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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 ), 
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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 
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