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Abstract

Hydrogels allow for controlling the diffusion rate and amount of solute according to the hydrogel
network and thus have found many applications in drug delivery, biomaterials, toxicology, and
tissue engineering. This paper describes a 3D-printed microfluidic chip for the straightforward
partitioning of hydrogel barriers between microchannels. We use a previously-reported 3-channel
architecture whereby the middle channel is filled with a hydrogel — acting like a porous barrier
for diffusive transport — and the two side channels act as sink and source; the middle channel
communicates with the side channels via orthogonal, small capillary channels that are also
responsible for partitioning the hydrogel during filling. Our 3D-printed microfluidic chip is simple
to fabricate by stereolithography (SL), inexpensive, reproducible, and convenient, so it is more
adequate for transport studies than a microchip fabricated by photolithographic procedures. The
chip was fabricated in a resin made of poly(ethylene glycol) diacrylate (PEG-DA) (MW = 258)
(PEG-DA-258). The SL process allowed us to print high aspect ratio (37:1) capillary channels (27
um-width and 1 mm-height) and enable the trapping of liquid-phase hydrogels in the hydrogel
barrier middle channel. We studied the permeability of hydrogel barriers made of PEG-DA (MW
=700) (PEG-DA-700, 10% polymer content by wt. in water) — as a model of photopolymerizable
barriers — and agarose (MW = 120,000, 2% polymer content by wt. in water) — as a model of
thermally-gelled barriers. We measured the diffusion of fluorescein, 10k-dextran-Alexa 680 and
BSA-Texas Red through these barriers. Fluorescein diffusion was observed through both 10%
PEG-DA-700 and 2% agarose barriers while 10k-dextran-Alexa 680 and BSA-Texas Red diffused
appreciably only through the 2% agarose hydrogel barrier. Our microfluidic chip facilitates the
tuning of such barriers simply by altering the hydrogel materials. The straightforward trapping

of selective barriers in 3D-printed microchannels should find wide applicability in drug delivery,
tissue engineering, cell separation, and organ-on-a-chip platforms.
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Graphical Abstract

We demonstrated a stereolithographically 3D-printed chip for the straightforward injection of
hydrogel barriers in microchannels and the facile measurement of molecular diffusivities through
these hydrogels.

RFU (a.u.)

, Diffusi'on d;stan'ce (|:|m) '

3D-printed microfluidic chip

Introduction

Exploring mass transport across semi-permeable materials is critical for developing
analytical platforms in a variety of fields, such as protein synthesis?, microphysiological cell
culture models?, epigenetics®, immunoisolation®, and selective protein filters®. Hydrogels
are a particular class of porous materials that, due to their tunable transport properties,
excellent biocompatibility®, and ease of manufacture, have been widely applied to drug
delivery’, biomaterials research®9, tissue engineering?, and toxicology!!. Researchers have
integrated hydrogel materials into microfluidic devices for developing biosensors and cell
culture systems with complex biofunctionalities.12-17 However, traditional microfluidic
technologies have used photolithography- and molding-based processes (including soft
lithography) that are labor- and time-intensive and are restricted to 2D planar/layered
designs.18-21 |n addition, microfluidic devices often require the intervention of a trained
specialist for bonding of each layer and additional extra-steps such as the fabrication

of inlets/outlets and the integration of functional materials including hydrogels, porous
membranes, and microbeads.22-25

3D-printing technology overcomes many of the fabricating limitations of conventional
microfluidic devices.26-29 As selected examples, Miri et a/. presented a stereolithography
(SL)-based bioprinting platform for fabricating a 3D heterogeneous hydrogel microfluidic
device.30 This platform provides a multi-material fabrication capability at high spatial
resolution by using a digital micromirror device based bioprinter using gelatin methacryloyl
(GelMA) and poly(ethylene glycol) diacrylate (PEG-DA) (MW = 700) (PEG-DA-700);

the biocompatibility was validated by introducing cell-laden GelMA into a microfluidic
device for fabricating cellularized constructs. Zhang and Larsen reported SL printing of
PEG-DA-700 hydrogel printing for fabricating biofunctionalized complex 3D perfusion
networks.3! PEG-DA-700 resin was employed to construct an in vitro vascular network-like
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hydrogel device with 3D complexity, facile perfusion setup, and vascular networks and
biocompatibility for culturing cells. However, the molecule size which can diffuse across
PEG-DA-700 hydrogel is very restricted due to the small pore size of the hydrogel.

Our group has studied SL-based high-resolution printing to fabricate biomicrofluidic
devices utilizing a formulation based on PEG-DA (MW = 258) (PEG-DA-258) and a

UV absorber.32-34 Recently, we developed an SL co-printing process to build a selective
porous hydrogel barrier using PEG-DA (MW = 575) (PEG-DA-575) or 40% PEG-DA-700
in the microfluidic channel in order to control the diffusion of small ions or molecules; the
technique reduces overall fabricating costs and shortens the duration of design iteration.3®
However, the types of photopatternable hydrogels that can be used as porous barriers are
limited (for ex., PEG-DA at an arbitrary MW is not commercially available) and it is
difficult to optimize production conditions for each hydrogel material.

In order to simplify the fabrication of porous barriers, here we adopted a different

strategy that consists of trapping a porous hydrogel barrier (between a sink and a source
microchannel) in a 3D-printed chamber. This strategy, which was previously demonstrated
in PDMS devices?0, drastically simplifies the process for fabricating a porous barrier in a
microfluidic environment and offers a virtually unlimited choice of hydrogels for building
porous barriers. Our method starts by using a PEG-DA-258 based resin to 3D-print high
aspect-ratio, high-resolution microchannels; the design is based on a previously-reported
PDMS 3-channel design, whereby the center channel is filled with hydrogel (acting like a
porous barrier) while the side channels act as source and sink channels.20 The center channel
communicates with the source/sink channel via capillary channels that are too small for the
hydrogel to penetrate (i.e. causing “capillary pinning”3®), effectively trapping the hydrogel
in the center channel during hydrogel filling and allowing for diffusion of solutes into the
hydrogel during device operation. The porosity and chemical structure of the hydrogels is
used to select the size and nature of molecules that can be transported across the porous
barriers. We demonstrate size-based selective transport (and exclusion) of molecules through
porous barriers made from photocured 10% PEG-DA-700 and thermally-gelled 2% agarose,
both entrapped in the center channel of our 3D-printed chip.

Experimental

Resins for stereolithographic 3D-printing

For 3D-printing the microfluidic device, we used a photocurable resin that consisted of an
acrylate macromer, PEG-DA-258 (Sigma Aldrich), a photoinitiator, 0.6% (w/w) Irgacure
819 (IRG) (BASF Corporation), and a photosensitizer, 0.6% (w/w) 2-isopropyl thioxanthone
(ITX). We introduced the three resin components into a polypropylene tube wrapped with
aluminium foil to prevent photopolymerization by ambient light. We vigorously mixed the
resin using a mini vortexer and heated the mixture in a 70 °C oven for 30 min to completely
dissolve the ITX and IRG. For preparing the hydrogels, we used two different formulations
—a 10% PEG-DA-700 (w/w in water) resin containing 0.6% IRG, and a 2% (w/w) agarose
(Sigma Aldrich) solution. The 10% PEG-DA-700 hydrogel resin was prepared similar to the
PEG-DA-258 resin. The 2% agarose was prepared by heating the solution in a microwave
oven (for about a minute) until the agarose powder was completely dissolved.
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3D-printer setup and fabrication of the 3D-printed chip for partitioning hydrogels

The 3D-printed hydrogel partitioning microfluidic chip was designed using Inventor®
(Autodesk, San Rafael, CA) and printed with the DLP-SL printer Asiga Pico2 HD (Asiga,
Sydney, Australia) fitted with a 385 nm-wavelength LED (intensity: 32.21 mW cm™1)
projector. The Pico2 HD printer has a projected pixel (XY) resolution of 27 um and a Z-
layer resolution of 10 um. The high absorbance of our photocurable resin at the wavelength
of the projector (385 nm), together with the optical and mechanical features of the printer,
enable the 3D-printing of high-resolution biomicrofluidic devices.33 Prior to printing, the
3D CAD file was converted to STL format and then sliced using Asiga Composer which is
an STL support and build preparation package from Asiga. The slice images and the UV
exposure settings for each layer were loaded to the 3D-printer for fabricating the device.
Calibrating the zero position of the build plate of the 3D-printer before starting the print is
necessary for successful printing.

To fabricate a transparent microfluidic chip, glass slides (75 mm (L) x 50 mm (W) x 1.0 mm
(T)) were used as a substrate for building the print.32 Before printing, the glass slides were
sequentially rinsed with acetone, isopropyl alcohol, and de-ionized (D.l.) water and then
completely dried in a 70 °C oven overnight. The surface of the glass slide was derivatized
with 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) (Sigma-Aldrich) at 85 °C for 8 hrs
after activating with oxygen plasma (Deiner Zepto, Thierry Corporation) at 60 W and 670
mTorr pressure for 180 s. The silanized glass slides were coated on one side with uncured
PEG-DA-258 resin and attached to the aluminum build plate by brief exposure to UV

light. For fabricating the 3D-printed hydrogel partitioning chip, the Asiga Pico2 HD build
tray was filled with ~50 mL of the PEG-DA-258 resin. After printing the object, the glass
slide with the printed chip was removed from the build plate and the cured PEG-DA-258
residue scratched off from the back side of the glass slide using a razor blade. Uncured
PEG-DA-258 resin on the surface, and inside the microchannels of the 3D-printed chip were
cleaned using D.l. water and dried with pressurized air.

To produce the hydrogel barrier in between the sink and source microchannels, two different
methods were applied depending on the hydrogel material. For the 10% PEG-DA-700 UV
curable hydrogel, the resin was directly added to the hydrogel reservoir and flowed into the
hydrogel barrier channel due to capillary action. After filling the hydrogel barrier channel,
the microfluidic channels were filled with mineral oil to prevent the 10% PEG-DA-700

resin from encroaching into the flanking channels during the UV curing process. The 10%
PEG-DA-700 resin in the hydrogel barrier channel was photo-cured in a UV transilluminator
box for 1 hr to make the porous barrier. The mineral oil in the microfluidic channels was
removed by sequential aspiration and flushing with acetonitrile to eliminate any oil residue.
For the 2% agarose hydrogel fabrication, the heated (liquid) agarose solution was quickly
injected into the hydrogel barrier channel and allowed to cool down to form a gel. We used a
Nikon SMZ-1500 stereomicroscope fitted with a Canon Rebel DSLR camera to take images
of the 3D-printed devices. The microfluidic chips with the hydrogel barriers were stored in a
water bath to prevent drying of the hydrogel due to evaporation.
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Diffusion analysis

To analyze the diffusion of molecules through the hydrogel barriers, three fluorescent
molecules of different molecular weights were utilized - 0.1 mM fluorescein (M.W. = 332
Da), 0.2 mM 10k-dextran labeled with Alexa 680 (M.W. = 10 kDa) and 1.0 mM bovine
serum albumin (BSA) labeled with Texas Red (M.W. = 66.5 kDa). The fluorescent molecule
solutions were injected into the source channel of the 3D-printed chip while PBS buffer

was inserted into the sink channel. Time-lapse fluorescent images were captured for 90 min
using an inverted epifluorescence microscope (Nikon Eclipse Ti, Plan Apo A 2x objective).
The images were analyzed using ImageJ (NIH, Bethesda, MD) to characterize the diffusion
process.

Results and discussion

Resin selection

A detailed characterization of a PEG-DA-258 based resin for 3D-printing transparent
high-resolution microfluidic devices and the rationale behind selecting the different

resin components have been described in our earlier publications.32:33 Briefly, the

high crosslinking density of low molecular weight PEG-DA (M.W. = 258) makes
UV-polymerized PEG-DA-258 structures water-impermeable and therefore, suitable for
fabricating microfluidic channel walls.32:37 The high absorption and photochemical
efficiency of the photoinitiator Irgacure 819 (IRG) at the wavelength (385 nm) of the
UV-LED projector of the Pico2 HD 3D-printer make it an effective photoinitiator, even at
low (0.6%) concentrations.32 The high molar extinction coefficient of the photosensitizer
2-isopropy! thioxanthone (ITX) at 385 nm reduces the penetration depth of the UV-light into
the resin2® and enables the printing of high-resolution channels by preventing cross-linking
of uncured resin inside the microchannel voids.33 Although IRG and ITX are yellow-colored
solids, their high molecular absorptivity at 385 nm (846.9 M~1cm~1 for IRG and 5155 M1
cm™1 for ITX) allows them to be added to the resin at relatively low concentrations (0.6%),
thereby minimizing the coloration of the final 3D-printed devices.26:33

Fabrication of the 3D-printed molecule diffusion chip

A schematic of the stereolithographic fabrication process of the microfluidic chip for
partitioning hydrogels is shown in Fig. 1. Prior to printing, the designed device was

sliced into 10 pm-thick layers. The PEG-DA-258 resin tray was loaded onto the Asiga
Pico2 HD 3D-printer and a silanized glass slide was attached to the build plate using

a few drops of PEG-DA-258 which was polymerized with a UV lamp. The silane, 3-
(trimethoxysilyl)propyl methacrylate or TMSPMA, ends in an acrylate group. Therefore,
adhesion of the acrylate resin (PEG-DA-258) is promoted by the acrylate group in
TMSPMA on the surface when photopolymerization of the first layer of PEG-DA-258 starts
by exposure of the resin to UV light. The first two layers were printed with a long (4.5 s)
UV exposure to ensure strong adhesion of the printed parts to the silanized glass plate. After
fabricating a ~100 um-thick base, the channels, roofs, inlets, and reservoirs were printed
with a short (0.15 s) exposure time for each layer (10 um slices).
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The architecture of our microfluidic chip is explained in Fig. 2. The 3D CAD design,
comprising the central channel and the two flanking channels (sink/source), with capillary
channels communicating the central and flanking channels, is illustrated in Fig. 2A. Fig.

2B displays a cross-sectional view of the device. Integrated barb-connectors on either side
serve as inlets and outlets. The central hydrogel barrier channel (1.0 mm-height x 500 pm-
width) is connected to the source and sink channels through a comb-like high aspect-ratio,
single-pixel wide capillary channels. Optimizing the geometry of the interface between the
capillary and the flanking channels can increase the capillary burst pressure required by an
expanding hydrogel meniscus to leak into the adjacent compartment. The capillary burst
pressure can be increased by ensuring that the capillary channels expand into the source and
sink channels in all directions. Therefore, the roof and floor of the flanking compartments
are offset by 50 um to the top and bottom of the capillary channels, respectively (that is,
while the capillary channels are 1 mm-high, the source and sink channels are 1.1 mm-high)
— a feature that would be laborious to achieve by photolithography or molding, requiring
several levels of photolithographic patterning. Fig. 2C shows a top view of the 3D-printed
chip depicting the hydrogel barrier (brown) and the comb-like capillary channels (green).
The 200 um-long capillary channels (1.0 mm-height x 27 um-width) pin the hydrogel within
the barrier due to surface tension and prevents it from spilling into the source and sink
channels. Fig. 2D shows a micrograph of the 3D-printed chip with an enlarged view of
the capillary channel part. The capillary channels in our 3D-printed molecule diffusion chip
have a 37:1 aspect ratio, again a ratio that is very difficult to achieve by photolithography or
soft lithography.38 The width of the capillary channels (27 um) corresponds to the width of
a single pixel of the printer’s projector, and the width of the walls in Fig. 2D corresponds to
the width of two pixels (54 um). Interestingly, high aspect ratio channels are both necessary
for 3D-printing (the farther the roof is from the floor, the easier it is to avoid channel
clogging in stereolithography) and beneficial for establishing gradients (more surface area
for mass transport).

Before injecting the hydrogel barrier resin, the printed device was thoroughly washed with
D.l. water to remove residual uncured resin from the microchannels in a dark room and
completely dried using compressed air. To fabricate the 10% PEG-DA-700 hydrogel barrier,
the 10% PEG-DA-700 resin was loaded into one of the reservoirs and allowed to flow

into the hydrogel barrier channel by capillary force. Mineral oil was inserted into the
flanking microfluidic channels (acting as source and sink) to prevent leakage of the 10%
PEG-DA-700 resin during UV irradiation. Because of the low amount of UV crosslink-able
groups in the 10% PEG-DA-700 resin, we need a long UV exposure (1 hr) to completely
cure the hydrogel barrier. Mineral oil was removed from the channels by aspiration and the
channels were washed using acetonitrile and D.I. water. A 2% agarose hydrogel barrier was
fabricated by injecting the liquefied agarose solution at 95 °C. The liquid-phase 2% agarose
also flowed into the hydrogel barrier channel due to capillary force, and after cooling down,
the 2% agarose hydrogel was formed in the center channel. The 3D-printed chips with the
porous barriers were stored in D.l. water to ensure the integrity of the hydrogel structure.

Hydrogel introduction is in itself a remarkable process when observed under the microscope.
Fig. 3 displays a hydrogel resin being introduced into the hydrogel barrier channel and
capillary channels. We added a few droplets of an aqueous solution of a blue food-coloring
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dye (FD&C Blue) to the resin for visualization purposes. From Fig. 3A-D, the blue dye
slowly moves from the left to the right by first filling the capillary channels and then the
hydrogel barrier channel. Interestingly, the advancing liquid profile in the hydrogel barrier
channel is rectangular due to the phase-guiding effect of the pixelated channel surfaces.3?
Supplementary video 1 shows the hydrogel introduction into hydrogel barrier channel and
capillary channel.

Compared to the previous work by our group3?, this design affords great freedom to select
a hydrogel. By fabricating a channel that can contain any hydrogel barrier in between the
source and the sink channels, it is possible to fabricate various types of hydrogel barriers
between the flanking channels, such as extracellular matrix (ECM) and collagen, as well
as precursors capable of generating hydrogels through UV curing. Hydrogel compositions
that are cytocompatible and physiologically relevant can thus be easily incorporated into
experiments.

Diffusion measurements using a 10% PEG-DA-700 hydrogel barrier

Using our chip, we measured the diffusion of different solutes across a 10% PEG-DA-700
hydrogel barrier introduced into the central channel. We compared the transport of
fluorescein (0.1 mM), Alexa 680 labeled 10k-dextran (0.2 mM), and Texas Red labeled
BSA (1 mM) using an inverted epifluorescence microscope. These fluorescent compounds
were inserted into the source channel and PBS buffer was inserted into the sink channel. The
changes in the fluorescence intensity profile as the molecules were allowed to diffuse from
the source to the sink channel were observed for 90 min. When the molecules were loaded
into the source channel, green signal (fluorescein), magenta signal (10k-dextran-Alexa 680),
and red signal (BSA-Texas Red) were initially observed only in the source channel, while no
signal was detected at 0 min in the hydrogel barrier and the sink channel. Only fluorescein
was seen to diffuse through the 500 um-wide 10% PEG-DA-700 hydrogel barrier after

45 mins. After 90 mins, fluorescein was observed in the hydrogel barrier and in the sink
channel (Fig. 4A) while 10k-dextran and BSA stayed in the source channel (Fig. S1). We
provide a video of fluorescein diffusion through the 10% PEG-DA-700 hydrogel barrier in
Supplementary video 2. From the measured data, we were able to determine the diffusivity
of fluorescein in 10% PEG-DA-700 as follows.

To calculate the diffusivity of a solute across a hydrogel barrier, we applied Fick’s second
law of diffusion:40

oC _ 9C

o = P52 @

where C(x,t) indicates the time-evolving concentration of solute in water along the x
axis (which is defined as an axis parallel to the capillary channels) and D represents the
diffusivity of the molecule in the hydrogel barrier.

A one-dimensional analytical solution to equation (1) can be written as follows,
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- G
C(x,t) = Cs——Cg =1- erf(z%/ﬁ) = erfc(z%/ﬁ) %)

where C(x = 0) = Cy indicates the solute concentration at the junction of the source channel

and the hydrogel barrier and C(x = o0) = Cy = 0 indicates the initial solute concentration in
the PEG-DA-700 barrier.*? In this experiment, we assume that C; and Cy are constant.

The characteristic diffusion length (L) at a given time (¢) is defined as the distance from
the source boundary where the concentration of the diffusing molecule is 50% of the source
concentration (Cy) and can be approximated as

L ~ (D1 (3%

To calculate the diffusivity of fluorescein in the 10% PEG-DA-700 hydrogel barrier, time-
lapse images of fluorescein diffusion through the hydrogel barrier was taken from 0 min to
90 min using an inverted epifluorescence microscope and analyzed with ImageJ to obtain
the diffusion profiles. The experimentally observed characteristic diffusion length (L) of

fluorescein as a function of the square root of time (t1/2) was plotted and a linear regression
analysis carried out to estimate the diffusivity (D). The fluorescein molecule diffusivity in

the 10% PEG-DA-700 was evaluated to be 2.82 x 10~/ cm? s~1 from the slope (D1/2) of the
fitted curve (L = 5.31 12, adjusted R? = 0.96) in Fig. 4B.

Diffusion measurements using a 2% agarose barrier

The advantage of our 3D-printed hydrogel partitioning chip design is that we can easily
change the hydrogel material, which changes the pore size of the diffusion barrier and
enables selective transport of different solutes across the barrier. We altered the hydrogel
barrier material to 2% agarose and measured again the diffusivity of fluorescein, Alexa
680 labeled-10k-dextran, and Texas Red labeled-BSA across an agarose barrier. The high
viscosity of the 2% agarose solution allowed us to increase the width of the capillary
channels to 100 pm, which also provides 63.7% more area of contact between the hydrogel
and the sink/source solutions compared to the design used for the PEG-DA-700 barrier.

To monitor the transport of the three molecules through the 2% agarose hydrogel barrier

in the 3D-printed chip, time-lapse images were obtained from 0 min to 10 min with the
inverted epifluorescence microscope and examined using ImageJ. As shown in Fig. 5A,
fluorescence signals were detected only in the source channel at £0 min while no signal
was detected initially in the 2% agarose hydrogel barrier and the sink channel. Fluorescein,
10k-dextran-Alexa 680, and BSA-Texas Red gradually diffused through the 2% agarose
hydrogel barrier and spread into the sink channel (Fig. 5B). To determine the diffusivity of
the three molecules in the 2% agarose hydrogel barrier, we applied Fick’s second law of
diffusion as above. The diffusivities of fluorescein, 10k-dextran-Alexa 680, and BSA-Texas
Red in the 2% agarose hydrogel barrier were calculated by plotting the experimentally

observed characteristic diffusion length (L) as a function of the square root of time (11/2)
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(Fig. 5C). The diffusivity of fluorescein, 10k-dextran-Alexa 680, and BSA-Texas Red in 2%
agarose were estimated to be 1.06 x 107> cm2s71, 2.09 x 1076 cm2 571, and 1.61 x 1078 cm?

s71, respectively, from the slope (Dl/2) of the fitted curves in Fig. 5C. This methodology can
be straightforwardly generalized to measuring the diffusivity of any fluorescently-labelled
molecule in virtually any hydrogel.

3D-printed porous barriers could be used to mimic various dynamic biological

and physicochemical processes that have been, until now, mimicked by traditional
photolithographic or soft lithographic methods. Dynamic biological processes such as cancer
metastasis*!, angiogenesis#2, cell to cell interactions*3, blood brain barrier*4, biomolecules/
cells capture and transport*®, and organ-on-a-chip#647 has been carried out by using

a porous hydrogel barrier. In addition, hydrogel-based chips have been applied to the
programmable delivery and sustained release of mock drugs*8, osmotic pumping toward
wearable human-device interface??, and impedance sensing platform for cell viability assay
or drug toxicity screening®.

Conclusions

In summary, we have developed a DLP-SL printing method to fabricate a device that can
partition injectable hydrogels into microfluidic compartments. The microchannels of the
3D-printed device, which consist of a central hydrogel compartment flanked on either side
by source and sink channels, were fabricated using a PEG-DA-258 resin that can be easily
prepared in any laboratory. High aspect-ratio (37:1) single-pixel wide comb-like capillary
channels orthogonal to the axis of the source and sink channels enabled the trapping

of the hydrogel in the central channel. Our simple 3D-printed chip architecture prevents
cross-channel convective transport but permits selective diffusive transport of molecules
across the barrier. The molecular selectivity of the porous barrier can be tuned by the

nature and structure of the hydrogel entrapped within the central channel. We selected 10%
PEG-DA-700 and 2% agarose as the hydrogel barrier material to analyze the diffusion — and,
crucially, measure the diffusivity — of differently sized molecules in the hydrogel of choice.
A low-MW molecule (fluorescein) could diffuse through both 109% PEG-DA-700 and 2%
agarose barrier, whereas large-MW molecules (10k-dextran-Alexa 680 and BSA-Texas Red)
only passed through the 2% agarose hydrogel barrier. The 3D-printed chip described here
will enable simple, reproducible, inexpensive, and convenient fabricating of microfluidic
devices with integrated hydrogel barriers that can be used in the fields of drug delivery,
tissue engineering, cell separation, epigenomics research, protein synthesis, and organ-on-a-
chip platforms, among others.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Cross-sectional schematic of the process for 3D-printing the microfluidic chip by
stereolithography. The fabrication process entails step-by-step building of (i) the bottom
layer, (ii) the channel layer, (iii) the roof layer, and (iv) the inlets and reservoirs. In reality,
fabrication of the 3D-printed microchip from (i) bottom layer to (iv) inlets and reservoirs
proceed upside down, however, we show the process upside up for clarity. The SL printing
process is followed by a post-printing process (outside of the 3D-printer) consisting of

(v) channel washing, (vi) hydrogel solution loading, (vii) porous barrier fabrication with

UV-curing or thermal gellation, and (viii) completion of the 3D-printed chip.
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Fig. 2.
Structure of the 3D-printed hydrogel partitioning chip. (A) Oblique view of the 3D CAD

design containing three channels: two flanking microfluidic channels (source and sink) and
a central channel filled with a hydrogel barrier, connected to the source/sink channels via

27 um-wide comb-like capillary channels. (B) Cross-sectional schematic of the 3D-printed
chip; the capillary channels are depicted in green for clarity. (C) Top-view of the CAD
design of the chip and a close-up view of the source/sink channels and the hydrogel

barrier connected via capillary channels (green). (D) Micrograph of the 3D-printed hydrogel
partitioning chip and a magnified image of the hydrogel barrier entrapped by the capillary
channels. The hydrogel barrier channel is filled with blue dye for visualization purposes.
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Fig. 3.
Hydrogel precursor (colored in blue) introduction into the hydrogel channel. (A-D)

Sequence of images depicting the stepwise advancement of fluid with a flat front due to
phase guiding by the pixelated channel walls and roof. Note how capillary forces tend to
draw fluid into the side capillary channels before fluid advances into the wider hydrogel
barrier channel. See supplementary video 1.
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Fluorescein diffusion analysis using the 3D-printed hydrogel partitioning chip with a 10%
PEG-DA-700 hydrogel barrier. (A) Fluorescence image of fluorescein (colored in green)
diffusion at 0 min and 90 min through the 10% PEG-DA-700 hydrogel barrier. The dotted
line depicts the boundary of the hydrogel barrier channel. (B) A plot of the characteristic
diffusion length of fluorescein across the 10% PEG-DA-700 hydrogel barrier as a function
of the square root of time (dots), the green line is a linear fit of the dots, £ = 5.31 A2

(adjusted R? = 0.96).
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Fig. 5.
Diffusion analysis of fluorescein (green), 10k-dextran-Alexa 680 (purple), and BSA-Texas

Red (red) using the 3D-printed hydrogel partitioning chip with a 2% agarose hydrogel
barrier. (A-B) Fluorescence image of fluorescein (colored in green), 10k-dextran-Alexa 680
(colored in magenta), and BSA-Texas Red (colored in red) diffusion at 0 min and 10 min
through the 2% agarose hydrogel barrier. (C) A plot of the characteristic diffusion length

of fluorescein, 10k-dextran-Alexa 680, and BSA-Texas Red across the 2% agarose hydrogel
barrier as a function of the square root of time (dots). The green line is a linear fit of the
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green dots (diffusion length of fluorescein), L = 32.62729 A/2 (adjusted R% = 0.99584).
The magenta line is a linear fit of the magenta dots (diffusion length of 10k-dextran-Alexa
680), L = 14.44622 £/2 (adjusted R? = 0.99815). The red line is a linear fit of the red dots
(diffusion length of BSA-Texas Red), L = 12.68639 A2, (adjusted RZ = 0.98712).
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