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Abstract

Recapitulation of complex tissues signifies a remarkable challenge and, to date, only few
approaches have emerged that can efficiently reconstruct necessary gradients in three-dimensional
(3D) constructs. This is true even though mimicry of these gradients is of great importance

to establish the functionality of engineered tissues and devices. Here, a composable-gradient
digital light processing (DLP)-based (bio)printing system is developed for the first time, utilizing
the unprecedented integration of a microfluidic mixer for the generation of either continual or
discrete gradients of desired (bio)inks in real time. Notably, the precisely controlled gradients

are composable on-the-fly by facilely adjusting the (bio)ink flow ratios. In addition, this setup is
designed in such a way that no washing steps are needed when exchanging the gradient (bio)inks,
further enhancing our time- and (bio)ink-saving strategy. Various planar and 3D structures
exhibiting continual gradients of materials, of cell densities, of growth factor concentrations, of
hydrogel stiffness, and of porosities in horizontal and/or vertical direction, are exemplified. The
composable fabrication of multifunctional gradients strongly support the potential of our unique
bioprinting system in numerous biomedical applications.
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gradient; digital light processing; vat polymerization; microfluidic mixer; bioprinting

Gradient structures in biological tissues play a pivotal role in organ development,
physiology, and disease conditions, which are widely existing from the polarization of the
neural tube to the architecture of the osteochondral interface.[!] Among a set of gradient
classes, cellular gradients are the transitions of cell densities and cell types. The differences
of cell densities and/or cell types influence cell-cell interactions, being relevant to the
functions of related tissues.[?] In addition, the chemical gradients in extracellular matrix,
such as cytokines, serve as microenvironmental cues for cell proliferation, migration, and
differentiation, among other behaviors.I3] For example, mechanical gradients, involving the
variation of compressive, tensile, or shear features, are crucial factors to influence cell
functions and tissue interfaces such as the tendon entheses.[#! Porosity gradient in the radial
direction is found in the bone structure, where the averaged porosity is increased from the
cortical bone towards the trabecular bone.[5] Given the importance of various gradients in
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natural tissues, recapitulating continual gradient properties in the engineered graft tissues
cannot be overlooked in either tissue regeneration or organ modeling applications.

Early studies on the fabrication of gradient structures such as sequential layering, convective
stretching, and magnetic field manipulation, show efficacy to formulate gradients of
different types.[3: 6. 71 However, the gradient controllability, in particular that in volumetric
configuration, is generally insufficient and limited by the requirements of specialized,
oftentimes manual or semi-manual procedures. The emergence of three-dimensional (3D)
(bio)printing that incorporates (bio)inks, takes advantages of the controllable patterning to
produce various gradients within complex tissue-engineered structures with biomimicry.E]
For instance, inkjet printing, depositing single droplets to build up a structure, has been
applied to generate gradients of biologically active macromolecules or cells on substrate
surfaces, as well as to achieve the graded components of hydrogels and polymers.[8: 9]
Another printing technology, extrusion printing, successfully builds gradient constructs
through altering the inks or the assistance of microfluidic printheads.[10: 111 However, both
of these technologies hold intriguing features with inevitable bottlenecks as well. The inkjet
approach displays the tradeoffs between printing resolution and material type-limitation,
while extrusion printing is confined by the slow printing speed, and the insufficient
complexity that can be achieved.[12. 13]

The stereolithography (SLA)-/digital light processing (DLP)-based 3D printing rises as

a potential solution to obtain good printing resolutions and intricate architectures with

a satisfactorily wide selection of inks.l[14-16] In SLA, photopolymerization is performed

by the focused laser beam scanning on the surface of the liquid ink, resulting in a high
spatial resolution.l*”] DLP uses a digital micromirror device (DMD) or a liquid crystal
display, where the designed patterns are projected onto the ink reservoir for the ink
photopolymerization leading to the formation of sophisticated structures.[18] Compared

to extrusion printing, a higher x-y resolution of 25-50 pm can be achieved by the

DLP approach, which is determined by parameters such as the pixel size of the DMD
projecting the light patterns and the magnification of the projecting optics.[1%] Meanwhile,
DLP-based 3D printing generally exhibits faster printing speeds than the classical extrusion
printing, especially for volumetric structures, because the fabrication relies on the layer-by-
layer method instead of the linear filament deposition.[17: 201 The printing speed of the
DLP-based method is primarily dependent on the layer thickness and influenced by the
photocrosslinking efficiency of the ink, which can be on the scale of mm3 s1.[21]

Furthermore, in junction with SLA-/DLP-based 3D printing, several studies investigated to
incorporate transitions or multi-materials in desired sections of the 3D-printed constructs.
For example, a 3D multi-material structure was patterned using the SLA approach, where
bioinks encapsulating multiple cells were bioprinted by exchanging the bioinks within the
vat.[22] Additionally, in our previous study, a multi-material bioprinting platform, which
combined the DLP bioprinting system with a microfluidic device to achieve the convenient
exchange of multiple bioinks, was reported to fabricate the 3D multi-material constructs

at high speeds.[23] Indeed, this bioprinting platform enabled a fast switching between
multiple materials, yet the multiple materials were only discretely distributed within the 3D-
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bioprinted constructs. As a result, there was limited capacity for composing these materials
or achieving continual gradients in real time during bioprinting.

There is no denying that microfluidic devices have enabled the gradient formulation of
continually multi-material patterns.[*1] However, limitations of this method have been
identified in effectively mixing multiple materials suggesting that there is room for
improvement. An important question with regard to the fluid flow-mixing lies in the slow
diffusion of laminar and uniaxial flows that requires long path lengths to ensure complete
mixing.[24] The chaotic mixer has been proven promising for the rapid mixing of fluids by
the geometric complexity within a microchannel, such as the slanted rib and barrier.[25. 26]
By utilizing the inks mixed with the microfluidic chaotic mixer built into the DLP 3D
bioprinting, we hypothesized that sophisticated, composable gradient structures could be
fabricated in a single bioprinting session on-the-fly in a precisely controllable way and at
desirable resolutions.

Here we introduce, for the very first time, a gradient DLP 3D (bio)printing system
combining a DMD-based (bio)printer and a microfluidic chaotic mixer-linked vat to build
functionally graded scaffolds and tissue constructs. After mixing a small volume of (bio)ink
with the chaotic flow, sophisticated structures featuring real-time composable gradients,
either continual or discrete, are fabricated in a precisely predictable manner. The diverse
proof-of-concept biological applications of this bioprinting platform are demonstrated

by generating cell gradients, chemical gradients, mechanical property gradients, porosity
gradients, as well as dual gradients using poly(ethylene glycol) diacrylate (PEGDA) or
gelatin methacryloyl (GelMA)-based (bio)inks.

The (bio)printing system consisted of a microfluidic mixer chip to generate homogenous
graded (bio)inks and a DLP-based 3D (bio)printer (Figure 1a). The DMD device with the
display resolution of 1920 x 1080 pixels was applied, delivering a 38-um resolution in

the x-y plane on the build plate. To obtain the gradient (bio)inks in a controllable and
predictable manner, we designed and fabricated a microfluidic mixer chip based on the
chaotic mixing, as shown in Figures 1b, 1c, and S1. The microfluidic mixer chip was
composited of multiple inlets, a microchannel, and a (bio)ink vat. In general, the fabrication
and assembly of the microfluidic chip were extremely convenient and allowed for rapid
modification of the inlet numbers as well as the (bio)ink vat size. The maximum size of the
(bio)ink vat, also indicated the size of the projecting area at the vat, relied on the projecting
capacity of the DMD device and the magnification of the optical system. In our setup, after
the 5 times of expansion of the optical system, the total size of projected area at the (bio)ink
vat was enlarged to 72.96 x 41.04 mm2, which was used to design our vat dimensions.
Nevertheless, the vat size can be easily reduced or enlarged according to different printer
setups.[27]

The microchannel segment, as the key element in our gradient (bio)printing strategy, was
designed by modifying the barrier-embedded chaotic micromixer reported by others.[25: 28]
Relying on the theoretical, experimental, and numerical analyses, the mixing performance of
the barrier-embedded chaotic micromixer can be optimized by controlling several geometric
parameters, namely the rib angle, the ratio of rib width to rib height, the ratio of rib height
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to microchannel height, and the ratio of rib spacing to rib height. Among these, the ratio of
rib height to microchannel height and the rib angle have been found to play dominant roles
in the mixing outcomes.[?>] The larger height ratio of rib to microchannel is related to the
increased helical flow and the better mixing, resulting in the reduced microchannel length
required for the complete mixing. Additionally, it has been demonstrated that the helical
flow is maximized when the rib angle of 35.6° is applied,[2°] which was also used in our
study. In detail, our chaotic mixer was 350 um in microchannel height and 1.5-mm-wide,
with the slanted ribs (35.6°) being 100-um-high and 250 um in width, leaving a space of
250 pm between each other. The zigzag shape of the entire mixer was used to save space
with a functional length of 99 mm, fitting 5 mixing cycles (a mixing cycle is composed

of a sequential region of slanted ribs), and induced the helical type of flow. By inserting
barriers parallel to the flow direction, the mixing was changed from the elliptic pattern to
the hyperbolic pattern.[2] This type of mixer can work well with the fluids at the Reynolds
number ranging from 1 to 100,[28] indicating the wide application of the chaotic mixer on
the (bio)ink mixing for 3D (bio)printing.

The process of gradient (bio)printing is illustrated in Figure 1d. Once the mixed (bio)ink
entered and filled the vat, the build platform was approached at the (bio)printing level.

By projecting the desired patterns with the 450-nm blue light (0.5 mW cm™2), an optimal
(bio)printing procedure was performed with the layer height of 300 or 200 um and printed in
60 or 30 s for each layer, respectively. Tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate
(Ru)/sodium persulfate (SPS) was chosen as the photoinitiator since its cytocompatibility
and high photocrosslinking performance have been reported in previous reports involving
DLP-based bioprinting.[3] After the photocrosslinking of each layer, the build platform was
lifted, and the uncured (bio)ink was evacuated from the outlet. To avoid the contamination
between the different gradient (bio)inks, the fluorinated ethylene propylene (FEP) film at the
bottom of the vat was treated with a hydrophobic spray except for the outlet area, enabling
the evacuation of the (bio)ink enriched to the outlet where it was relatively hydrophilic
(Video S1). This unique setup largely overcame the cross-contamination issue between the
(bio)ink exchanges and the challenge associated with significant bioink wasting observed

in the other multi-material DLP bioprinting methods.[31: 32] Further, it would benefit the
fabrication speed, considering that there is no need for vat-washing and the ability of
efficient (bio)ink-mixing in real time.

The mixing performance of the designed chaotic mixer was characterized by monitoring the
mixing of 2, 3, or 5 fluid streams. On the basis of the designed mixers in Figure 2a, 40 wt.%
PEGDA (molecular weight, M, = 575 Da) colored with different dyes were delivered at a
speed of 750 pL minL. The mixing colors in the microchannels were observed over time and
the results showed that the streams entered the junctions of the microchannels and quickly
reached the steady state within a second. The optical images of the 2-, 3-, and 5-inlet mixers
were captured once the steady flows were obtained, as shown in Figure 2b. The streamlines
of the colors revealed the helical flow along the direction of the mixing liquid. Notably,

the individual streamlines started to rotate due to the transverse velocity component induced
by the slanted ribs from the beginning of the microchannels, and were mixed rapidly when
they were crossing the first half cycle. Finally, they became fully mixed at the ending zones,
confirming that the homogenous solutions at the desired gradient levels were obtained by
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the use of these chaotic mixers. The image of each mixer filled with different colors at
steady state was applied to analyze the RGB (red, green, blue) components at the inlet, start
(approximately 0.5 of the mixing circles), and end (approximately 4.5 of the mixing circles)
positions. In each case, significant difference of RGB intensity distributions was observed at
the inlet area whereas uniformly distributed intensities of RGB at the end were apparently
realized (Figure 2c).

The chaotic mixers were also supplied with additional different flow rates to investigate the
influence of fluid velocity on the mixing efficiency. The results of RGB intensity-analyses
revealed that when mixing the same number of fluids, the colors were all evenly distributed
at the ending regimes of mixers at the flow rates from 100 L. min~1 and 500 uL min1 to
1000 puL min~1 (Figure 3). To confirm, we provided another analyzing method to quantify
the degree of mixing by the term ‘mixing index (MI)’, which was acquired by quantifying
the number of final mixed pixels compared to the number of total pixels. The well-mixed
colors extracted from the ending zones of the mixers illustrated in Figure S2 implied that
the mixing was quite thorough in all scenarios, consistent with the line profiles shown in
Figure 3. The slight differences in results among the different flow rates could be seen from
Figures 3 and S2. The colors in the ending area of 2-inlet mixer showed that the MI was
increased from 79.0 + 3.6% to 90.8 + 3.7% and 97.1 £ 0.8% as the flow rate was elevated
from 100 pL min~1 to 500 uL min~1 and 1000 uL min~1, indicating better mixing was
achieved by increasing the fluid velocity. The same trends between flow rate and mixing
performance could be observed in the 3- and 5-inlet mixers as well. The possible reason of
the promoted mixing efficiency at the higher flow rate is the changes of Reynolds number.
Reynolds number is the ratio of inertial to viscous forces, which is related to the flow speed,
microchannel dimension, and viscosity of the fluid.[33] The number was higher with the
flow rate increasing from 100 uL min~1 to 500 uL min~1 and 1000 pL min~1, resulting in
the more chaotic advection of fluids and the better mixing result.[34 Overall, the developed
chaotic mixer was capable of rapidly mixing multiple numbers of fluids exhibiting no less
than 60% of completely mixing at the flow rates ranging from 100 uL min~1 to 1000 pL
minL. As the best mixing performance was achieved at 1000 uL min~1, it was used as the
flow rate for the mixing in other subsequent experiments of this study. By far, numerous
applications applying mixing strategies to extrusion 3D (bio)printing or other fabrication
modalities have been carried out, yet few examples have reported characterizations of the
mixing efficiencies. Here, we evaluated the mixing performance of the mixers with multiple
inlets at a set of flow rates. These results extended our knowledge regarding the mixing
process as well as integration of various components in the gradient-generation system
where mixing of more than two types of (bio)inks are required.

To obtain a better understanding of how the gradient-patterning in the printing processes
can be controlled, the mixing was modulated by adjusting the ratio of the different inks
on-the-fly. By controlling the inlet flow rates, the desired volume of each ink was precisely
injected into the mixing microchannel resulting in a continual or discrete gradient of mixed
inks at the ending zone of the mixer (also the ink vat of the printer). In our experiments,
the collective flow rate was fixed at 1000 L min~2 in the microchannel, no matter

how many inlets the mixer had. The continual gradient in the slices of a hydrogel pie
shown in Figure 4a was achieved by using this microfluidic mixer chip with 3 inlets, in
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combination with 40 wt.% PEGDA (M,, = 575 Da) inks colored with magenta, green, and
blue containing 2-mM/20-mM Ru/SPS, with all the adjustments facilely achieved on-the-fly
in real time during a single printing session. As such, it was also not necessary to prepare
each of the inks beforehand prior to printing as needed in the previous setup with the
ink-exchange mechanism, the latter of which could be labor-intensive especially when the
required number of gradients is increased.[3%! The pie, which was divided into 12 equal
sizes with gradient colors, showed almost continuous color distributions at each slice,
which we term as “‘continual’. The color distributions of the printed structure were in a
good agreement with the corresponding mixed inks directly collected at the end of pumps
without printing. Our findings led us to conclude that the microfluidic mixer chip enabled
to gain predictable mixing of multiple inks in a precisely controllable manner. It offered
unprecedented opportunities for fabricating highly complex gradients that can be further
adjusted in real time, which was difficult to obtain before in the other DLP-based methods.

To assess the possibility of generating gradients in both vertical and horizontal directions,
we conducted 2D and 3D printing sessions using PEGDA inks as demonstrations. The
composable gradient colors from yellow to green in printed planar constructs were formed
by mixing yellow- and blue-colored inks through simply modulating their volumetric ratios.
The printed structures in Figure 4b illustrated a circle (diameter: 9 mm) with 4 gradient
colors in the radial direction, a heptagon (side length of each triangle: 2 mm) possessing

7 continual gradients, and a capillary-like network structure (horizontal length: 10 mm)
containing 4 gradient color variants, all in the planar direction. The homogenous color
distribution in each gradient bioink again indicated the efficient mixing obtained by the
microfluidic mixer. The consistent colors between the designs and experimental results
suggested the successful prediction of gradients by controlling the volumetric ratios of the
inlet inks. We also printed 3D structures with varying colors to demonstrate the powerful
printing capacity with vertical gradients. Figure 4c presents a cube (6 x 4 x 4 mm3) with

a continual yellow-to-green gradient from the top to the bottom, which was achieved in

8 min of printing including 2 min of total ink-filling sessions and 6 min of total light
exposures. The printed cube showed the gradually reduced size from top to bottom, in

the same direction of dark green color-addition. The result explained that the darker color
absorbed more projected light and therefore the photopolymerized area was slightly reduced
than that with lighter color in the same crosslinking time.

We further fabricated a pyramid construct, in which color transitions occurred along the
vertical direction. In addition, a more complex vase architecture with inner hollow and
twisted orientation also exhibited the continual color gradients in the z-direction. By
utilizing the same composable gradient colors mixed from green to red again in real time
during the printing sessions, a 2D maple leaf with horizontal gradients and a 3D maple leaf
with vertical gradient, both continuous in desired regions, were printed (Figure 4d). These
printed spatially and material-wise heterogenous constructs highlighted the potential of our
unique strategy to precisely control the gradient properties within sophisticated objects
in-plane and throughout the volume. It should be noted that the discrete or continual of
gradient relies on the numbers by which the printing pattern is divided. The more segments
the pattern is divided into, the finer gradient can be obtained. For example, the printing
model of the Rubik’s cube was divided into 2-by-2-by-2, 3-by-3-by-3, and 6-by-6-by-6
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blocks (Figure 4e). Through printing with inks obtained by mixing 2, 3, and 6 sets of fluid
ratios adjusted in real time, the discrete to continual (or near-continuous) gradients could be
identified in the printed cubes.

We further illustrated biological applications of our gradient DLP-bioprinter in fabricating
tissue constructs with multifunctional gradients, including that of cell density, of

matrix stiffness, of growth factor concentration, and of porosity. We first evaluated the
cytocompatibility of our gradient bioprinting method, where bioinks were mixed in the
microchannel before bioprinting under the different fluid ratios. The results of live/dead
staining in Figure S3 presented that a high proportion of C2C12 myoblasts encapsulated

in 10 wt.% GelMA was viable after the mixing and bioprinting processes. Through the
quantifications of live cell numbers, the comparable cell numbers between the group without
passing through the mixer (i.e., mixed by pipetting; Ctrl) and the group mixed by the
microfluidic mixing chip (Mix) were observed immediately after bioprinting and over 7
days of culture. Meanwhile, with the ratios of GeIMA and GelMA encapsulating C2C12
increasing, the total cell numbers were elevated. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay was also conducted
to confirm the enhanced metabolic activities of C2C12 cells measured at days 0, day 3, and
7 after bioprinting (Figure S4).

For the cell density gradient-fabrication, the green fluorescent protein (GFP)-human
umbilical vein endothelial cells (HUVECSs) were bioprinted via arbitrarily adjusting the
velocity ratios of 10 wt.% GelMA bioink containing HUVECs and 10 wt.% GelMA ink
without cells on-the-fly, which were altered between 0.20 and 9.50 in a randomly designed
manner (Figure 5a). The green fluorescent intensity profiles of the bioprinted samples,
reflecting the cell densities, displayed the consistent variations with the flow velocity ratios
that were arbitrarily designed as the inputs during the corresponding bioprinting sessions.
Therefore, we established a bioprinting method of achieving arbitrarily adjustable gradients
almost in real time in a highly predictable manner.

Many natural tissues are composed of multiple cell types that are distributed
heterogeneously, playing an essential role in the establishment of cell functions and cell-cell
communications.[38] To replicate the cellular gradient structure, a circle with three continual
cell densities was bioprinted through mixing the GelMA solution with different volumetric
ratio of MDA-MB-231 breast cancer cells. This multiple-zone concentric circular pattern
shown in Figure 5b presented the reduced cell density in the radical direction from the
central area to the peripheries. The gradient in the number of cells was supported by the
quantification result of fluorescence intensities along the direction, decreasing from 70 at the
center (0 um) to only 9 at the edge (380 pm). In addition, bioprinting with GFP-HUVECs
in the gradient density allowed to fabricate a vascular network with the minimum vessel
diameter of 50 um (Figure 5c). The visualized image exhibited the decreasing cellular
fluorescence from the left to the right in the network. Identical conclusion was derived from
quantified result that the average intensity was approximately 50 in the left end but was
reduced to 20 at the right.
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To achieve multiple gradients of multiple cells at the same time, two bioinks of 10 wt.%
GelMA containing GFP-HUVECs and red fluorescent protein (RFP)-HUVECs were loaded
into the two inlets of the microfluidic mixing chip. By dynamically changing the flow
velocities of the two bioinks during the same bioprinting session, one increasing whereas
another decreasing, the construct containing two cell gradients in reverse directions was
obtained. The result presented that in the bioprinted construct, the intensities of the RFP
cells graded from 0 to 450 in one direction, while the GFP cell intensities graded from 8000
to 30 conversely (Figure 5d). This cell-type or cell-density gradient could potentially be
applied to mimicking various biological tissues such as the cartilage, where chondrocytes,
hypertrophic chondrocytes, and osteoblasts are graded in their distributions.[37: 381 The
similar patterns of results were demonstrated in previous studies using the extrusion-based
gradient bioprinting, in which the chondrocytes were bioprinted with the density gradient,
or, mesenchymal stem cells (MSCs) and chondrocytes were deposited at the graded ratio.
[10. 39] The microfluidic mixing system combined with the DLP technique continues to be a
great impetus to embed the cell gradient within the more complex tissue architectures than
typically attainable with extrusion bioprinting.

For the functional tissue engineering, the chemical gradients in the matrix or induced

by the surrounding cells serve as cues for cell guidance, migration, and fate-determining.
[40] Take vascular endothelial growth factor (VEGF) as an example, the soluble VEGF
gradient has been demonstrated to enhance vessel branching during angiogenesis and
vasculogenesis.[41] More importantly, the gradient of substrate-conjugated VEGF plays an
essential role in increasing the sprouting of vessel branches.[42] Therefore, we selected
heparin methacryloyl (HepMA) as a macromolecular host of VEGF to enable the sustained
VEGF release.[*3] The HepMA-GelMA hydrogel was mixed with VEGF and formulated the
latter into the horizontal gradient from 0 ng mL= to 100 ng mL~1 (Figure 5e). The ex ovo
chorioallantoic membrane (CAM) assay was performed to evaluate the angiogenic capacity
of the printed VEGF-gradient constructs. At embryonic development day (EDD) 14, the
photographs of the printed construct and the surrounding CAM regions suggested that new
microvessels developed towards the implanted hydrogel. The total lengths and numbers of
blood vessels growing on the printed construct increased in the areas printed with higher
concentrations of VEGF. The successful patterning of the growth factor gradient induced
sufficient and differential vascularization, offering a great potential as an efficient tool in
tissue regeneration.

Apart from the chemical gradients, the stiffness of extracellular matrix is of great interest for
determining cell morphology, migration, and differentiation of multipotential cells.[40: 441
Mechanical gradients exist in the interfaces between different tissues, and meanwhile

the heterogenous mechanical properties can be presented within the same tissues.[45: 46]
Considering that the stiffness of GeIMA hydrogel is tunable by the macromolecule
concentration, the degree of methacryloyl-substitution, and the crosslinking conditions,

[47. 48] continually formulating GelMA hydrogels with different concentrations would likely
guarantee stiffness gradients through our gradient DLP-based printing (Figure 5f). Indeed,
C2C12 myoblasts cultured on the surface of a printed GelMA matrix featuring a stiffness
gradient presented various morphologies after 1 day of incubation. The cells located at the
stiffer side (30 wt.% GelMA with a compressive modulus of 232.8 + 14.9 kPa) exhibited
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a spindle-shaped morphology, with the largest cell area and aspect ratio. On the contrary,
the cells on the softer and intermediate areas (10 wt.%, 11.9 + 1.7 kPa; and 20 wt.%, 80.4
+ 4.7 kPa) appeared to be less elongated, consistent with the prior reports.[4%l In addition
to fabricating the biomimicry structures, our method for creating the stiffness gradients in
bioprinted constructs allows the investigation of cell responses to substrates potentially in a
more predictable and controllable manner.

Engineered scaffolds with porous features provide several advantages in tissue regeneration.
[50] For instance, porous structures promote the transport of nutrients and wastes, offer

large surface areas and spaces for the cell attachment and spreading, and allow the

close interactions between the implants and the adjacent tissues. The aqueous two-phase
system is formed by blending a polymer and salt or two polymers and water, which has
been mainly used as the liquid-liquid fractionation approach to extract, purify, and enrich

of biomolecules. Recent developments in producing hydrogel microspheres and porous
hydrogels utilizing the aqueous two-phase system have attracted much attention.[1-531 To
fabricate the 3D porous gradient architecture, 10 wt.% GelMA bioink containing human
MSCs was mixed with the 10 wt.% GelMA solution containing the porogen (porogen, M,
= 2,000,000 Da). By adjusting the flow ratios of the two bioinks, we formulated the 10
wt.% GelMA bioinks with 3.0 wt.%, 1.5 wt.%, and 0.5 wt.% of the porogen, resulting in
three gradual zones featuring different pore sizes as observed from the optical micrographs
(Figure S5a—b). The average pore sizes within the different hydrogel sections made of

these mixed bioinks changed from 65 pm and 29 um to 12 um (Figure S5c). The MSCs
encapsulated within the bioprinted construct exhibited enhanced spreading in the portions
with larger pore sizes at 7 days after the bioprinting (Figure S5d). Compared to the hydrogel
segment mixed with 0.5 wt.% porogen, the sizes of cell cluster was promoted to 2.5-fold and
4-fold within the hydrogel regions containing 1.5 wt.% and 3.0 wt.% porogen, respectively.
The existent of porogen effectively formed pores in the bioprinted hydrogel constructs,
facilitating the diffusion of nutrients and oxygen and the removal of wastes, thus providing
an environment to promote cell spreading and proliferation.[51-53]

The native bone tissue has a complex heterogenous architecture that possesses regional
differences in structures and compositions.[34-561 Dual or multiple gradients in the
fabrication of tissue-mimicking constructs are therefore required to achieve a better
recapitulation of the complex heterogenous tissue patterns. Utilizing our porosity-gradient
construct, we further integrated the second biological gradient of bone morphogenetic
protein 2 (BMP-2) to enhance osteogenesis of MSCs. BMP-2, as a crucial growth factor
that can induce the osteogenic differentiation of MSCs,[57: 58] was first evaluated by mixing
in our microfluidic mixer with the 10 wt.% GelMA ink into the final concentrations of 0, 1,
2, and 6 pg mL1. The MSCs seeded onto the surface of the printed BMP-2-graded scaffold
exhibited a more fibroblastic morphology when the BMP-2 concentration was increased
(Figure S6).

In our 4-week osteogenesis study, the fabrication started by mixing the pore-forming

GelMA-porogen/BMP-2/MSC bioink with the GeIMA/MSC bioink under three sets of
different flow ratios. We were able to bioprint the 3D constructs with dual gradients of
BMP-2 (0, 3, and 6 pg mL~1) and porosity (where the concentrations of porogen were
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0.5, 1.5, and 3.0 wt.%) (Figure 6a). The results of F-actin staining indicated that MSCs
grew as cell clusters and filled in the pore areas of the hydrogels. Better cell spreading and
proliferation could be observed in the portion with higher concentration of porogen.

To further investigate the impact of porosity and BMP-2 gradients on the osteogenic
differentiation of MSCs, immunostainings of RUNX2 and osteocalcin (OCN) were
carried out (Figure 6b—d). RUNX2 is a transcription factor that is related to the early
stage of osteoblastic differentiation, while OCN is a late-stage bone marker, with the
increased expression during osteoblast maturation.[>?] Quantitative results confirmed that
only RUNX2, as an osteoprogenitor at the early stage, was expressed at 1 week of
differentiation, and its expression was enhanced within the areas with larger pores and
higher BMP-2 concentrations. At 2 and 4 weeks of differentiation, the OCN signals were
detected when the new bone was forming towards the higher dual-gradient sites. We

also found the significantly increased intensities of both markers in the areas with larger
pores and higher BMP-2 concentrations at week 2 and week 4. The quantitative reverse
transcription-polymerase chain reaction (RT-PCR) analyses were preformed to further
evaluate the expressions of specific osteogenic markers. Osteoprogenitor cell (RUNX2,
osterix (OSX)), pre-osteoblast (alkaline phosphatase (ALP), type-I collagen (COL1A1)),
and osteoblast (bone sialoprotein (BSP), OCN) gene expressions in the three gradient zones
of the bioprinted constructs after 4 weeks of differentiation were compared and are shown
in Figure 6e. Results implied that the expression levels of OSX, BSP, and COL were
significantly upregulated at the medium gradient (1.5 wt.% of porogen with 3 pg mL~1 of
BMP-2) and the high gradient (3.0 wt.% of porogen with 6 pg mL™1 of BMP-2), compared
with their expressions in the low-gradient region (0.5 wt.% of porogen with 0 ug mL=1 of
BMP-2). The expression levels of RUNX2, ALP, and OCN were slightly augmented from
the low-gradient to medium-gradient and high-gradient regions.

Additionally, we verified the calcium-deposition in the bioprinted gradient scaffolds using
Alizarin Red S (ARS) staining. The images of ARS exhibited no calcium deposition at 1
week, and disperse and limited calcium-deposition at 2 weeks (Figure S7). In comparison,
the obviously improved calcium-deposition was visualized at 4 weeks within the MSC
clusters, where the ARS-positive area was increased when the porosity and the BMP-2
concentration became higher (Figure 6f). Taken together, the immunofluorescence staining,
gene-expression, and calcium-deposition data strongly suggested that the dual gradients of
porosity and BMP-2 successfully stimulated osteogenesis of MSCs, as well as to a good
extent recapitulated the architecture of the bone tissue.

In summary, a (bio)printing system able to produce composable gradients was established
based on the DLP method for the first time, by taking advantage of a chaotic mixing chip
connected to a specially designed vat. The gradients of (bio)inks, either continual or discrete,
were conveniently formulated by mixing the desired amounts of (bio)inks at controllable
volumes (determined by their infusion rates) on-the-fly in real time. We demonstrated the
(bio)printing of sophisticated hydrogel constructs with both horizonal and vertical gradients
in both 2D and 3D at reasonably high resolutions. More relevantly, the feasibility of

our unique platform on functional (bio)printing was evaluated by (bio)printing (bio)inks
with gradients in cell densities of single or multiple cell types, in substrate stiffness, in
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growth factor concentration, and in porosity and pore size. Overall, this DLP-based gradient
(bio)printing system enables to recapitulate the gradient properties of natural tissues, at good
resolution and with complex architectures, not demonstrated with DLP (bio)printing yet to
date.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The setup of the composable-gradient DLP (bio)printing platform and the (bio)printing
workflow. (a) Schematic of the gradient DLP (bio)printer, combining the DLP (bio)printing
system and the microfluidic mixing chip. (b) Photograph of the microfluidic mixing chip
showing the blue and yellow colors mixed into the green, which is composed of a chaotic
mixing microchannel and a (bio)ink vat. (c) Illustration showing the assembly of the
microfluidic mixing chip bearing two inlets and one outlet. The bottom design presents

the chaotic mixing microchannel containing slanted ribs and barriers. (d) The gradient DLP
(bio)printing process for the continuous filling of the mixed (bio)ink, photocrosslinking, and
evacuating the extra (bio)ink post-(bio)printing with each (bio)ink gradient.
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Figure 2.

Evaluations of the microfluidic chaotic mixers over 2, 3, and 5 different inks. (a) Designs
of the mixers with 2, 3, and 5 inlets showing the zigzag shape of the microchannel (350 um
in height, 1.5 mm in width, and 99 mm in total length) containing 58 slanted ribs (100 pm
in height, 250 um in width, and leaving a lateral space of 250 um between two ribs) and 4
barriers. (b) Experimental mixing observed by flow streamlines with PEGDA colored with
different colors in the microfluidic chaotic mixers. (c) RGB analyses of the color intensities
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of the flow streamlines in (b) at the inlet, start (after 0.5 of the mixing cycle), and end (after
4.5 of the mixing cycles) positions.
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Figure 3.
Mixing efficiencies of the microfluidic chaotic mixers over multiple inks at different

collective flow rates. (a, ¢, €) Photos showing the mixing of 2, 3, and 5 inks at flow rates
of (a) 100 pL min~1, (c) 500 puL. min~1, and (e) 1000 uL min~1, and their corresponding
images of extracted mixed colors. Magnified photographs of the end chambers are shown
at the bottom left of each panel. (b, d, f) RGB profiles of the inlet, start, and end regions
analyzed from photos in (a, c, e).
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Figure 4.
Ilustrations of 2D and 3D structures produced by the composable-gradient DLP printing

technique. (a) The continual gradient of colors in the slices of a hydrogel pie printed

by mixing merely three colored PEGDA inks. The inks in the Eppendorf tubes represent

the colors collected after mixing before printing. (b) The 2D structures including a circle
with 4 color gradients, a heptagon with 7 color gradients, and a vascular network with

4 color gradients, generated by mixing two differently colored PEGDA inks at different
ratios followed by printing. The corresponding designed patterns are shown at the left, while
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the actual printed results are presented at the right. (¢) The 3D constructs generated using
PEGDA inks showing shapes of a cube, a pyramid, and a twisting hollow vase, featuring
color gradients in the vertical direction. (d) The 2D maple leaf with horizontal gradients and
the 3D maple leaf with vertical gradients printed with the same composable gradient colors
mixed from green to red in real time during the printing sessions. (e) The Rubik’s cubes
consisted of 2-by-2-by-2, 3-by-3-by-3, and 6-by-6-by-6 units presenting color gradients
from discrete to continual.
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Figure5.
Biomedical applications of gradient-bioprinted tissue-like constructs. (a) Two examples

showing cell density gradients of GFP-HUVECS bioprinted in an arbitrarily controllable
manner at any desired density in any given single printing session. The intensity analysis
for each example shows the consistency of output intensity pattern (green) and the velocity
ratios of input bioink flows (red). (b-d) Gradient bioprinting of cells within the 10 wt.%
GelMA hydrogels. (b) A circle pattern with MDA-MB-231 cells (blue) showing the cell
density gradient in the radial direction and the quantitative analysis of the fluorescence
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intensities. (c) The vascular network structure with the cell density gradient in the horizontal
direction encapsulating HUVECs (green) and the quantitative analysis of the fluorescence
intensities. (d) A construct containing RFP-HUVECs and GFP-HUVECs showing the
positive gradient of red cells and the negative gradient of green cells from left to right,

and the quantitative analyses of the fluorescence intensities. (e) The photograph captured

on EDD 14 of the CAM assay implanted with the printed VEGF-gradient scaffold and its
corresponding image processed with the traced vessels. Bar graphs showing the quantitative
values of the total vessel lengths and vessel numbers. (f) C2C12 myablasts stained with
F-actin/nucleus (red/blue) cultured on a bioprinted stiffness-gradient hydrogel presenting
various morphologies. The quantifications of single-cell areas and cell aspect ratios (major
axis to the minor axis) of C2C12, as well as the compressive modulus of 10-30 wt.%
GelMA hydrogel. *P < 0.05, **P< 0.01, ***P < 0.001; one-way ANOVA (e, compared with
the control group of 0 ug mL™1 VEGF; f, compared with the group of 10 wt.% GelMA)),
mean + s.d. (e, n = 3; f, n = 10).
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Figure 6.

Osteogenesis induced by the dual gradients of porosity and BMP-2. (a) Schematic showing
the bioprinted 3D construct encapsulated with MSCs for the investigation of osteogenic
effects of the dual gradients of porosity and BMP-2. (b-d) Immunostaining results of
RUNX2 (green) and OCN (red), as well as F-actin (red) of MSCs in the bioprinted bone-like
structures at 1, 2, and 4 weeks following osteogenic differentiation. The quantifications
show integrated optical densities (I0Ds) for RUNX2 and OCN in the regions of low-
gradient (L), medium-gradient (M), and high-gradient (H). (e) Osteogenic gene expression
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levels of MSCs in the bioprinted dual-gradient hydrogels at 4 weeks following osteogenic
differentiation in the regions of low-gradient (L), medium-gradient (M), and high-gradient
(H). (f) ARS staining of bioprinted dual-gradient hydrogels at 4 weeks following osteogenic
differentiation in the regions of low-gradient (L), medium-gradient (M), and high-gradient
(H). *P < 0.05, **P < 0.01; #P < 0.05, #P < 0.01; one-way ANOVA (b and c, *, compared
with the group of low-gradient, #, compared with the group of 1 week; e, compared with the
group of low-gradient at 1 week), mean + s.d. (n = 3).
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