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1. Abstract

We report on a novel technique using additive manufacturing to fabricate a cell-laden
polydimethylsiloxane (PDMS) microfluidic device by SFF processes and replica molding. We
demonstrate concept feasibility and present results using single and multiple layer patterns. 3-dimensional
channel architecture is achieved by CAD/CAM technology and tuning manufacturing process parameters.
Our microfluidic device is fabricated in two stages (1) print negative mold by thermal extrusion of
polycaprolactone (PCL) using layer-by-layer precision extrusion deposition then (2) casting PDMS. Cells
and matrix are selectively assembled inside microchannels using multi-nozzle printing to demonstrate
feasibility of chip as a culture environment. The objective of this work is to fabricate a cell-laden
microfluidic device by combined solid freeform patterning and replica molding with direct cell writing
into channels. This work has application as a 3D physiological model for in vitro pharmacokinetic study
in space environment in preparation for long term manned missions.

2. Introduction

Cell-laden microfluidic devices recreate in vivo cell-to-cell interactions, a current challenge in drug
screening, through reproducible quantifiable patterning of spatial and temporal gradients [1-3].
Conventional cell culture of a monolayer on petri dish is a well-established methodology which has been
optimized for various drug’s ADMES-Tox profiles in humans [4]. However, the fidelity of conventional
models is limited due to local depletion of drug-metabolizing enzymes and transporters, lack of controlled
cell seeding and static medium reservoir. Failure to predict drug toxicity by conventional culture
methodology is considered the principle reason 90% of new drugs fail during Phase 1 preclinical tests [5].
Biomimetic extra-cellular cues, cell-to-cell contact and definable gradient of drug conditions are
engineered into microenvironments for high throughput measurement of toxicity and pharmacokinetics
[6, 7]. Cell-laden microfluidic devices improve fidelity of in vitro platforms by physiologically relevant
surface area to volume ratio, mass transfer by diffusion, biomimetic microenvironment engineering,
dynamic perfusion, and dual organ model [8, 9].

The advantage of drug discovery by cell-laden microfluidic devices is reproducible quantifiable
control over the stimulation and patterning of biological material [10]. Micron-scale quantities of cell-
laden matrix and microfluidic channel produce a cell to interstitial fluid volume ratio of approximately
one, as is physiologically relevant [11]. The microfluidic length scale improves uniformity of temperature
field and gas supply through cell laden matrix, induce laminar flow pattern and therefore mass transfer by
diffusion. These factors reduce variability caused by proportions of experimental design. Hydrodynamic
forces on the cells by extracellular fluid produce physical cues stimulate and direct cell function. Dynamic
perfusion causes naturally occurring gradients of diffusing chemicals and produces controllable gradient
of drug conditions. Cells are assembled in 3-dimensional biomimetic microenvironments to produce
biomimetic morphology, cytoskeleton alignment, cell-to-cell contact, focal adhesion of cell to matrix and
signaling [12]. Lab-on-a-chip bioanalytic micro-systems introduce multi-component co-cultures to
simulate an array of cells by external factors and signals secreted by the cells themselves to engineer a
functional tissue. A controllable gradient of drug captures downstream effects of metabolized drug on
target organ and conditions in parallel for physiologically-based pharmacokinetic (PBPK) models [13].
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Leading microfluidic devices use microfluidic systems and controlled cell seeding to produce
cellular microenvironments to facilitate homotypic interaction by co-culture. Vasculature and metatastic
prostate cancer microfluidic models use co-culture to understand specific cytokines and growth behavior
mechanisms [14, 15]. The effect of stem cells on cancer apopotosis is evaluated in vitro by unidirectional
perfusion of a microfluidic device [16]. Microfluidic co-cultures of hepatocytes with nonparenchymal and
stem cells are used to study 3-dimensional capillary morphogenesis and drug toxicity [17, 18]. In these
leading microfluidic devices, microfluidic channels are fabricated in an elastoployer by soft lithography
with wet chemical etching or integrated on a polystyrene biochip and cell seeding is controlled by
diffusion across matrix, semi-permeable membranes or time course introduction of cell types.

Key technology for methodological progress in microfluidic devices for drug discovery include
microfabrication techniques and 3-dimensional cell patterning. Miniaturization of perfusion system by
microfabrication produces biomimetic interconnected network of channels [19]. Current techniques
include photolithography, etching, and molding. Controlled cell assembly is required to produce specific
cellular microenvironments and heterogeneous cell-to-cell contact [20]. Design models use bottom-up
tissue engineering to assemble modular cell environments to achieve biomimetic spatial and temporal
interactions of soluble and biological cues. Current techniques include surface patterning by standard
photolithography liftoff, photoreactive chemistry, microcontact printing with lamination, molding, and
photo-polymerization [21]. Cell migration and separation after printing can be achieved by labeling cells
with magnetic nanoparticles or gradient surface treatments to substrate. Cell deposition techniques such
as syringe-based cell deposition, rapid prototyping of hydrogel structures, and inkjet-based cell printing
include cells as part of the working material to directly assemble biologics in 3-dimensional space [22]. A
pumping mechanism is required to precisely transport volumes of liquid to induce specific transient
delivery of soluble cues and hydrodynamic strain.

A combined solid free from (SFF) patterning and replica molding process offers the following
advantages over current techniques to create a cell-laden microfluidic device: All structures and
components of a multi-component micro-systems is fabricated in a single step of micro-molding. The
channels in the microfluidic network are printed as a 3D continuous pattern. An elastopolymer is cured
against the printed pattern and then printed pattern is then cleared from channels thermally or chemically.
The process includes direct cell writing to control distribution of the seeded cells in microfluidic device.
Cells and matrix are printed directly into channel. The volume and cross-sectional geometry of cell-laden
filaments are controlled by manufacturing process parameters. Cell to fluid volume ratio is also controlled
by microfabrication and direct cell writing process. The homogenous curing technique of the
elastopolymer does not restrict the surface area of the microfluidic device, unlike radiation or point source
based exposure techniques. Additive manufacturing techniques increase height of printed mold without
also changing width of the mold, allowing for high aspect ratio structures. The printed pattern can be
removed from the elastomer microfluidic chip without damaging the channels, which allows for
multilevel features and 3D profiles. The design to the finished device takes less than 24 hours to produce.

The objective of this work is to fabricate a cell-laden microfluidic device by combined solid freeform
patterning and replica molding with direct cell writing into channels. This work has application for in
vitro disease modeling, pharmacokinetic studies and drug screening. Pre-clinical determinations of drug
toxicity to liver would greatly improve screening technology [23].
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3. Method to Produce Cell-laden Channels in Microfluidic Device

The combined SFF patterning and replica molding process produces a cell-laden microfluidic device
with channel designed to biomimic liver physiology and flow design. First, microfluidic channel pattern
is designed from in vivo liver structure and hydrodynamics. Second, microfluidic pattern is printed using
precision extrusion deposition. PDMS is cured against the PCL pattern in a single step of replica molding
to produce PDMS substrate. PCL pattern is cleared from PDMS, which leaves interconnected
microfluidic system. PDMS is plasma treated to decrease surface energy and produce homogenous
wetting of the surface during printing. Cell-laden matrix is directly printed into the channels using direct
cell writing system. Cell-laden microfluidic chip is sealed in microfluidic chip and nutrient is perfused
through system by programmable syringe pump. Figure 1 diagrams the combined SFF patterning and
replica molding for microfabrication of cell-laden microfluidic device process.

Step 1: Microfluidic channel —_—
pattern design :

Step 2: SFF to produce
pattern

Step 3: Replica molding to

Step 6: Perfusion of produce channel
Microfludic Device

Step 5: Direct cell writing
into channel

Step 4: Plasma surface
treatment

Fig 1. Combined SFF patterning and replica molding for microfabrication of cell-laden microfluidic
device process diagram.

3.1. Step 1: Microfluidic Channel Pattern to Biomimic Liver Physiology and Flow Design

In the liver, diffusion through a 3-dimensional network of microvasculature and bile canaliculi
network carries nutrients, waste, and oxygen to parenchymal cells, hepatocytes, and non-parenchymal
cells, such as the Kupffer and stellate cells [24]. The relative volume of interstitial fluid to cell matrix is
approximately one in liver. The microfluidic channel is designed to produce a network of channels to be
50% (v/v) cell-laden matrix and 50% (v/v) interstitial fluid. This ratio is controlled by microfabrication of
the channel and direct cell writing process. The range of possible channel dimensions is limited by the
manufacturing capability, whose threshold minimum feature size is to be defined by a limiting set of
process parameters. The cell volume is controlled by direct cell writing process parameters, and is
determined after microfluidic channel geometry is characterized. The microfluidic network is
interconnected to allow for dynamic perfusion and controlled transient interaction of interstitial fluid and
cell. The system flow rate and architecture cause capillary and hydrodynamic forces acting on the cells.
These forces physically strain cell membrane and actin cytoskeleton to induce biomimetic environmental
stimulation and cell-to-cell contact necessary to maintain phenotype stability [25]. The microfluidic
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channel pattern for 3-dimensional network of microvasculature in liver is simplified to a square wave
pattern and elaborated to a sinusoid wave pattern in this work.

3.2.  Step 2: SFF to Produce Pattern

SFF by precision extrusion deposition (PED) produces explicitly designed 3-dimensional
structures by layer-by-layer deposition of thermoplastic filaments [26-28]. The material delivery system is
mounted to a high precision positioning system to print the extruded filament into explicitly designed 3-
dimensional patterns. Design model inputs and manufacturing process parameters, excluding dispensing
nozzle diameter, are defined by the operator through automation software Motion Planner (Parker
Hannifin Corp). The nozzle is selected from a pre-fabricated set and fixed to the material delivery system
prior to extrusion. The material delivery system feeds material into a liquefying chamber by a screw and
extruded through interchangeable micron-scale nozzle. Figure 2 presents process information pipeline and
system configuration for PED system. Polycaprolactone (PCL) (Sigma) in the form of pellets is loaded
into precision extrusion deposition (PED) system’s extruder and heated to 70°C. Once liquefied and
automation software is run, PCL is extruded through 150pum or 350um nozzle tip by pressure creature by
a turning screw at 30rpm. Remaining process parameters were derived from previous work using the PED
and PCL to produce threshold minimum filament diameter, as it is the limiting case. Nozzle tip is position
0.30mm above level substrate. Single layer square wave pattern of dimensions 20mm x 20mm with struts
spaced 1mm on center is produced, as presented in figure 3. Single layer sinusoid wave pattern of
dimensions 20mm x 22mm with struts spaced 3mm on center and radius of 1mm is produced, as
presented in figure 4. Nozzle is raised 0.30mm between subsequent layers for multi-layer patterns.

Precision Extrusion Deposition

[ Design Model Input

CAD Madel

Slice into layers

Tool Path File

| b b

N Motion System

Motion Controller

Servo Driver

b b

XYZ Mechanism

L] Material Delivery System

—)[ Temperature Control System ]
e[ Extruder Axis ]
Fig 2. Process information pipeline and system configuration for PED system.

3.3. Step 3: Replica Molding to Produce Channels in PDMS

Elastopolymer solution is prepared from 10:1 ratio base to curing agent of polydimethylsiloxane
(PDMS) Slygard 182 silicone elastomer kit (Dow Chemical). PDMS is selected for the microfluidic
device as a biocompatible, non-toxic, optically transparent, & highly gas permeable material [29]. Freshly
mixed PDMS is poured over PCL patterns to final depth of Imm and let cure for 8hrs on 40°C hot plate.
PCL cleared from PDMS channel after curing by one of two methods (1) gently peeling PCL from
channels using forceps or (2) dissolving PCL from channels by sonication in dichloromethane (Sigma) for
50 min at 40°C [30].

3.4. Step 4: Plasma Treatment
Plasma surface treatment oxidizes the PDMS substrate methyl groups to form silanol groups [31].
The wettability of cross-linking solution and printed alginate matrix is controllable and homogenous on
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post-plasma treated surface. PDMS substrate is placed in RF plasma chamber (Harrick Plasma) for 90
seconds less than 2 minutes prior to printing.

3.5.  Step 5: Direct Cell Writing Into Channel

SFF of biological material and matrix by direct cell writing produces explicitly designed 3-
dimensional patterns of cell-laden matrix in microfluidic device [32, 33]. The material delivery system is
mounted to a high precision positioning system to print the cells into microfluidic channels. Design model
inputs and manufacturing process parameters, excluding dispensing capillary tip diameter, are defined by
the operator through automation software Motion Planner (Parker Hannifin Corp). The nozzle is selected
from a pre-fabricated set of EFD precision capillary tips and fixed to the material delivery system prior to
extrusion. The material delivery system feeds cell-laden matrix through interchangeable micron-scale
capillary tip by continuous pneumatic pressure regulated from reservoir of breathing quality compressed
air (AirGas). Once pressurized and automation software is run, cell-laden matrix is extruded through
150um capillary tip 0.5 inches in length by 15psi of air pressure. Capillary tip is position 0.10mm above
bottom of channel. Cells are printed in square wave pattern of dimensions 20mm x 20mm with struts
spaced 1mm on center to align with PDMS channel pattern. Figure 3 presents system configuration for
direct cell writing system aligned to PDMS substrate to print cells into microfluidic channels.

Fig 3. System configuration for direct cell writing system aligned to PDMS substrate to print cells into
microfluidic channels.

3.6.  Step 6: Perfusion of Microfluidic Device
Cell-laden PDMS microfluidic chip and PDMS cover fitted with nanoport assemblies (Upchurch
Scientific) secured together by polycarbonate brace to form a microfluidic circuit. System perfused by
programmable syringe pump (Next Era) and flow tested to 10uL/hr with media.

3.7. Cell Culture and Encapsulation

Human hepatocytes of the HepG2 cell line (ATCC) are cultured in Eagle’s Minimum Essential
Medium base medium (ATCC) supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen) and
1% (v/v) antibiotic/antimycotic (Invitrogen). Cell are maintained at 32°C and 5% CO, for less than 3
passages after thawing prior to experiment. Alginate matrix is prepared from 6.0% (w/v) alginic acid
sodium salt from brown algae (Sigma) in deionized water and sterilized through aseptic serial filtration
through 20pm mesh (VWR). Cells are mixed with alginate for final concentration of 2.0x10° cells/mL
HepG2 cells. Prior to printing, channels are flooded with cross-linking solution as formed by 5.0% (w/v)
calcium chloride (Sigma) in deionized water.

3.8. Fluorescent Determination of Cell Viability
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Cell viability post-printing is qualitatively evaluated using fluorescence based Live/Dead
Viability/Cytotoxicity Kit for mammalian cells (Molecular Probes). Two-color discrimination by the
fluorescent probes enthedium calcein AM and ethidium homodimer-1 labels live cells as green and dead
cells as red. Samples were analyzed using a DM RIB inverted microscope (Leica) with UV source.
Images of all cells were captured electronically by Insight 4.0Mp Monochrome digital camera (Spot
Insight) and manufacturer provided imaging software.

4. Results
Here we demonstrate the feasibility of a combined SFF and replica molding microfabrication process
to produce a cell-laden microfluidic device. Having established control over microfluidic pattern and
channel depth, we leverage additive manufacturing techniques to increase aspect ratio of channels and
produce 3-dimensional networks of interconnected channels. Results demonstrate process control.

4.1. Printed PCL Patterns and PDMS Channels

Inspection of three designs for fabricated PCL pattern and PDMS channels was performed to
demonstrate the pattern could be created, molded, and cleared from PDMS channel. Figure 4 presents
design model input, printed PCL pattern produced by PED system, and PDMS cured against PCL pattern
for single layer square wave pattern of dimensions 20mm x 20mm with struts spaced 1mm on center.
Figure 5 presents design model input, printed PCL pattern produced by PED system, and PDMS cured
against PCL pattern for single layer sinusoid wave pattern of dimensions 20mm x 22mm with struts
spaced 3mm on center and radius of Imm. Figure 6 presents design model input, printed PCL pattern
produced by PED system, and PDMS cured against PCL pattern for single layer multi-compartment array
of two square and one sinusoid wave arranged in series.

iI-IIIillzl-lmllulllull

Fig 4. Single layer square wave pattern of dimensions 20mm x 20mm with struts spaced 1mm on center
design model input (left) and printed PCL pattern produced by PED system (center) and PDMS cured
against PCL pattern with channels flooded with green dye (right).

Fig 5. Single layer sihﬁsoid wave pattern of dimensions 20mm x 22mm with struts spaced 3mm on center
and radius of Imm design model input (left) and printed PCL pattern produced by PED system (center)
and PDMS cured against PCL pattern with channels flooded with green dye (right).
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Fig 6. Single layer multi-compartment array of square and sinusoid wave design models printed PCL
pattern produced by PED system (left) and PDMS cured against PCL pattern with channels flooded with
green dye (right).

Inspection using phase contrast microscope and image analysis software was performed on
fabricated samples to characterize PCL pattern and PDMS channel depth and width. Single layer square
wave PCL pattern and PDMS chip were viewed from the top and then sliced through the center to inspect
cross-section. Figure 7 presents top view and section view of printed PCL pattern and PDMS channels for
square wave channel. PDMS curing against the PCL pattern yields a network of channels.
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Fig 7. Top and section view of PDMS Channels printed using 350um nozzle tip. Top view of PCL pattern
inset.

Imaging confirmed PCL pattern produces PDMS channel network. PED produces continuous
PCL patterns of controlled geometry. PDMS curing against PCL pattern produces a polymer replica with
channel network. Micro-systems structures of all of the components are formed in a single step of micro-
molding. PDMS channel width, depth, and cross-section is controlled by PCL pattern, which is controlled
by PCL manufacturing process parameters. The process implements manufacturing control over PDMS
channel size.

4.2.  SFF to Incrementally Increase Channel Aspect Ratio
Having established PDMS channels can be produced by PCL patterns and the micro-system
structures can be controlled by PED manufacturing process parameter, we next investigated the effect of
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SFF to increase channel aspect ratio. Inspection using phase contrast microscope and image analysis
software was performed on PDMS channel fabricated using 1, 2, 3, and 4 layers to characterize channel
width, depth and aspect ratio. A scalpel is used to cut PDMS chip along its centerline to view cross-
section of channels. The aspect ratio (AR) is defined as the channel depth divided by the channel width.
Figure 8 presents cross section view of PDMS channels molded from multi-layer PCL patterns.

%

1 layer 2 layer 3 layer
Width: 118um Width: 171pm Width: 192pum Width: 185um
Depth: 122um Depth: 215um Depth: 307um Depth: 415pm

AR:1.0 AR:1.3 AR: 1.6 AR:2.2

4 layer

Fig 8. Cross section view of PDMS channels molded from multi-layer PCL patterns.

The depth of the channel is increased by printing additional layers on top of the first layer. The
width of the channel is increased by printing additional layers on top of the first layer. One layer produced
a 1.0 aspect ratio channel. Two layers increased the aspect ratio 30%, three layers increased the aspect
ratio 60%, and 4 layers increased the aspect ratio 120%.

4.3. 3-D PCL Pattern Cleared from PDMS without Damaging Channel Network
Having established PDMS channels can be produced by multi-layer PCL patterns and the micro-
system structures can be controlled by SFF manufacturing in 3-dimensions, we next investigated the
effect of mutually orthographic layers to create interconnected network of channels. Inspection using
phase contrast microscope and image analysis software was performed on PCL scaffold and PDMS
channel fabricated using scaffold to characterize channel width, depth and orientation. Figure 9 presents
printed 0-90 PCL scaffold pattern and PDMS channels after PCL cleared from channels.

& L al
Fig 9. Printe-d- 0-90 éééffold pattern using two layers as viewed from the top rﬁacroscopically and under 4
X magnification using phase contrast microscope (B) from the top (A) and front (B). PDMS Channels

after PCL is removed by sonication and the construct is viewed from the top under 4x magnification using
phase contrast microscope (C).

[P

A porous 3-dimensional PCL scaffold is produced by PED manufacturing. Two mutually
orthographic layers are printed by continuous extrusion in the same z-plane. A second set of mutually
orthographic layers are printed on top of the first set to produce a scaffold. PCL is continuously extruded
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during entire printing episode to produce a continuous pattern. PDMS cures against PCL scaffold to
pattern produce a polymer replica with channel network. PCL scaffold is cleared from PDMS chip
without disturbing PDMS due to the difference in material melting temperature and solubility. After
replica molding PCL is cleared by 50 minutes of sonication in an 80°C dichloromethane bath. A scalpel
is used to cut PDMS chip along its centerline to view cross-section of channel network. Figure 10
presents cross section view of PDMS channels molded from PCL scaffold.

A r

Fig 10. Continuous extrusion during PCL patterning creates an interconnected 3-D network for replica
molding.

Figure 13 presents the top view of PDMS chip and two orthographic cross-section views. Two
layers of channels are produced in PDMS chip. Two rows of pores are visible in both Figure 13 section
view A and B. PED manufacturing is used to layer 2-dimensional PCL patterns to create 3-dimensional
architecture. This architecture is replica molded and cleared from PDMS chip to produce a 3-dimensional
microfluidic system. The depth of the channels from the top of the chip to the bottom of the lower row is
325-385um.

Channels are produced in orthographic directions. The pores visible in the Figure 13 section view
A is created by PCL filaments normal to the cutting plane, PCL cleared from the PDMS prior to imaging.
Pores in the traverse direction are visible as circular cross-section in Figure 13 section view B.
Orthographic orientation of PCL scaffold filaments produces PDMS channels in two directions. The 0-90
orientation of the two square waves in each layer produces a second pore orientation. The diameter of the
pore is 185 +/- 17 um in diameter.

4.4, Controlled Cell Seeding by Direct Cell Writing into PDMS Channels

Having established PDMS channels can be produced by PCL patterns and the micro-system
structures can be controlled by SFF manufacturing in 3-dimensions, we next investigated the process of
direct cell writing for controlled cell seeding into microfluidic channels. A set of fully defined direct cell
writing process parameters produces a unique volume dispensed per unit surface area of substrate.
Process parameters can be varied independent of printed pattern to produce patterns of extruded filaments
of variable diameter. The volume dispensed per unit area of substrate is a function of the flow rate and
speed of material delivery system. The flow rate through the nozzle is a function of the capillary tip
diameter and length, material viscosity, and dispensing pressure. The matrix viscosity is a function of the
material and cells concentration, which are selected for to support cell growth after printing. Dispensing
tip is selected from a set of prefabricated tips and fixed to material delivery system before printing.
Dispensing pressure and speed of material delivery system can be adjusted during printing and tuned to
create variable filament diameters. Figure 11 presents matrix extruded through 150um nozzle tip at 5psi
with variable speeds of material delivery system.
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5.0 psi

Figll. Matrix extruded through 150pum nozzle tip at 5psi with variable speeds of material delivery
system.

The diameter of the extruded filament, and therefore volume of dispensed material is controllable
by manufacturing process parameters. The design input model for direct cell writing system is copied
from PED model to produce PCL pattern to trace channel pattern during cell printing. Cell-laden matrix is
prepared and loaded into direct cell writing system and printed. Cells are fluorescently labeled after
printing to demonstrate their position. Inspection using phase contrast microscope and fluorescent
microscopy was performed using image analysis software. Figure 12 presents hepatocytes in alginate
printed into channels labeled with the Live/Dead stain and photographed under phase contrast (top row)
and fluorescent(bottom row) microscope.

s

100 pm

Fig 12. Hepatocytes in alginate printed into channels labeled with the Live/Dead stain and photographed
under phase contrast (top row) and fluorescent(bottom row) microscope.

Fluorescent imaging confirmed viable hepatocytes were printed into microfluidic channels on PDMS
chip. Direct cell writing process produces control over pattern of printed cell-laden matrix and flow rate
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of extrusion. The process implements manufacturing control over placement and volume of cells
dispensed.

5. Discussion
This study describes a novel process to produce microfluidic network based on liver physiology by
combined solid freeform patterning and replica molding with direct cell writing into channels. The
process is designed to provide engineering control over environmental cues in microfluidic device; such
as microfluidic pattern and channel cross-section, cell to interstitial fluid volume, cell seeding, and
perfusion flow rate.

Microfluidic pattern is produced by solid free form fabrication of a removable pattern. PED produces
continuous PCL patterns of controlled geometry. PDMS curing against PCL pattern produces a polymer
replica with channel network. Micro-systems structures of all of the components are formed in a single
step of micro-molding. The design model input can be digitally adapted to physiologically relevant
patterns and arrays of patterns. Continuous extrusion during the printing process creates an interconnected
3-dimensional network for replica molding. PDMS channels can be produced by multi-layer PCL patterns
and the micro-system structures can be controlled by SFF manufacturing in 3-dimensions. SFF techniques
during microfabrication process increase channel aspect ratio and embedded architecture in microfluidic
system. An interconnected system of mutually orthographic channels was produced by replica molding of
a porous scaffold. This capability can be used to introduce hierarchical modular architecture throughout
the depth of the chip, in addition to the planar patterning.

PDMS channel width, depth, and cross-section is controlled by PCL pattern. PCL pattern is
controlled by manufacturing process parameters. Process produces manufacturing control over PDMS
channel size and surface area-to-volume ratio oxygen diffusion and thermal field. The diameter of the
extruded filament is a function of the nozzle diameter, feed rate (screw speed), temperature, and travel
speed of the material delivery system. In this work, we used two nozzle diameters, 150 and 350um.
Remaining process parameters were derived from previous work using the PED and PCL to produce
threshold minimum filament diameter, as it is the limiting case. The filament diameter can be increased
by increasing the volume of material dispensed per unit area of substrate. This can be accomplished by
increasing feed rate, increasing temperature, or decreasing travel speed of the material delivery system.
The process allows for independent control over the filament cross-section and pattern.

Cell seeding is controlled by direct cell writing of cell-laden matrix into microfluidic channels. SFF
manufacturing by direct cell writing traces channel pattern to dispense cell-laden matrix into channels.
The process provides control over cell seeding. The direct cell writing process has multi-nozzle capability
to pattern different types of biologics within a single microfluidic device during a single printing episode.
The direct cell writing motion system has the capability to move in 3-dimensional space to layer and
pattern biologics. Similar to the PED process, direct cell writing can be used to introduce hierarchical
patterning of cell/biologics densities or cell types throughout the depth of the chip, in addition to the
planar patterning.

Direct cell writing process produces manufacturing control of volume of printed material per unit area
of substrate and therefore control of cell to interstitial fluid volume ratio. The diameter of the extruded
cell-laden filament is a function of the nozzle diameter, feed rate (dispensing pressure), matrix viscosity,
and travel speed of the material delivery system. In this work, we used 150um capillary tip. Remaining
process parameters were derived from previous work printing alginate using direct cell writing process to
produce threshold minimum filament diameter, as it is the limiting case. The filament diameter can be
increased by increasing the volume of material dispensed per unit area of substrate. This can be
accomplished by increasing dispensing rate, decreasing matrix viscosity, or decreasing travel speed of the
material delivery system. Since the cross-section of the microfluidic channel has been characterized,
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operator produce a cell to interstitial fluid ratio close to one by tuning direct cell writing process
parameters. The process allows for independent control over the filament cross-section and pattern.
Printed pattern and set of process parameters manufactures a unique 3-dimensional cell-laden construct.

Cells are part of the working material in direct cell writing process. The hydrodynamic forces caused
by the flowing matrix during printing cause damage to cells. Cell viability in printed construct is a
function of the process parameters. During process parameter selection, cell survivability is considered to
preserve functionality and viable cell density in printed construct. The speed of the material system is
programmable and does not affect hydrodynamic force in the nozzle tips. This means the diameter of the
extruded filaments can be controlled without effecting hydrodynamic forces and cell viability. This is
desirable, as it produces independent control over filament diameter and cell viability.

Perfusion flow rate is controlled by programmable syringe pump. Precise volumes of fluid in a
microfluidic device are transported through microfluidic device through continuous network of channels
for medium perfusion, delivery of drug compounds, generation of drug gradient, creation of specific
microenvironments and connection of cell culture. Dynamic perfusion using syringe pump and was flow
tested to 10uL/hr.

6. Conclusion

The objective of this work is to fabricate a cell-laden microfluidic device by combined solid freeform
patterning and replica molding with direct cell writing into channels. Process includes SFF manufacturing
by precision extrusion deposition (PED) and direct cell writing for independent process control of
structural and cell-laden material patterning. Manufacturing process parameters provided control of PCL
pattern and cell-laden filament diameter & cross-section. PED process parameters provide control over
PCL pattern and therefore PDMS channel surface area-to-volume ratio, oxygen diffusion and thermal
field. Direct cell writing process parameters provide control over cell to fluid volume ratio and diffusion.
Precise volumes of fluid in a microfluidic device are transported through microfluidic device through
continuous network of channels up to a flow rate of 10uL/hr. This work has application as a 3D
physiological model for in vitro pharmacokinetic study in space environment in preparation for long term
manned missions.
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