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ABSTRACT

Microphysiological systems—also known as “organ-
on-a-chip (OOC)” systems—hold considerable promise for
applications including drug screening, disease modeling,
and personalized medicine. A critical barrier to OOC
efficacy, however, stems from manufacturing challenges
that hinder the accurate recreation of 3D architectures and
material properties of in vivo organ systems. To provide a
new pathway to address these issues, here we leverage
“Two-Photon Direct Laser Writing (DLW)” to 3D print
physiologically relevant polydimethylsiloxane (PDMS)
microvessels directly atop 3D microfluidic chips—
fabricated via the “Vat Photopolymerization (VPP)”
technique, “Liquid-Crystal Display (LCD)” 3D printing.
Fabrication results revealed effective production of both
interweaving and independent 3D microfluidic vessels
with inner diameters (IDs) and wall thicknesses ranging
from 80—100 um and 5-10 um, respectively, as well as pre-
designed (i.e., as-printed) micropores with 5 um diameters.
Preliminary experimental results for MDA-MB-231 cells
seeded within the porous microvessels revealed that the
3D PDMS system supported cell viability. In addition,
pressure-vacuum experiments revealed that the permeation
effects could be tuned to regulate the microenvironmental
conditions internal and external to the porous microvessels.
In combination, this work serves as a fundamental proof of
principle for establishing entirely new classes of 3D
microphysiological systems for diverse OOC applications.
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INTRODUCTION

Microphysiological or “OO0C” systems—i.e., technol-
ogies that recapitulate in vivo tissue- and organ-level
physiology in vitro—offer distinctive potential for a wide
range of biomedical applications [1-3]. Initially, OOC
systems were fabricated via conventional microfabrication
protocols, such as multi-layer soft lithography [4-6].
Unfortunately, such microfabrication methods typically
suffer from geometric restrictions that lead to relatively
planar in vitro system architectures that bear little
resemblance to their fully 3D in vivo counterparts [7-9].
Additive manufacturing (or “3D printing”) approaches
provide an alternative route to overcome these geometric
limitations for OOC fabrication [10]. In particular, the
Jennifer Lewis group has developed “material extrusion”
approaches that involve “direct ink writing (DIW)” of
sacrificial materials (e.g., pluronic) that can be cast and
then evacuated, thereby leaving behind empty vessels
encapsulated in extracellular matrix (ECM) [11-13]. Due
to the reliance on nozzles for material deposition, however,
such protocols are poorly suited for OOC applications that
demand, for example, fully interweaving microvessels
(like those of the kidney) or vessels with tightly controlled
circular IDs (e.g., < 100 um), thin walls/membranes (e.g.,
< 10 um), and/or custom micropores. To enable such
capabilities for OOC systems, the additive micro/nano-
manufacturing approach, DLW, is uniquely suited [14-16].

CONCEPT

Here we present a hybrid additive manufacturing
strategy (Fig. 1) that leverages recent developments for
“ex situ DLW (esDLW)” [17-19] as well as photopolymer-
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Figure 1. Conceptual illustrations of 3D interweaving microvessels fabricated via a hybrid micro-nanoprinting strategy.
(a) “Vat Photopolymerization (VPP)” 3D printing of a microfluidic chip. (b) Point-by-point, layer-by-layer “ex situ Direct
Laser Writing (esDLW)” 3D printing of interweaving microfluidic vessel structures using a PDMS-based photomaterial.
(c) Example of selective microfluidic loading into the two independent microvessels.
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izable PDMS [20] to achieve fully 3D microfluidic vessel
structures of arbitrary design at biologically relevant length
scales. First, the VPP approach, LCD 3D printing, is used
to fabricate a bulk 3D microfluidic device with externally
accessible outlet ports atop which PDMS-based photo-
material can be deposited (Fig. 1a). Second, esDLW is
used to print 3D microfluidic vessel structures directly atop
(and fluidically sealed to) the corresponding outlet ports of
the DLP-printed microchip (Fig. 1b). Importantly, the
designs of the 3D PDMS microvessels—e.g., IDs, wall
thicknesses, circularity, tortuosity, and micropores—can
be customized as desired. Lastly, following development
and preparation for cell cultures, cell suspensions or other
biological fluids can be loaded into (and retrieved from) the
esDLW-printed microvessels via the input/output ports of
the DLP-printed microchip for in vitro studies (Fig. 1c).

MATERIALS AND METHODS
Microfluidic Chip Fabrication via “Vat Photopolymer-
ization (VPP)”-Based 3D Printing

The bulk microfluidic chip was modeled using the
computer-aided (CAD) software, SolidWorks (Dassault
Systemes, France). Each chip was designed with four ports
at the sides that each connected to a corresponding top
macro-to-micro interface port on the top of the chip
(diameter = 100 um). Models were exported as STL files
and imported into slicing software (CHITUBOX, China)
for the ELEGOO Mars 3 3D printer (ELEGOO, China).
The microfluidic chips were printed using Clear Micro-
fluidic Resin v7.0a (CADworks, Canada). The prints were
developed by rinsing with ethanol and drying with N, gas
several times until fully cleared. Lastly, the prints were
further cured under UV light for 30 s.

3D Microvessel Fabrication via “Ex Situ Direct Laser
Writing (esDLW)”-Based 3D Printing

The various microfluidic vessel structures were
modeled using SolidWorks (Dassault Systemes). The inter-
weaving vessels were designed with IDs of 80 ym and wall
thicknesses of 10 um, while the independent microvessels
were designed with IDs of 100 um and wall thicknesses of
5 um; pre-designed micropores included diameters of 5 um.
The models were exported as STL files and imported into
the computer-aided manufacturing (CAM) software,
DeScribe (Nanoscribe GmbH, Germany). The PDMS-
based photoresist, IP-PDMS (Nanoscribe), was dispensed
atop the top ports of the microfluidic chip (Fig. 2a), and the
device was loaded into the Nanoscribe Photonic Profes-

sional GT2 3D printer with the 10x objective lens and in
the Dip-in Laser Lithography (DiLL) configuration. The
esDLW process (hatching distance, layer height = 300 nm)
was initiated with 15 um of overlap with the top surface of
the chip to enhance fluidic sealing. Following the esDLW
process, the device assembly was developed by immersing
it into 50 °C IPA for 30 min, fresh room temperature IPA
for another 30 min, and then allowed to dry under ambient
conditions. The device assembly was placed under UV
light for 60 s to cure potential residual resin.

Optical Characterization

Micrographs captured during the esDLW printing
process of the microvessels were carried out using the
built-in Carl Zeiss Axio Observer inverted microscope
(Zeiss, Germany) within the Nanoscribe Photonic
Professional GT2 DLW 3D printer. Scanning electron
microscopy (SEM) images were obtained using a TM4000
Tabletop SEM (Hitachi, Tokyo, Japan). Brightfield and
fluorescence micrographs of experimental results were
performed using a Macro Zoom Fluorescence Microscope
System (MVX10, Olympus) coupled with X-Cite Illumi-
nators for fluorescence illumination and a charge-coupled
device (CCD) camera (DP74, Olympus) for recording.

Cell Experimentation

To prepare the device for cell testing, the device was
immersed in ethanol and then DI water for 12 hrs each,
followed by rinsing with fresh DI water for 1 min. The
device exposed to oxygen plasma at 35 Watt for 60 s at a
rate of 40 sccm using a Tergeo Plasma Cleaner (PIE
Scientific, USA). Type I rat collagen coating solution
(Sigma-Aldrich) was infused into the microvessels via the
side ports of bulk microchip and incubated in a 37 °C CO;
incubator for 1 hr. The system was then rinsed with both
Phosphate Buffer Saline (PBS, Thermo Fisher Scientific)
and Dulbecco’s Modified Eagle’s Medium (DMEM,
Thermo Fisher Scientific). A suspension of MDA-MB-231
cells (1x107 cells/mL) in culture medium (DMEM with
10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin) was loaded into the vessel while 50 uL of
culture medium was dispensed on top of the microvessel
(to prevent drying out during the incubation). The device
was then placed in a covered petri dish and cultured in the
37 °C CO; incubator for 12 hrs. Cell viability was checked
2 days after cell seeding with Invitrogen™ LIVE/DEAD™
Viability/Cytotoxicity kit (Thermo Fisher Scientific).
The LIVE/DEAD staining solution (2 mM Calcein AM and

Figure 2 Fabrzcatton results (a) The LCD 3D -printed bulk mlcroﬂuldlc chip. Scale bar =100 um. (b,c) The esDLW
printing process for the interweaving PDMS microvessels. (b) Computer-aided manufacturing (CAM) simulations.
(¢c) Corresponding esDLW 3D printing process. Total Print Time = 58 min, Scale bar = 250 um.
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4 mM ethidium homodimer-1 (EthD-1) in PBS) was loaded
into the microvessel and incubated for 30 min. The vessel
structure was then cleaned with PBS before imaging.

Microfluidic Experimentation

Microenvironmental testing was performed using the
Fluigent Microfluidic Control System (MFCS) and Flow
Rate Platform and OxyGen software (Fluigent, France)—
interfaced with the device ports via fluorinate ethylene
propylene fluidic tubing (Cole-Parmer, Vernon Hills, IL)
and stainless steel catheter couplers (Instech, Plymouth
Meeting, PA). Positive input and output vacuum pressures
for testing with 10% fluorescin-5-isothiocyanate (FITC)
ranged from O to 20 kPa and 0 to 5 kPa, respectively.

RESULTS AND DISCUSSION
Hybrid 3D Micro-Nanoprinting-Based Fabrication
The total LCD-based 3D printing process for the bulk
microfluidic device was completed in under 30 min (Fig.
2a), with each batch print able to produce up to 12 chips
simultaneously. CAM simulations and corresponding
micrographs captured during the esDLW process for the
interweaving microvessels are presented in Figure 2b and
2¢, respectively. The total esDLW printing process was
completed in 58 and 38 min for the interweaving micro-
vessels and the independent microvessel, respectively.
SEM micrographs of representative fabrication results
revealed effective production of the tortuous vessels as
well as the pre-designed micropores (Fig. 3).

Figure 3. Fabrication results for microvessel structures.
(a) Interweaving vessels. (b) Independent microvessel
with expanded view of a micropore. Scale bars = 100 um.

Cell Loading and Viability

To evaluate the biocompatibility of the esDLW-
printed PDMS-based microvessels (coated with type I
collagen), we initially performed investigations of cellular
adherence and cell viability using an epithelial cell line
(MDA-MB-231, breast cancer cell line from adeno-
carcinoma). Experimental results for MDA-MB-231 cells

cultured on the inner lumen for 12 hrs revealed that the 3D
PDMS microvessels were able to support cell adherence
and viability (Fig. 4).
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Figure 4. Results for cell experimentation.

(a,b) Empty
microvessel captured using (a) confocal brightfield, and
(b) fluorescence microscopy. (c) Fluorescence micrograph
of same vessel after culturing MDA-MB-231 cells on the
inner lumen walls. Green = live cells. Scale bars = 100

Microfluidic Micropore-Mediated Permeation

We also investigated the microenvironmental permea-
tion dynamics of the microvessels facilitated by the pre-
designed micropores and tune via the pressures applied to
the input and output. We immersed the system in DI water
and then observed the infusion/permeation dynamics for
10% FITC while applying positive pressure at the inlet and
negative pressure (vacuum) at the outlet. Initially, we did
not observe any flow without applying pressure at either
the inlet or outlet (Fig. Sa). We found that applying a
positive pressure of 15 kPa at the inlet along with a vacuum
pressure of 5 kPa at the outlet yielded mainstream flow that
was retained within the microvessel (Fig. 5b). Vacuum
application at the outlet was needed to prevent permeation
through the arrayed micropores along the microvessel. For
example, we observed that slightly larger pressure
gradients between the inlet and the outlet, such as by
applying a 20 kPa inlet pressure and a 4 kPa outlet vacuum
pressure, resulted in partial external permeation near the
portion of the microvessel closest to the inlet port (Fig. Sc).
Furthermore, we found that in the absence of any vacuum
pressure at the outlet, an outlet pressure of 15 kPa resulted
in considerable external permeation of the FITC solution
(Fig. 5d). These results suggest that both the input and
output pressures can be regulated on-demand to tune the
microenvironmental permeation dynamics to control
internal-to-external chemical-molecular communications.

CONCLUSION

In this work, we introduced and demonstrated a novel
hybrid strategy for additively manufacturing PDMS-based
OOC systems with sophisticated 3D architectures at
biologically relevant length scales. The presented OOC
fabrication strategy—which combines VPP and esDLW
3D printing—offers unique means to circumvent the
geometric restrictions of prior conventional soft
lithography- and DIW-based approaches in recreating in
vivo structures more accurately. Although LCD 3D
printing was used in this work, alternative VPP (or
potentially “material jetting” 3D printing approaches [21-
23]) could be similarly employed for bulk microdevice
production. The preliminary results suggest the PDMS-
based microvessels can support cell/tissue culture and
viability; however, future efforts are needed to continue
evaluating such capabilities. Nonetheless, the presented
results offer an important baseline for future works that
extend the presented strategy to realize true-3D PDMS-
based OOC systems with physiologically accurate
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Figure 5. Experimental results for microenvironmental regulation. (a) No pressure/vacuum. (b) Retained mainstream flow.
(c) Partial external permeation. (d) High external permeation. Scale bars = 250 um.

architectures that, ultimately, recapitulate in vivo tissue-
and organ-level physiology in vitro.
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