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A Novel 3D-Bioprinting Technology of Orderly Extruded
Multi-Materials via Photopolymerization
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Ozdal Boyraz, and Rahim Esfandyarpour*

As a 3D bioprinting technique, digital light processing (DLP) has become
popular due to its capability to provide high-throughput and high-resolution
constructs with precise chemical and biological factor distributions. However,
despite the advancements in DLP technology, several hurdles remain,
including phototoxicity, extensive printing time, and the limited portfolio of
biocompatible/photo-cross-linkable materials. Recently, few works have
attended to resolve some of these issues. However, state-of-the-art techniques
bear on complex imaging processing, require highly skilled personnel, and
operate with non-biocompatible/photo-cross-linkable materials. Additionally,
they are not yet capable of multi-layer and multi-material printing of
biocompatible/photo-cross-linkable materials to fabricate physiologically
relevant cell-laden structures. Herein, a novel DLP-based 3D-bioprinting
technology called photopolymerization of orderly extruded multi-materials
(POEM), is proposed, developed, and fully characterized. The utility of the
POEM technique for rapid and high-resolution 3D-printing of multi-material,
multi-layer, and cell-laden structures is demonstrated. The printed
configurations show high cell viability (≈80%) and metabolic activity for more
than 5 days. As a study model, a 3D-structure representing the esophagus is
also successfully printed and characterized. It is envisioned that the reported
light-based POEM technique here enables the fabrication of 3D-cell-laden
structures in a multi-material and multi-layer printing manner in
biocompatible/photo-cross-linkable materials essential to construct complex
heterogeneous tissues/organs.
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1. Introduction

Bioprinting technology has rapidly ad-
vanced to provide a powerful platform to
build anatomical and physiological rel-
evant constructs.[1] Previously, for more
than the last 70 years, traditional two-
dimensional (2D)[2–8] approaches have
been used in biomedical research (i.e.,
cell monolayers).[5,9–11] However, these
models have discrepancies, such as tissue
heterogeneity and the poor recapitulation
of human physiology, compared to an in
vivo three-dimensional (3D) architecture
(e.g., tissue-tissue interaction, vascular-
ization, and cell communication).[12,13]

On the other hand, 3D-bioprinting of-
fers unique spatial control over the 3D
architecture of the biological compo-
nents by combining hydrogels, cells, and
signaling molecules to recreate actual
tissues.[14] Moreover, 3D-bioprinting
contributes significant advances in drug
screening,[11,15–18] disease modeling,[19,20]

high throughput assays,[21,22] cancer
research,[23,24] biofabrication,[25–27] and
clinical transplantation.[28,29] In these re-
gards, 3D-bioprinting technologies have
been widely developed in tissue engineer-
ing and biomedical applications.[30–32]

The foremost 3D-bioprinting technologies have been advanced
with nozzle-[33–36] and light-based techniques.[37] The most
common technique of nozzle-based bioprinting is extrusion
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bioprinting.[38] The vat-photopolymerization techniques such as
stereolithography,[39] two-photon polymerization,[40] and digital
light processing (DLP)[41,42] are categorized as the most fre-
quently used light-based 3D-bioprinting technologies. Compared
to the nozzle-based techniques, the light-based techniques pro-
vide more improved bioprinting resolution with smoother sur-
faces, fast printing speed, and high cell viability.[43] Among the
light-based technologies, the DLP has been more attention to
3D-bioprinting as a high-throughput technique with the capabil-
ity to create high-resolution constructs with precise distributions
of chemical and biological factors.[44] However, DLP bioprinting
has some hurdles, including irradiating photons from the light
source leads to phototoxicity and DNA mutations. The extensive
printing times stress the cells and increase the chances of con-
tamination. Moreover, it has a limitation in the portfolio of photo-
cross-linkable and biocompatible materials.[45,46]

Recently, two DLP volumetric additive manufacturing tech-
niques, including Xolography[47] and, computed axial lithography
(CAL)[24] have attracted significant attention in light-based 3D-
bioprinting technology.[29,30] Both of these DLP techniques bear
on the imaging processing part that requires complex operations,
including skilled personnel and strong computational power.[49]

Nevertheless, the resins used in those works lack biocompat-
ibility, precluding their translation to health applications.[28,32]

Furthermore, the current configuration of the resin reservoirs
makes the volumetric printing of multi-materials impossible.[51]

For these reasons, the patterning of cell-laden polymers has re-
mained a challenge to be addressed in terms of material selec-
tion, light intensity, and printing conditions.[48,50] Hence, a bio-
compatible, multi-material, and rapid 3D-bioprinting system is
yet to be developed.

Here, we address all the aforementioned limitations and
present the photopolymerization of orderly extruded multi-
materials (POEM), a novel 3D-bioprinting technique, to print
3D multi-layer, multi-material and cell-laden tissue structures
with high cell viability and good resolution. The proposed tech-
nique relies on the implementation of biocompatible, photo-
cross-linkable, and customizable hydrogels for rapid printing of
multi-material and complex physiological relevant in vivo mim-
icking structures. The POEM technique principle of working is
extrusion bioprinting of photo-cross-linkable hydrogels in a layer-
by-layer manner followed by high-resolution patterning of the
layers to the desired shapes and configurations using a 4-f lens
system. The proposed POEM technique here maintains a high
printing resolution, offers multi-material printing to achieve the
heterogeneity presented in actual tissues and multicellular struc-
tures, eliminates cross-contamination and the cleaning process
that is required in other state-of-the-art multi-material printing
techniques, and enables multilayer printing to structurally mimic
the in vivo tissue architectures. Moreover, the use of support bath
implemented in the POEM technique holds the 3D-bioprinted
structures still during the entire process and hence eliminates
the chance of collision and any structural deformations.

Based on the POEM technique, sample 3D architectures (i.e.,
hexagonal ring, wheel, and cylinder structures) were successfully
printed with a high resolution (65 μm) and analyzed by fluores-
cent imaging, indicating that the POEM enables printing along
the x-, y-, and z-axis. The geometries were mimicked from the
structure of the hepatic hexagonal lobule units, the interconnec-

tion hepatic lobule-vasculature, and the esophagus multi-layered
heterogenicity. Physiologically relevant esophagus models were
bio-fabricated in a hollow tubular scale-down fashion to verify the
POEM technique. To achieve biocompatibility, we used biomate-
rial formulations that are tailored according to the needs of cells
to increase the survival rate, and to obtain non-toxic resins as op-
posed to previous works. In this context, a blend of poly(ethylene
glycol) diacrylate (PEGDA) and gelatin methacryloyl (GelMA)
polymers was designed to be photo-patterned and provided scaf-
folding to the muscle (C2C12) and fibroblast cells (L929). The
esophagus-like structures maintain up to 80% cell viability and
are metabolically active after printing and during the time (≈5
days), meaning that the POEM technique is suitable to be used in
biomedical fields. Hence, the POEM technique paves the way for
the 3D-bioprinting of multi-material and complex architectures
closer to 3D-tissues with high resolution by using custom-made
bioink formulations. With a custom selection of materials accord-
ing to the application, it enables the printing of multi-material
structures and the rapid bioprinting of cell-loaded structures with
a simple post-processing routine.

2. Results and Discussion

2.1. The Design Approach and Principle of Operation

POEM technique can be separated into three main categories as
preparation of the multi-material vats, patterning with the DLP
system, and cleaning of the printing object as post-process (Fig-
ure 1). In the multi-material vat preparation part, it is required to
place the various prepolymers (i.e., PEGDA or PEGDA+GelMA)
in printer cartridges and neatly extrude them into the quartz
reservoir (Figure 1a). Depending on the desired application, this
extrusion process could be modeled in many configurations (e.g.,
longitudinal, lateral, etc.), applying different material thicknesses
by tuning the printing speed, the needle gauge, and the G-code to
the ink viscosity. The extrusion optimization will result in sharp
boundaries between material layers. In contrast, the intercon-
nection between multi-material layers resembles the anisotropic
transition found in actual tissues. For example, the skin layers,[52]

bone-tendon junction,[53] and gastrointestinal layers[54] have in-
tricate microscale anisotropic transitions. The complex hierarchi-
cal anisotropic topography directly impacts cell response by regu-
lating their morphology, migration, and proliferation.[55] To illus-
trate an optimized printing process, fluorescent particles with dif-
ferent colors were added to the prepolymer solutions. Then, they
were extruded into longitudinal layers and concentric squares to
generate lateral layering. In Figure 1a, the photographic view was
given for the longitudinal layering case with three colors. For the
patterning part, the proposed DLP-printing system consisted of
i) an ultraviolet (UV) light source (395 nm, Darkbeam); ii) a dig-
ital micromirror device (DMD) chipset; iii) a computer to adjust
and send the digital mask sequence; iv) optical projection lens
system; and v) a stage for sample positioning, as illustrated in
Figure 1b. In particular, the DMD chipset modulated the light by
its 2D pixel arrays. From this modulation property, it has been
deployed in many optical applications as a spatial light modu-
lator to generate optical arbitrary waveforms,[56,57] beam steerer
for lidar applications,[58,59] beam deflector for fast dispersive laser
scanning systems.[60,61] Here, the DMD chipset functioned as a
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Figure 1. Schematic of the POEM technique printing configuration. a) Multilayer vat was prepared with extrusion printing as longitudinal or lateral
layering configurations. The photographic view of the printed longitudinal layering case was presented with a coin to show the comparison of structural
dimensions. b) The prepared vat was placed in the DLP printing system and exposed to patterned UV light (𝜆 = 395 nm). c) After the crosslinking
process, printed objects were removed from the vat and washed with PBS to clean the support bath on the printed object.

Adv. Mater. Technol. 2023, 8, 2201926 © 2023 Wiley-VCH GmbH2201926 (3 of 11)
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photomask to generate dynamic optical patterns.[62] The DMD
configuration with tilted mirrors has often been modeled as a
blazed grating.[63] Hence, the reflected beam from DMD contains
some diffraction orders. It is important to retrieve in-focus im-
ages to be able to obtain sharp images which are directed to the
bioink for the patterning process. For this retrieving process, a
4-f imaging system was introduced in our system to increase the
image quality by introducing filtering at the Fourier plane. More-
over, one can introduce a resolution versatile-projection ratio, by
changing the focal length of the lenses in the 4-f system.

For the 3D-bioprinting process, glass slides were placed
against the inner walls of a quartz reservoir to remove the
pattern without damaging it (Figure 1c). Then the reservoir
was filled with prepolymer solution, which was composed of
poly(ethylene glycol) diacrylate (PEGDA) 700 or a blend 2:1 of
20% PEGDA 700 and 10% gelatin methacryloyl (GelMA) as
photo-cross-linkable polymers, Carbopol-940 as a viscose sup-
port bath, Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) as biocompatible photo-initiator,[64] and Quinoline yellow
(QY) as photo-absorber. Once the DMD patterned UV light was
projected on the reservoir, the exposed part of the prepolymer
was crosslinked and converted into a solid polymer by a free poly-
merization reaction (Figure S1, Supporting Information). At the
end of pattern illumination, the printed construct was firmly at-
tached to the glass coverslip. As a post-printing process, a simple
washing procedure was conducted by using phosphate-buffered
saline (PBS) solution, after taking out the glass slide from the
reservoir to remove the non-crosslinked material. In this way,
the remaining Carbopol support bath (i.e., Carbopol-940) was
depolymerized, and the non-crosslinked polymer was diluted.
All the processes are summarized in Video S1, Supporting
Information.

2.2. Printing of 3D Structures

We printed hexagonal ring, wheel, and cylinder structures to
demonstrate the printing adaptability and applicability of the
POEM technique (Figure 2). These three geometries were cho-
sen to mimic the structure of the hepatic hexagonal lobule
units,[65] the interconnection hepatic lobule-vasculature,[66,67] and
the esophagus multi-layered heterogenicity,[68,69] respectively.
The hexagonal ring and wheel scaffolds with a single mate-
rial were printed by using the two different digital masks (Fig-
ures 2a,d). Fluorescent particles were added to the prepolymer so-
lution to obtain better visualized printed structures. The top and
side views of the printed structures show that the details in the de-
signed digital masks were successfully transferred to the printed
scaffolds by single-step exposure for 3 min, as shown in Fig-
ure 2b,c,e,f. Each magnified microscope image indicated that the
fluorescence particles were distributed homogeneously. More-
over, it showed that the POEM technique provided an appropri-
ate resolution for printing the infills, and sharp inner/outer an-
gles. The dimensions of the printed patterns were measured for
comparison with the original design (Table 1). For each pattern,
five samples were measured to determine the printing precision
of the system. There was a negligible deviation (0.2–3.9%) be-
tween the measured and designed structural parameters, mean-
ing a precision alignment and placement. The widths of the

printed structures were often higher than the designed values,
due to a tiny over-curing. However, the slight differences between
the measured and designed widths revealed that the proposed
projection-based printing technique (i.e., POEM) has relatively
acceptable accuracy and resolution.

Another point that should give attention is the thickness of the
printed structures which is determined by the penetration depth
of the light. The penetration depth is directed by many parame-
ters, including the power of the light source, exposure time, the
concentration of the photo-absorber, and the photo-initiator.[70,71]

Here, since the used exposure time, the concentration of the
photo-absorber, and the photo-initiator were fixed for both struc-
tures, and their effect was ignored for the curing depth. The dom-
inant factor was the power of the projected light. Note that the
projected mask was composed of pixels and for each pixel, the
light intensity was uniformly distributed. The total power for the
curing was determined by the number of ON pixels in the digital
mask, in other words, the area of the pattern. For the hexagonal
ring pattern, the area was around 2.1873e6 pixels square. For the
wheel pattern, since it was composed of multiple parts, one can
use the most dominant part for the evaluation. The covered area
was around 6.0078e5 pixels square, considering the outer ring as
the dominant part. Therefore, it was expected that the hexagonal
ring pattern would be a thicker structure. Besides, it was not pos-
sible to state a direct relationship between the pixel number and
the thickness for the given structures due to the fact that different
colors of fluorescent molecules were used for them. The reason
was that the light intensity was determined by the absorption and
scattering characteristics of the material, so not only these param-
eters but also the effect of the stray beams should be considered
to make the relation. Apart from that, one could manipulate the
thickness of the printed structure by controlling the number of
ON/OFF mirrors.

As a next step, the multi-material structures were obtained
by orderly extruding the multiple prepolymer solutions into
the quartz reservoir via extrusion printing and then photo-
crosslinking in the DLP system. Through the POEM technique,
an unrestricted number of inks/materials with multiple distribu-
tion configurations might be extruded to accommodate complex
architectures. For the proof of concept, we have evaluated two
printing scenarios. First, three multiple inks with colors of blue,
green, and red were ordered in longitudinal configuration to as-
sess two different geometries, cylindrical and gear shapes (Fig-
ure 1). The top view of the printed cylinder structure can be seen
in Figure 2g. Then, two inks with blue and red colors were com-
posed to arrange the lateral layering case (Figures 1 and 2h). To
confirm the color transition between the layers, fluorescent mi-
croscope images were given for both lateral and longitudinal ar-
rangements (Figure 2i–k). The influence of multi-material print-
ing on the accuracy and resolution of the final structure is also ex-
amined by using two different materials in longitudinal layering
arrangement and a mask that has vertical and horizontal sym-
metry, including circular, strip, and corner features, as shown in
Figure S2, Supporting Information. The deviation between the
measured and designed structural parameters is around 1.56–
4.86% (Table S1, Supporting Information). However, the devia-
tion between the two materials is around 0.1–0.4%, which shows
that with a proper exposure time arrangement, one can get high
accuracy with multi-material printing.

Adv. Mater. Technol. 2023, 8, 2201926 © 2023 Wiley-VCH GmbH2201926 (4 of 11)
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Figure 2. The application of POEM technique for the fabrication of multi-material structures. a) Digital mask for hexagonal ring pattern. b) Top view
and c) side view of the DLP printed pattern for the hexagonal ring. The enlarged microscope image of the printed pattern was given as an inset in (b).
d) Digital mask for wheel pattern. e) Top view and f) side view of the DLP printed pattern for the wheel. The enlarged microscope image of the printed
pattern was given as an inset in (e). g) Top view of a DLP printed cylinder with longitudinal layering arrangement with three colors. h) Side view of a
DLP printed cylinder with lateral layering arrangement. i) z-stack imaging of the cylinder in lateral layering configuration with two colors. Fluorescent
microscope images of multi-material printed constructs with j) cylinder and k) gear patterns in longitudinal layering arrangement with three colors (scale
bar = 500 μm). The used digital masks were depicted as an inset of each image. Here all the presented structures are printed with single-step exposure.
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Table 1. The dimensions of original designs and DLP printed patterns (n =
5) (w1/w2/w3: width, s: side, h: height, D: diameter, and 𝜃1/𝜃2/𝜃3: corner
angle)).

Patterns Dimensions [mm]

Original design Printed
structure

Percent error

w1 1.00 1.002 ± 0.021 0.2%

s 2.89 2.777 ± 0.031 3.9%

h N.A. 2.040 ± 0.016 N.A.

𝜃1 120° 122.786 ± 0.032 2.3%

D 1.25 1.272 ± 0.013 1.76%

w2 0.62 0.633 ± 0.008 2.1%

w3 0.42 0.436 ± 0.006 3.8%

h N.A. 1.566 ± 0.02 N.A.

𝜃2 82° 79.462 ± 0.079 3.1%

𝜃3 111° 111.982 ± 0.081 0.9%

2.3. Bioprinting

The POEM technique has the potential to offer a biocompati-
ble environment to incorporate living cells in the bioprinting
process. Although light damage to DNA and radicals are be-
yond the scope of this paper, the biocompatibility of the POEM
technique, the polymers (i.e., PEGDA 700 and GelMA), and the
support bath (i.e., Carbopol-940) were investigated, we printed
esophagus-liked structures as a model by incorporating muscle
cells (C2C12) and fibroblast cells (L929) into the PEGDA (i.e.,
PEGDA 700) and PEGDA+GelMA inks.[72] We have investigated
the cell viability in the polymeric bioinks through the Live/Dead
assay (Figure 3a). The Live/Dead assay showed a large popula-
tion of viable cells on the first day of printing 91.2 ± 3.5% and
68.5 ± 6.0% for PEGDA+GelMA and PEGDA, respectively (Fig-
ure 3b). Nonetheless, a preserved cell viability of up to 80% was
observed on day 5 for the PEGDA+GelMA blend. Besides, up
to a 25% of reduction in cell viability was observed for PEGDA
ink for 5 days (Figure 3b). Life and dead assay confirmed signif-
icantly higher cell viability in the PEGDA+GelMA blend (***p-
value ≤ 0.001) Moreover, this tendency was confirmed by the
Resazurin assay. In Figure 3c, the bar graphs showed that the
metabolic activity on day 5 decreased up to 60% in PEGDA ink,
while in PEGDA+GelMA the variation was ≈25% in comparison
with metabolic activity on day 1, which is similar to the previous
works.[39,73] The reduction of cell viability in hydrogels of PEGDA
might be attributed to the pore size of PEGDA which was too
small to allow the medium diffusing.[39] The pore size of PEGDA
also affects the stiffness of the material and the mechanotrans-
duction of the cells.[74] The mechanical properties of PEGDA
can be tuned by adding other photo-cross-linkable polymers like
GelMA. The use of PEGDA with higher molecular weight may
result in larger pores improving cell viability.[75,76] As well, the
formulation of photo-crosslinkable bioinks with natural-origin
polymers and supplemented with additives (i.e., RGD particles,
dECM, FGF, FBS) may improve the cell function and expand the
bioink portfolio. The use of support baths with degradable poly-
mers like poly(ethylene glycol) or poly(D, L-lactide) can be po-

tentially applied in the POEM technique to generate implantable
constructs.

2.4. Characterization of the Photo-Cross-Linkable System

The performance of the proposed POEM system was charac-
terized by evaluating its resolution and registration capability
with respect to the exposure time (0.5–3 min). To optimize the
exposure time for target thickness, the PEGDA prepolymer
solution was patterned, variating the exposure times for differ-
ent strip thicknesses (65–2000 μm). The minimum width of
the strips was designed considering that in bioprinting, high
resolution is defined as printed elements smaller than 100 μm
since it is comparable to the size of a single cell.[77] Nonetheless,
the limit range of strip thickness was stated previously, since
the photo-crosslinking is controlled by the pixel number, the
wider thicknesses are crosslinked in a shorter exposure time
(Figure 4a). Here, the exposure time was limited to 3 min. by
considering the cell viability at the bioprinting part.[42] The print-
ing resolution featured up to 65 μm with the proposed POEM
technique. Another considerable point is the engineering of the
exposure time by superimposing digital masks to compound
different feature sizes on a macrostructure. Figure 4b showed
the procedure of a basic case study for the superimposition of
the masks. For the exposure time versus printing resolution,
it was sufficient for the printing strip with 65 μm thickness
with 3 min. of exposure time, and 45 s for a 2000 μm feature
size. Hence, to avoid over-crosslinking of the wider part, a
mask that only contained the thinner strip was projected on the
polymer. Then, the wider pattern was superimposed at the target
time (i.e., 2:25 min.). As shown in the presented bright field
microscopy image, the strips were printed with designed thick-
nesses with the superimposition of the masks at proper times
(Figure 4b).

For the extrusion of inks, the rheology properties of the ma-
terials determine their feasibility to be extruded and keep the
shape after the material is released from the hydraulic pres-
sure. We have conducted a rheology characterization of all
the materials; Carbopol, PEGDA prepolymer, PEGDA-Carbopol,
PEGDA+GelMA, and PEGDA+GelMA-Carbopol (Figure 4c).
All the materials showed a shear-thinning behavior, mean-
ing that their viscosity decreases with increasing shear rates.
This confirms their capability to be implemented in 3D-
extrusion-printing. The viscosities of the materials evaluated
at the lowest shear rate were 0.91 ± 0.13, 1.20 ± 0.02, 21.66
± 2.97, 51.36 ± 1.60, and 31.47 ± 2.51 Pa·s for PEGDA
prepolymer, PEGDA+GelMA, PEGDA-Carbopol, Carbopol, and
PEGDA+GelMA-Carbopol, respectively (Figure 4c). As expected,
with the incorporation of the Carbopol support bath to PEGDA,
the PEGDA+GelMA yields inks with higher viscosity while pre-
serving the shear thinning behavior. The absorbance spectra of
all materials were investigated (Figure 4d). First, the absorbance
of Carbopol presented minimal interference with the light, due
to its transparency and the absence of any impurity. Second,
QY absorbs in the range between 360 and 475 nm, with its
higher absorbance at 410 nm. The light absorption of QY has
attenuated in combination with PEGDA, PEGDA+GelMA, and
Carbopol, due to the dissolution of concentration. The swelling
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Figure 3. 3D cell-laden bioprinting experiments. a) Live/Dead assays of printed constructs of PEGDA and PEGDA+GelMA on days 1, 3, and 5, and
image stitching of the full shape of constructs on day 5. b) Quantitative analysis of cell viability assay (N = 3, n = 4, ***p ≤ 0.001). c) Resazurin assay on
cells encapsulated in bioprinted constructs (N = 3).

properties of a polymer network reflect its mechanical properties,
diffusion capability, and surface mobility.[78] The swelling behav-
ior of PEGDA-Carbopol and PEGDA+GelMA-Carbopol xerogels
showed a rapid swelling in the first 5 h achieving stable equi-
librium in about 16 h. The water swelling increased with time,
and the constructs increased their swelling ratio by ≈1500% com-
pared to their dry weight due to the water retention of PEGDA.
This swelling behavior is similar to the one reported by other
authors.[79] The data demonstrated the ability of GelMA to reduce
the swelling ratio in comparison with PEGDA-Carbopol. The me-
chanical properties of hydrogels affected cell proliferation and
differentiation. Thus, it is important to measure the mechani-
cal properties of the PEGDA-Carbopol and the PEGDA+GelMA-
Carbopol. The compressive strength of the PEGDA-Carbopol
(≈139.9 Pa) results was higher than PEGDA+GelMA-Carbopol
(≈35.6 Pa), due to the rigidity of PEGDA chains.[80] To elucidate

the changes in mechanical properties of single materials while
applied to fabricate multi-material structures, hemispheres were
printed and its behavior was tested under compression test (Fig-
ure S3, Supporting Information), assuming that if there is uni-
form crosslinking for the multi-material printing, the mechanical
properties of the multi-material structure should show stiffness
characteristics which is the average of the materials that compose
it.[81] Uniaxial compression showed differences in the mechani-
cal properties of green- and orange-colored inks. Specifically, the
average onset of fracture of green- and orange-colored inks are
≈32 and ≈55%, respectively. In contrast, the multi-material con-
structs displayed fracture points in compressive strains of ≈43%
between their individual components. To emulate the tissue me-
chanical properties, hydrogels might be tunned with the co-
formulation of small molecular weight PEGDA and high molec-
ular weight hydrogels like GelMA.

Adv. Mater. Technol. 2023, 8, 2201926 © 2023 Wiley-VCH GmbH2201926 (7 of 11)
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Figure 4. a) Resolution analyses of the system concerning the exposure time. b) Example for superposition of the masks at appropriate times to achieve
high and low-resolution patterns in the same structure. c) Flow curve, d) absorption spectrum, e) water swelling characteristics, and f) mechanical
properties of the materials.

3. Conclusion

State-of-the-art DLP techniques bear on complex imaging
processing, require highly skilled personnel, operate with
non-biocompatible/photo-cross-linkable materials, and are not
yet capable of multi-layer and multi-material printing of
biocompatible/photo-cross-linkable materials to fabricate phys-
iologically relevant cell-laden structures. Herein, a novel DLP-
based 3D-bioprinting technology is proposed, developed, and
fully characterized. The POEM technique principle of working
is extrusion bioprinting of photo-cross-linkable hydrogels in a
layer-by-layer manner followed by high-resolution patterning of
the layers to the desired shapes and configurations using a 4-f
lens system. The utility of the POEM technique for rapid and
high-resolution 3D-printing of multi-material, multi-layer, and
cell-laden structures is demonstrated. The printed configura-
tions showed high cell viability (≈80%) and metabolic activity
for more than 5 days. As a study model, a 3D structure repre-
senting the esophagus is also successfully printed and charac-
terized. The proposed POEM technique here maintains a high
printing resolution, offers multi-material printing to achieve the
heterogeneity presented in actual tissues and multicellular struc-
tures, eliminates cross-contamination and the cleaning process
that is required in other state-of-the-art multi-material printing
techniques, and enables multilayer printing to structurally mimic
the in vivo tissue architectures. Moreover, the use of support bath
implemented in the POEM technique holds the 3D-bioprinted
structures still during the entire process and hence eliminates
the chance of collision and any structural deformations. We en-
vision the proposed POEM technique shed light on a novel 3D-

bioprinting technique for the field of bioprinting multi-material
and complex architectures mimicking in vivo 3D tissues with
high resolution.

4. Experimental Section
Materials: Poly(ethylene glycol) diacrylate (PEGDA-700) Mn 700 and

Quinoline Yellow (QY) were purchased from Sigma Aldrich, USA.
Carbopol-940 was purchased from Acros Organics. Lithium phenyl-2,4,6-
trimethyl-benzoyl phosphinate (LAP) was purchased from Allevi. DMEM
media, ANTI-ANTI, and Fetal Bovine Serum were purchased from Gibco.
The UV-395 nm torch was purchased from Darkbeam-Amazon. DLP Pro-
jector (DLP LightCommander) was purchased from Texas Instruments,
USA. Lenses, iris, and mirrors were purchased from Thorlabs.

GelMA Synthesis: GelMA was synthesized by dissolving type A gelatin
from porcine skin at 10% (w/v) in Dulbecco’s phosphate-buffered saline
(DPBS) and stirring at 50 °C and 300 rpm for an hour. Methacrylic acid
was added dropwise with a syringe pump (0.3 mL min−1) to the solu-
tion at 5% (v/v) and allowed to react for 1 h. The reaction was finished
by adding 5× volumes of DPBS. The resulting solution was dialyzed for 7
days with distilled water (DW) at 37 °C. The resulting solution was frozen
and lyophilized for 5 days and stored at −80 °C before use.

Preparation of PEGDA Ink: To prepare the prepolymer PEGDA inks,
20% w/v solution of PEGDA-700 was mixed with 0.1% w/v QY. Then, the
PEGDA solution was heated at 65 °C for 20 min. This process was fol-
lowed by the addition of 0.5% w/v LAP (ALEVY) photo-initiator and pH
neutralization with NaOH (1 m). The PEGDA solutions were sterilized us-
ing 0.22 μm polyether sulfone (PES) filters, before being applied for 3D-
bioprinting of the cells.

Preparation of GelMA Ink: Lyophilized GelMA was dissolved at 10%
(w/v) in DW and mixed with 0.025% w/v QY, followed by the addition of
0.1% (w/v) of LAP as the photo-initiator and pH neutralization with NaOH
(1 m). Finally, GelMA solutions were sterilized using 0.22 μm PES filters.

Adv. Mater. Technol. 2023, 8, 2201926 © 2023 Wiley-VCH GmbH2201926 (8 of 11)
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Preparation of Carbopol-Support Bath: According to the previous
work,[82,83] the synthesis of the Carbopol support bath was adapted to the
POEM technique. Briefly, a 1.2% w/v solution of Carbopol-940 was pre-
pared by vortex mixing in DW, then 0.5 mL of NaOH (1 m) was added. After
that, the Carbopol support bath was mixed and centrifuged at 3000 rpm
for 20 min.

Preparation of PEGDA-Support Bath: The PEGDA-Carbopol support
bath was prepared by mixing 3 mL of PEGDA ink in 7.5 mL of the Carbopol-
940 support bath.

Preparation of PEGDA+GElMA-Support Bath: The PEGDA+GelMA-
Carbopol-940 support bath was prepared by mixing 1 mL of PEGDA ink
with 2 mL of GelMA in 7.5 mL of the Carbopol-940 support bath.

Rheological Test: The rheological properties of prepolymer PEGDA ink,
Carbopol support bath, and the mix of PEGDA-Carbopol were investigated
by using a DHR rheometer (TA Instruments) equipped with a Peltier. A
20 mm parallel plate with a 200 μm gap was used for all rheological tests.
PEGDA, Carbopol-940, and PEGDA-Carbopol mix were loaded, and their
complex viscosity was studied as a function of shear rate (1–100 Hz) at 24
°C with a constant strain of 2% (n = 3).

Absorption Spectra of the Materials: Absorption spectra of the pre-
polymer PEGDA ink, Carbopol support bath, and the mix of PEGDA-
Carbopol were measured by a UV–visible spectrophotometer Biotek Cy-
tation 5/Biospa Plate Reader and the results were plotted as a function
of wavelength in a range from 200–800 nm. Polymers were prepared as
described previously, and a blank of DW was used.

Compressive Modulus: To test the mechanical properties, 5 mL
of PEGDA-Carbopol solution was extruded into a 12-well plate and
crosslinked at 395 nm with UV light for 60 s. Then the samples were taken
off the well plate. Young’s modulus was tested by a dynamic mechanical
analysis instrument (Instron 3365 UTS). The compressive modulus was
determined as the slope of the linear region between strains from 5 to
20%.

Hydrogel Swelling: For the measurement of water swelling, six cylindri-
cal samples were prepared using the protocol described above. To leach
the unreacted-soluble fraction, the samples were placed in water at room
temperature for 24 h. Then samples were dried in a vacuum desiccator
for 2 days. Next, the dried samples were immersed in DW at 37 °C. The
swelling kinetics was studied after taking out the soaked samples from wa-
ter at different time points and weighing them once the surface droplets
were wiped off with wet paper until getting constant weight. The swelling
ratio was determined by the following equation:

Sw (%) =
Wt − W0

W0
× 100

where Wt is the weight of the hydrogel sample at a specific time, and W0
is the weight of the dried samples recorded as the initial weight. All exper-
iments were performed in triplicate.

DLP Printing: Printing was performed by customizing the projection
lens and illumination source of the commercial DLP (Texas Instruments,
Dallas, TX). Instead of using its illumination module with a visible light
source, a UV source operating at 395 nm was integrated for the illumina-
tion of the DMD (Texas Instruments, Dallas, TX) chips. The projection op-
tics was replaced with a 4-f system and the optical path was adjusted with
an x0.7 scaling by properly arranging the focal lengths of the lenses. The
DMD chip in the system consists of 1024 × 768 individually controllable
micromirrors of 10.8 μm size. Hence, one pixel on a mask was reflected by
one mirror on the DMD chip was about 7.56 × 7.56 μm2 after being pro-
jected from the 4-f system to the target pre-polymer. All digital masks were
designed in Adobe Illustrator and loaded as BMP files into the projection
software of the DLP printer.

A quartz reservoir was filled with the polymer + support bath (which
functions as a holder for the printed structure) mixture, and a glass slide
(size: 18 × 18 mm) was placed in between the reservoir wall and the poly-
mer to easily remove the printed pattern without damaging it. Then, the
quartz reservoir was placed over the stage and the mask was projected
against the reservoir wall.

POEM: First, the polymers+support bath was transferred into car-
tridges and degassed by centrifugation at 2000 rpm for 10 min.;
subsequently, cartridges were loaded in the 3D-extrusion-bioprinter
(Incredible+, Cellink, Sweden). Then the G-code to fill the reservoir in the
desired pattern was uploaded. The materials were orderly extruded inside
the quartz reservoir using 14 G needles, and the final product was covered
with parafilm.

Printing Resolution: To evaluate the printing resolution of the system,
a calibration structure consisting of an array of strip features of decreas-
ing size and gaps were printed. After recovering the samples, the fidelity
of printed structures was evaluated by using image analysis. Photographic
images of printed structures were analyzed using Toupview software (Am-
Scope, USA) and compared to the original design parameters (n = 3).

Cell Culture: Mouse fibroblast C2C12 was kindly provided by Professor
Masashi Kitazawa from the UC Irvine School of Medicine, and mouse my-
oblast L929 kindly provided by Professor Angela G. Fleischman from UCI
School of Medicine was used for this study. Bout cell lines were cultured in
an incubator at 37 °C under a 5% CO2 atmosphere. The standard cell cul-
ture media was made from Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% of fetal bovine serum and 1% of Anti-Anti.

Cell Viability Assay: Cell viability test of L929 and C212 proceeded on
days 1, 3, and 5 by performing a LIVE/DEAD assay (Life Technologies, Cali-
fornia, United States) which contained 2 mm calcein-AM and 4 mm ethid-
ium homodimer (EtHD1). The samples were placed in a dark humidify
incubator for 30 min. Then constructs were washed with PBS and imme-
diately imaged using The Zeiss LSM 900 Airyscan 2 confocal fluorescence
microscope (Zeiss, Germany).

Metabolic Activity Analyses: Metabolic activity was accessed on days
1, 3, and 5 using the Reassuring assay (Biotium, USA). Briefly, constructs
were covered in DMEM culture media with 10% v/v Reassuring reagent
and incubated for 2 h at 37 °C. After incubation in a 96-well plate, 100 μL
of media were transferred, and the fluorescence was measured in a mi-
croplate reader at 530/571 nm excitation/emission wavelengths. Fluo-
rescence readings were normalized with respect to control well with the
medium in the absence of biological samples.

Statistical Analysis: Analysis of variance was performed with SPSS 27
(IBM, USA). Differences with a p-value < 0.001 (***) were considered sta-
tistically significant.
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Supporting Information is available from the Wiley Online Library or from
the author.
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