonal anti-MAP2 (1:1000) and rabbit anti-tau (1:1000) sequentially, followed by 

incubation in goat anti-mouse Alexa488 and goat anti-rabbit Alexa562, respectively (all 



 

overnight). Both cell types were counter stained with DAPI. All staining steps were performed at 

4
0
C and two 45 min washes in PBS (10 mM, pH: 7.4) was performed in between each step 

(except after the blocking step) to ensure the diffusion of the molecules in and out of the 

hydrogel. For live cell Imaging of the multi-cell constructs, HNs were labeled with CellTracker 

CMFDA, MCs with CellTracker
 
CMTMR and ASCs with CellTracker CMAC fluorescent dyes 

prior to encapsulation. 

Cell Functionality Cell-laden OMA-PEGMA1100 gels were incubated for 10 days under 3 

different culture conditions: 1) HNs in NbActiv4 media, 2) HNs in NbActiv4 media that was 

previously conditioned for 2 days using MCs and 3) HN – MC spatially patterned 3D co-culture 

incubated in NbActiv4 media. Data is from two separate triplicate experiments with for each 

group (n = 6). Neuron functionality in OMA-PEGMA1100 gels that were incubated for 10 days 

under 3 different culture conditions, were examined using a modified version of methods in the 

literature [30,41]. After a brief wash with PBS, gels were transferred into ice cold tubes with cell 

lysis reagent CelLytic™ MT (Sigma Aldrich) for mammalian tissue with 10 % protease inhibitor 

cocktail (Sigma Aldrich) and ruptured  using a micro-homogenizer (Qiagen, Netherlands) for 

three 20 sec on ice and left for 15 min to ensure the extraction of the proteins. Then the samples 

were centrifuged for 12 min at 15,000 g, the supernatant was transferred into a clean ice-cold 

tube and retained on ice unless otherwise mentioned. 10 µL of the supernatant from each sample 

was mixed with 10 µL substrate solution (0.1 mM Acetyl CoA, 0.1 mM Choline and 0.1 mM 

Eserine in 50 mM phosphate buffer pH 7.4) and incubated for 30 min at 37 
0
C. Choline amounts 

in substrate solutions incubated with supernatant or just the cell lysis buffer without any protein 

was measured using a commercially available Cholie Assay kit (AbCam). The difference 

between the choline amounts gave the amount of choline consumed by the enzyme in other 

words, the enzyme activity. Specific enzyme activity was calculated using the protein amount for 

each gel which was determined using Bradford assay.  
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Fig. S1. For crosslinking, a stereolithography apparatus was used which allows high throughput 

and automated fabrication of complex 3D tissues with spatial control over the localization of cell 

and material types. Images show the CAD model (left) and the fabricated hydrogel structure 

using this model (right, yellowish color is due to room lightening with yellow light for 

photosensitive materials). 

 

 

  

Fig. S2. An increase in the number of oUA residues of the OMA accelerated the decrease of E 

(A) and increase of Q (B) with time, which was used to quantify the degradation profile of the 

hydrogels. The E and Q measured at each time point were normalized with E0 and Q0, 

respectively. The value of normalized E0 for the OMA hydrogel with 6% oUA and 10% oUA 

was statistically different, as compared with that for the OMA hydrogel with 3% oUA (+ p < 

0.05). The value of relative elastic modulus on each day was statistically different, as compared 

with that on 1 day ( * p < 0.05).  
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Fig. S3. MCs spreading in OMA-PEGMA1100 (6% oUA) hydrogels with (w/) and without (w/o) 

RGD groups. Bright-field microscopy.  A) Day 1 w/o RGD, B) Day 1 w/ RGD, C) Day 14 w/ 

RGD (scale bar is 50 µm). 2-photon laser scanning microscopy stained with DAPI and 

Phalloidin-Alexa562 (scale bar is 50 µm). D) Day 1 w/o RGD, E) Day 1 w/ RGD, F) Day 14 w/ 

RGD (F is a cut section from F′ to show the cell nuclei).  

 

 
 

Fig. S4. Spreading was quantified as cell area that was measured using ImageJ over 14 days in 

gels 3 % and 6 % oUA groups with RGD compared to 6 % oUA without RGD groups as control. 
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