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A number of approaches utilizing additive 
manufacturing techniques such as selec-
tive laser sintering, stereolithography, fused 
deposition modeling (FDM) and 3D print-
ing have been employed for the production 
of patient-specific implants [1–5]. However, 
these approaches require the ceramic and 
polymeric materials that are used with them 
to be processed under conditions that are 
not compatible with cells and proteins. Spe-
cifically, selective laser sintering involves 
the fusion of particles using a laser beam at 
relatively high temperatures. Stereolithogra-
phy requires ultraviolet light to cure photo-
polymerizable monomers. FDM needs high 
temperatures to melt the polymers, which 
are subsequently extruded through a noz-
zle. 3D printing was initially named for an 
additive manufacturing process in which a 
binder is jetted onto a powder bed to bind 
particles at selected positions. The bind-
ers can be harmful to live cells and dena-
ture proteins. While these harsh process-
ing conditions cause little concern for the 
production of acellular scaffolds, they have 
prevented the incorporation of cells and 
therapeutic biomolecules during the fab-
rication process. Proteins and cells can be 
added postfabrication, which is, however, 
often associated with the inability to pat-
tern cells and proteins in the 3D constructs. 
It is therefore important to develop produc-
tion processes that are compatible with the 
i nclusion of cells and biomolecules.

To date, bioprinting of cells and proteins 
has predominantly been carried out by using 
hydrogels, which allow printing at mild 
conditions. A range of hydrogels including 
alginate [6], gelatin methacrylate [7], gellan 
gum [8], poly(ethylene glycol) diacrylate [9], 
collagen [10] and decellularized extracellular 
matrix [11] have been used in bioprinting. 
However, hydrogel materials have a high 
water content, therefore have relatively low 
mechanical properties and are not ideal in 
clinical applications that require mechani-
cal properties matching to hard tissues 
such as bone and articular cartilage. Stiffer 
materials have been used to enhance the 
overall mechanical properties of hydrogel 
composites [12]. However, the low stiffness 
of hydrogels may inhibit the osteogenic dif-
ferentiation of both endogenous and exoge-
nous stem cells. Therefore, biomaterials that 
are printable under ambient conditions and 
have mechanical properties  matching hard 
tissues are needed.

We have developed a responsive mic-
roparticulate material based on a blend of 
poly(L-lactic-co-glycolic acid) (PLGA) and 
polyethylene glycol (PEG) that is printable 
under cell/protein compatible conditions and 
possesses mechanical properties superior to 
hydrogels [13]. When mixed with a viscous 
carboxymethyl cellulose (CMC) solution at 
room temperature, these PLGA-based mic-
roparticles form extrudable pastes that can 
be formed to the desired scaffold shape. We 
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“We have demonstrated the capability of printing  
live cells, proteins and PLGA-PEG microparticles  

under ambient conditions.”
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used the Fab@Home bioprinting platform to fabri-
cate constructs. In order to allow consistent extrusion 
without needle clogging, particles between 50 and 100 
μm were printed using a tapered tip with a gauge of 
16. Incubation of the scaffold at 37°C and in aqueous 
medium leads to the fusion of these microparticles and 
the formation of porous solid constructs.

The mechanical properties of printed constructs are 
comparable to those of human cancellous bone. The 
yield stresses and Young’s modulus reached 1.22 MPa 
and 54.4 MPa, respectively. These values are lower 
than those printed using ceramic materials but under 
relatively harsher processing conditions.

In addition to matching the mechanical properties 
of bone, incorporating cells and growth factors in the 
scaffold can potentially accelerate healing of complex 
bone defects. The ability to print the PLGA-PEG 
material at ambient temperatures enables the pattern-
ing of cells and growth factors in scaffolds during 
printing.

We incorporated lysozyme-loaded PLGA-based 
microspheres in the PLGA-PEG material. Lysozyme 
was loaded into PLGA spheres by a water-in-oil-in-
water double emulsion technique. A PLGA-PEG-
PLGA triblock copolymer was used to modify the 
protein release profile. Lysozyme was used as a model 
protein due to its similar molecular weight and isoelec-
tric point to bone morphogenetic protein-2, which is 
a potent growth factor involved in bone development 
and repair. These protein-loaded microspheres were 
mixed with PLGA-PEG microparticles and CMC to 
form a viscous paste that was used for printing. The 
release of lysozyme in the printed constructs lasted 
for a period of at least 9 days. The majority (≥61%) of 
released lysozyme was active.

The incorporation of live cells in the printing pro-
cess is also desirable for patterning purposes. Many 
tissues and organs have multiple cell types that are 
arranged in hierarchical architectures. Cells were 
mixed manually into the PLGA-PEG microparticu-
late pastes. The viability of cells depended on the 
CMC carrier to particle ratio. The cell viabilities for 
the 1.5:1 ratio were 87 and 77% at day 0 and day 1, 
respectively. Cell viabilities were lower for a higher 
ratio (1.4:1) at both time points. The viability for 
the 1.4:1 ratio dropped below 50% at day 1. A small 
change in carrier:particle ratio had a significant effect 
on cell viability. The drop in cell viability might be 
attributed to the reduced lubrication resulted from 
a smaller amount of viscous carrier, which caused 
an increase of the mechanical stress on cells during 
extrusion though a needle.

We have demonstrated the capability of printing live 
cells, proteins and PLGA-PEG microparticles under 
ambient conditions. The resulting constructs showed 
mechanical properties comparable to cancellous bone. 
The approach has the potential for patterning bio-
logical constituents within constructs to achieve more 
sophisticated architectures.
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