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ABSTRACT

DMD-based 3D printing is a powerful tool for making high-resolution biomimetic functional tissues and organs with
various biomaterials for tissue engineering and regenerative medicine. A plethora of tissues have been fabricated using
this technology including liver, heart, lung, kidney, blood vessels, cartilage, and placenta. In this article, we show
prevascularization of the artificial tissue constructs using DMD-based 3D printing, which is essential to maintain the long
term viability and function of a thick tissue. We also show a 3D printed biomimetic hepatic model that recapitulates the
microarchitecture as well as the heterogeneous cell population of various cell types in the native liver tissue. It is important
for the biomaterials to mimic the native microenvironment. Finally, we demonstrate that 3D printed tissue-specific
decellularized extracellular matrix can improve cell response and behavior.
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1. INTRODUCTION

With the emergence of new technologies in the field of tissue engineering and regenerative medicine, the prospect of
making personalized functional human tissues and organ substitutes can be realized. Among the different strategies and
techniques available to tissue engineers, the area of 3D bioprinting has created a paradigm shift by giving researchers a
versatile tool to build a wide range of complex tissues that recapitulate the in vivo cellular heterogeneity,
microarchitectures, biophysical properties, and biochemical constituents. More specifically, 3D bioprinting provides a
method to precisely control the patterning of different cell types and biomaterials such that they represent the biophysical
arrangement of native tissues. To date, a plethora of tissues have been fabricated using 3D bioprinting technology including
but not limited to the liver, heart, lung, kidney, blood vessels, cartilage, and placenta '~ In turn, these bioprinted tissues
have important implications in various biological and medical disciplines ranging from physiologically relevant models
for elucidating biological mechanisms and drug screening, to integration with biosensors and microfluidics for lab-on-a-
chip devices as well as transplantable tissues for clinical applications. In this article, we will discuss the current state of
3D printing systems followed by highlighting our current work on 3D bioprinted prevascularized tissue constructs as well
a 3D bioprinted hepatic model, and finally discussing the future of next-generation decellularized extracellular matrix
(dECM) bioinks as tissue-specific biomaterials to facilitate the development of more physiologically-relevant tissues.

2. DMD-BASED 3D BIOPRINTING

Currently, there are several different 3D printing platforms available which can be categorized as inkjet-based printers,
extrusion-based printers, laser-based stereolithography, and digital micro-mirror array device (DMD)-based printers with
each varying in terms of print resolution, speed, and biomaterial compatibility. One of the most commonly used is the
traditional 3D inkjet printer that was first adopted from the common desktop ink-based paper printers, in which
biomaterials and cells are deposited in a raster-like manner 8. By using acoustic, thermal, or electrostatic forces, inkjet
printers deposit materials drop-by-drop through a fine nozzle onto a receiving substrate placed on a movable stage. These
printers are relatively low cost, capable of micron scale printing resolutions (~50 um), and limited to using low viscosity
materials °. Similarly, extrusion-based printers work by depositing materials through a nozzle tip using pneumatic or
mechanical pressure upon which the material solidifies on contact with the receiving substrate. These printers can achieve
feature size from 5 pum to a few millimeters wide with moderate speeds of fabrication, and can accommodate a larger range

Emerging Digital Micromirror Device Based Systems and Applications XII, edited by John Ehmke, Benjamin L. Lee,
Proc. of SPIE Vol. 11294, 1129405 - © 2020 SPIE - CCC code: 0277-786X/20/$21 - doi: 10.1117/12.2550340

Proc. of SPIE Vol. 11294 1129405-1



of material viscosities and higher cell densities compared to inkjet printers !%!!, Furthermore, laser-based stereolithography
utilizes laser-induced photopolymerization to polymerize materials in a contactless iterative fashion. Here, microstructures
with overhanging features can be produced possessing micro and nanoscale resolutions '>!3. While these printing systems
are well-established, they have shortcomings in terms of fabrication speed, limited range of compatible materials, potential
for clogging or decreased cell viability due to shear stress, and scalability.

In more recent years, DMD-based 3D bioprinters have enabled a more rapid approach for the microfabrication of
complex structures as well as improved spatial resolution not attainable by the nozzle and inkjet based printing systems.
In general, slices of the object are digitized into a series of light patterns which are then projected by a DMD to a pre-
polymer solution. The DMD containing millions of micro-mirrors (e.g. 1920x1080) for light projection enables massively
parallel printing without the need of point-by-point scanning. By using this technique an entire plane of an object can be
fabricated at once, and as the z-stage moves continuously, the 3D structure can be built continuously, resulting in smooth
features and the elimination of artifacts between adjacent layers normally encountered with traditional 3D printing
approaches. For instance, both dynamic optical projection stereolithography (DOPsL)-based and continuous liquid
interphase production (CLIP)-based printing technologies adopt these principles. High resolutions of 3-5 pm in the x-y
direction can be achieved using the DOPsL-based method !*. Furthermore, CLIP-based printers have been shown to be
able to form complex overhanging structures with less than 100 pm resolution and produce large constructs on the
centimeter scale !°. In general, DMD-based printers can produce printed structures with micron scale resolution in mere
seconds and have been demonstrated to be well-suited for cell encapsulation to form biomimetic tissue constructs 15121415,

3. 3D BIOPRINTING OF PREVASCULARIZED TISSUE CONSTRUCTS

As the 3D bioprinting field advances towards the generation of larger and more complex tissues for in vivo transplantation,
there is a critical need for the ability to vascularize these tissue constructs in order to maintain long term viability and
function 6. One approach is incorporate pro-angiogenic growth factors to induce host vascularization into the tissue
construct, however, this process is slow and leads to decreased cell viability after initial transplantation 73, As such, it
has been recognized that a preexisting vascular network would be a more favorable strategy to accelerate the
vascularization process by allowing the host to directly anastomose to the graft and improve cell viability, blood perfusion,
and vascularization '®!°. While many methods have been demonstrated to create prevascularized tissues such as with the
use of sacrificial materials and micromolding techniques, they are time consuming and require multiple steps which may
not lend well for large-scale production. In our work, we utilized a rapid DMD-based microscale continuous optical
bioprinter (WCOB) to produce prevascularized tissue constructs directly in a one-step manner by patterning endothelial
cells into complex hierarchal vascular branched networks (Fig. 1) 3. Specifically, we bioprinted a vascular bioink
composed of human umbilical endothelial cells (HUVECs) and 10T1/2 cells (50:1 ratio) in a naturally-derived prepolymer
solution comprised of photopolymerizable gelatin methacrylate (GeIMA) and glycidal methacrylate hyaluronic acid (GM-
HA) with lithium phenyl-2,4,6 trimethylbenzoylphosphinate (LAP) as the photoinitator. The entire printing process can
be accomplished in less than one minute using our technique with high resolution and complex microarchitecture of
heterogeneous cellular components (Fig. 1 D-I), such that endothelial regions were patterned within the surrounding
hepatocellular regions containing HepG2 cells.

After one-week in vitro culture, the bioprinted prevascularized tissue constructs maintained good structural
integrity along with high cellular viability of over 85%. Furthermore, immunohistochemical stains for human-specific
CD31 and a-smooth muscle actin (Fig. 1 J-L) of the hierarchal bioprinted tissue constructs with varying vessel diameters
ranging from approximately 50 to 250 pm, demonstrated the induction of 10T1/2 cells adopting a pericyte phenotype with
the HUVEC: lining the outer walls of the vessel patterns and forming a lumen-like structure in one week.
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Figure 1: A) Schematic for the 3D bioprinting of prevascularized tissues and corresponding bright field images of printed
(B) acellular and (C) cellularized constructs encapsulated with HUVECs and 10T1/2 (50:1 ratio). (D-F) Fluorescent images
of prevascularized tissue constructs with uniform channel diameters of (D) HUVECs (red) in the vascular regions and
HepG2 cells (green) in the surrounding regions. (G-1) Fluorescent images of prevascularized tissue constructs with gradient
channel diameters. Scale bars = 250 um. (J-L) Representative confocal images of endothelial networks formed after one-
week in vitro culture with CD31 positive HUVECs (green) and a-smooth muscle actin (oo —SMA) positive pericyte-like
10T1/2s (purple) patterned in vessels of different diameters. Scale bars = 100 pm. (Copyright 2017 Elsevier.)

Proc. of SPIE Vol. 11294 1129405-3



Prevascularized

Non-prevascularized

Vascular Area Density (%)
~N
Average Vessel Counts/mm?
R
o

2
] - 0 : .
Nonprevascularized Prevascularized Nonprevascularized Prevascularized
Host—
)
=
@
<
o
w
E
Graft< o
N
@
Q
z
1S
Host~ °
(]
<
o
173
O
=
Graft 2
N
o
Q

Figure 2: Representative H&E stained images of implanted (A) prevascularized tissue constructs showing significant vessel
formation and blood within the lumens, and (B) non-prevascularized tissue constructs showing limited presence of blood
vessels. Scale bars = (A) 500 um (left), 100 pm (middle), 25 pm (right); (B) 500 um (left), 100 pm (middle), 25 pm (right).
(C) Quantification of percentage vascular area density and (D) average vessel counts per mm? of grafted tissue construct
after 2-week subcutaneous implantation. Error bars represent SEM for all data points and * = significance between the
prevascularized and non-prevascularized groups, p<0.05 (n=6). (E) Representative fluorescent images of showing chimeric
presence of mouse-specific lectin (HPA) and human-specific lectin (UEA) in the implant region after two weeks post-
surgery for the prevascularized tissue constructs. Further staining of hVWF confirms the endothelial network formed by
human origin HUVECSs. In the non-prevascularized tissue, HPA stains the host tissue and minor regions of the graft area,
no UEA or hVWEF staining is observed. Scale bars = 100 um. (Copyright 2017 Elsevier.)

To assess the efficacy of our bioprinted prevascularized tissue constructs to form endothelial networks in vivo,
we implanted them subcutaneously in the dorsal region of severe combined immunodeficiency (SCID) mice. After two
weeks post-surgery, histological images revealed an increased number of visibly mature endothelial vasculature with red
blood cells present within the lumens (Fig. 2A) as compared to non-prevascularized tissue controls (Fig. 2B). This is
further supported by measurements of the vascular density and average vessels counts per area in the graft region showing
a significant increase for the prevascularized tissue constructs in both cases (Fig. 2C,D). To evaluate the anastomosis of
the bioprinted prevascularized construct to the host vasculature, SCID mice were administered with mouse-specific lectin
(HPA) and human-specific lectin (UEA) to differentiate between mouse and human endothelial cells, respectively.
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Fluorescent images shown in Fig. 2E indicated that regions within the prevascularized tissue implant stained positive for
both HPA and UEA, thus confirming the presence of cells originating from the host and graft in the vessels. Further
staining of human von Willebrand factor (hWWF) confirmed the endothelial network formed by human origin HUVECs.
In contrast, for non-prevascularized tissue controls only HPA positive staining was observed in the host tissue regions and
in the outer borders of the construct, and no UEA or hVWF staining was observed. Overall, these results demonstrate that
the prevascularized networks integrated and anastomosed to the host vascular system and was able to support blood
perfusion.

This study showcases a simple and efficient method of applying DMD-based 3D bioprinting techniques to rapidly
fabricate intricate vascular networks directly within tissues constructs. The flexibility of our 3D bioprinting platform also
allows the potential to engineer more complex heterogeneous tissues through the incorporation of other cell types and
photopolymerizable biomaterials, in addition to the scalability of this approach to fabricate large tissue constructs. The
biocompatibility and anastomosis to the host observed from the in vivo studies also demonstrates the significant potential
of these prevascularized tissue constructs to serve as tissue grafts for the future goal of producing transplantable tissue or
organ substitutes in tissue engineering and regenerative medicine.

4. 3D BIOPRINTING OF A BIOMIMETIC HUMAN IPSC-DERIVED HEPATIC MODEL

One of the key aspects towards the creation of truly biomimetic tissues is the need to recapitulate the heterogeneous cell
population composed of parenchymal cells, stromal cells, and other supportive nonparenchymal cells. This concept derives
from the fact that multiple cell types co-exist in vivo and communicate through paracrine signaling with each other as well
as their interactions with the surrounding extracellular matrix (ECM) microenvironment to form a functional tissue unit
20, As such, 3D bioprinting technologies offer a precise way to pattern various cell types to essentially build a tissue using
a bottom-up approach. While cell patterning is crucial, their sourcing is also of great importance in the context of creating
physiologically relevant tissue models. The majority of printed tissues to date have been produced using established cell
lines or animal-derived cell sources to serve as a proof-of-concept, however, these cells do not fully reflect the behavior
and function of human primary cells 2!. With the advent of human induced pluripotent stem cells (hiPSCs) and their ability
to differentiate into a multiple cell types including cardiac, liver, kidney, and neuronal cells, their use in 3D bioprinting
would be of great importance due to their abundance and stability 2.

To address these challenges as well as expand our work on prevascularized tissue constructs, our group 3D
bioprinted the first in vitro biomimetic hepatic model that recapitulates the native microenvironment through the use of
multiple human-derived cell types patterned in a complex microarchitecture. Our 3D hepatic triculture model incorporated
hiPSC-derived hepatic progenitor cells (hiPSC-HPCs) in the lobular regions in conjunction with HUVECs and human
adipose-derived stem cells (ADSCs) in the surrounding vascular network. Furthermore, two naturally-derived
photopolymerizable hydrogels were chosen in which GeIMA was used for the hepatic component and GelMA + GM-HA
was used for the vascular component. After patterning the hiPSC-HPCs and the endothelial cells via a two-step printing
process (Fig. 3A,B), the microscale hexagonal microarchitecture can be clearly observed to reflect the tissue-scale
anatomical features and dimensions of the liver in our design (Fig. 3C).
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Figure 3: (A) Schematic of the two-step 3D bioprinting process to construct the triculture hepatic model. (B) Digital
patterns of the hepatic lobule structure (left) and vascular regions (right) where polymerized areas are indicated in white.

(C) Representative fluorescent images of the bioprinted hepatic model showing iPSC-HPCs (green) and the surrounding
vasculature (red) immediately after fabrication. Scale bars = 500 pm. (Copyright 2016 National Academy of Sciences.)
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To assess the structural integrity of the bioprinted 3D triculture hepatic construct, cells were fluorescently tracked
over 10 days in vitro culture. Interestingly, the cells remained within each of their patterned regions for at least 10 days
post-printing and integrated into a single construct over time (Fig. 4A). Moreover, immunohistochemical staining of
albumin (ALB) and E-cadherin (E-cad) in the 3D hepatic triculture constructs revealed larger aggregation and spheroid
formation over time as compared to hiPSC-HPC only controls (Fig. 4B). These observations suggested a higher degree of
cell junction formation as well as maturation and functionality, which was further supported by the gene expression profile
(Fig. 5A) demonstrating higher levels of the key liver markers: albumin (ALB), hepatocyte nuclear factor 4 alpha (HNFa),
transthyretin (TTR), and alpha fetal protein (AFP) relative to the 3D hiPSC-HPC only and 2D monolayer controls. To
further assess the functionality of our 3D hepatic triculture model, quantification of albumin concentration and urea
production also confirmed that significantly higher secretion levels for both were observed across 20 days of in vitro
culture compared to 3D hiPSC-HPC only and 2D monolayer controls (Fig. 5B,C).
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Figure 4: (A) Representative fluorescent images of the hepatic tissue constructs over 10 days in vitro culture showing
preservation of the individual patterns for the hepatic and vascular regions over time. Scale bars = 500 pm. (B)
Immunohistochemical stained images for E-cadherin (E-cad) and albumin (Alb) in the 3D iPSC-HPC only versus 3D
hepatic triculture model. Scale bars = 500 um (bright field) and 100 pm (fluorescent). (Copyright 2016 National Academy
of Sciences.)

To evaluate the potential for our 3D hepatic triculture model to serve as platform for drug screening, the anabolic
and catabolic functions of our model was assessed by examining the upregulation of expression of key CYP enzymes that
are involved in liver drug metabolism (Fig. D) 2. Baseline CYP levels without drug treatment showed that our 3D triculture
model had significantly elevated levels of CYP3A4 expression and higher levels of CYP1A2, CYP2B6, CYP2C9, and
CYP2C19 compared to the 3D hiPSC-HPC only and 2D culture controls. Upon introducing rifampicin, a known
bactericidal antibiotic drug to induce hepatotoxicity 2%, our 3D triculture hepatic model exhibited increased CYP3A4,
CYP2C9, and CYP2C19 expression in comparison to untreated controls. In contrast, no significant increases in the CYP
enzyme expression was observed for the 3D hiPSC-HPC only and 2D culture controls.
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Figure 5: (A) Gene expression profile for the functional characterization of the 3D triculture hepatic model compared to
the 3D HPC-only and 2D monolayer controls after one-week in vitro culture for the key markers: albumin (Alb), hepatocyte
nuclear factor 4 alpha (HNFa), transthyretin (TTR), and alpha fetal protein (AFP). (B) Quantification of albumin secretion
levels and (C) urea production over 15 days in vitro culture for each of the three groups. (D) Gene expression profile of (i)
CYP3A4, (i1) CYP2C9, (iii) CYP2C19, (iv) CYP2B6, and (v) CYP1A2 for each group with and without (CTL) rifampicin
(RIF) treatment after one-week in vitro culture. All groups were normalized to hiPSC-HPCs on day 12 of differentiation
prior to 3D bioprinting. Error bars represent SEM for all data points with significance at p<0.05 (n=3). (Copyright 2016
National Academy of Sciences.)

Overall, we demonstrated the utility of our DLP-based 3D bioprinter to produce a complex functional 3D
biomimetic hepatic triculture model that recapitulates both the native liver microarchitecture and cellular diversity. More
importantly, the improved albumin and urea secretion as well as drug response in our 3D triculture model further supports
the importance of including supportive cells to facilitate in vitro functionality and maturation. The incorporation of human
iPSC-HPCs in our model also demonstrates the potential for our platform to be used for personalized medicine as a patient-
specific approach to study various pathophysiological disease mechanisms, drug screening and discovery applications, as
well as for clinical translation.
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5. 3D BIOPRINTING OF DECELLULARIZED EXTRACELLULAR MATRIX AS NEXT-
GENERATION BIOINKS

With the growing advancements in 3D bioprinting technology, the generation of novel biomaterials to serve as cell
supportive bioinks is critical to better mimic the native niche microenvironment. /n vivo, cells actively interact with the
surrounding extracellular matrix (ECM), which functions both as a structural support and a rich reservoir for biochemical
constituents including growth factors, cell-binding proteins, collagens, and proteoglycans %. In turn, these cell-ECM
interactions regulate cell behavior such as proliferation, differentiation, maturation, and migration 2. Studies
characterizing the ECM have also elucidated its diversity such that they vary compositionally between different tissues
and organs 24?7, As such, the hypothesis that recapitulating the tissue-specific ECM will improve cell response and
behavior has served as a foundational basis for the development of novel biomaterials.

To address the challenge of creating a tissue-specific ECM, an attractive approach is to preserve the inherent
complex native ECM constituents using a decellularization process. In general, tissues and organs are decellularized
through a combination of detergent and enzymatic washes as well as mechanical disruption to yield a ECM scaffold that
is devoid of cellular content. By undergoing this process, many protocols to date have been established to form a wide
range of decellularized tissues including the heart, liver, kidney, adipose, bone, and cartilage 2***. Importantly, in vitro
studies have also demonstrated that tissue-specific decellularized scaffolds improve the proliferation, differentiation, and
maintenance of cell phenotype of cultured tissue-matched cell types 263*%, For instance, ADSCs cultured on 3D
decellularized adipose tissue foams showed enhanced adipogenic differentiation in terms of lipid accumulation, GPDH
activity, and upregulation of the key adipogenic genes PPARy, CEBPa, and LPL compared to 2D controls *¢. This is also
further supported by the increased proliferation and maintenance of stem cell phenotype of ADSCs expanded on
decellularized adipose tissue microcarriers over long term culture compared to collagen-based Cultispher-S® microcarrier
controls 3*. While the exact mechanism is unknown, it is believed that the complex nature of the tissue-specific ECM
provides an environment more similar to their natural in vivo microenvironment and therefore contributes as an improved
cell-instructive substrate. This observation is further supported by a study demonstrating enhanced cell adhesion and
proliferation as well as phenotype maintenance when liver, muscle, and skin cells were grown on tissue-matched
decellularized ECM coatings versus non-tissue matched controls 6.

As such, the application of decellularized tissues to serve as tissue-specific bioinks in 3D bioprinting would have great
potential towards the advancements of producing biomimetic tissues and organs. Currently, the selection of naturally-
derived bioinks available for 3D bioprinting has been limited to biomaterials such as gelatin, collagen, alginate, fibrin,
chitosan, and hyaluronic acid ¥, which are simple in composition compared to the native ECM. By developing printable
decellularized tissue bioinks compatible with different 3D bioprinters (e.g. extrusion-based or DLP-based printers), the
generation of a large library of bioinks tailored for various engineered tissues and organs can be readily accomplished %,
In particular, it can be envisioned that these tissue-specific decellularized ECM bioinks could be used directly in their pure
form or incorporated with other existing bioinks to enhance their functional properties. Overall, decellularized ECM offers
a unique strategy to be able to preserve the innate complexity of the tissue-specific microenvironment with potential to
improve the functionality of biomimetic tissues that would otherwise be difficult to achieve using a bottom-up approach.

6. CONCLUSIONS

In summary, 3D bioprinting technology in recent years have led to the breakthrough development of multiple tissue models
for a wide range of applications in tissue engineering and regenerative medicine. More specifically, using our DLP-based
3D bioprinters we developed novel approaches to rapidly fabricate complex tissue structures that possess microscale
resolution and physiologically relevant architectures. Namely, we were able to directly print cellularized hierarchal
branched vascular networks that were able to support host anastomosis and blood perfusion in vivo, which demonstrates
the potential clinical translation of bioprinted tissues. Our lab has also developed the first human biomimetic 3D hepatic
triculture model composed of human iPSC-derived hepatic progenitor cells for use as a clinically-relevant platform for
personalized medicine and drug screening applications. In general, the future direction of 3D bioprinting functional tissues
and organs will involve the incorporation of multiple facets namely the inclusion of heterogeneous cell populations placed
in their anatomical locale, intricate vascular networks to maintain long term growth and maturation of the tissue, and the
incorporation of bioactive naturally-derived bioinks, such as decellularized ECM, to provide a complex tissue-specific
microenvironment to enhance functionality.
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