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Spatial patterns of gene expression in living organisms orchestrate cell decisions in development, homeostasis,
and disease. However, most methods for reconstructing gene patterning in 3D cell culture and artificial tissues are
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restricted by patterning depth and scale. We introduce a depth- and scale-flexible method to direct volumetric
gene expression patterning in 3D artificial tissues, which we call “heat exchangers for actuation of transcription”
(HEAT). This approach leverages fluid-based heat transfer from printed networks in the tissues to activate heat-
inducible transgenes expressed by embedded cells. We show that gene expression patterning can be tuned both
spatially and dynamically by varying channel network architecture, fluid temperature, fluid flow direction, and
stimulation timing in a user-defined manner and maintained in vivo. We apply this approach to activate the
3D positional expression of Wnt ligands and Wnt/B-catenin pathway regulators, which are major regulators of
development, homeostasis, regeneration, and cancer throughout the animal kingdom.

INTRODUCTION

Cells transform noisy environmental signals into spatial and dynamic
gene expression patterns that guide biological form and function.
Information describing how these transcriptional networks are
patterned is exploding because of revolutions in single-cell RNA
sequencing and spatial transcriptomics. Recapitulating this spatio-
temporal information transfer in three-dimensional (3D) tissue
settings remains a pivotal yet elusive goal of diverse fields, such as
tissue engineering (1), synthetic biology (2, 3), and developmental
biology (4, 5).

To control gene expression, biologists have developed diverse
technologies to rewire cells at the genetic level, such as gene knock-
out, inhibition, overexpression, and editing (6-8). To further enable
spatial and dynamic control of gene expression, several of these
tools have been adapted to be triggered by exogenous stimuli such
as light (e.g., optogenetic transcriptional control) (9, 10). Light-based
actuation of gene expression patterning has been especially useful in
2D culture or optically transparent settings. However, the inherently
poor penetration of light in densely populated tissues (11), long
exposure times needed to activate molecular switches, and corre-
sponding challenges in patterning light delivery have limited wide-
spread adoption of light-based patterning of gene expression in 3D
settings (12).

We hypothesized that we could overcome these challenges by
exploiting more penetrant forms of energy to drive gene patterning.
In particular, mild heating is an attractive option for 3D patterning
across length scales, as heat can be targeted locally and penetrate
tissues at depth. Furthermore, heat can diffuse through tissues to
establish thermal gradients in predictable and controllable patterns
that are dictated by established rules of heat transfer (13). Last, ad-
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vances in molecular engineering have led to proliferation of thermal
molecular bioswitches to regulate gene expression (14, 15), with
mammalian systems activating in the mild hyperthermia range
(~38°to 45°C).

Heat transfer has a long industrial history, as heat is often added,
removed, or moved between processes using heat exchangers, which
transfer heat between fluidic networks. Recently, heat exchanger
fabrication has undergone a radical shift due to developments in
advanced manufacturing (e.g., 3D printing). Predating its history in
industry, biological organisms have also long used heat exchanger
design principles for thermoregulation. We reasoned that instead of
building heat exchangers from hard materials, developing methods
to build heat exchangers in materials compatible with living cells
could facilitate volumetric heat patterning in artificial tissues.

RESULTS

Heat exchangers for actuation of transcription

We introduce a thermofluidic method for mesoscale spatiotemporal
control of gene expression in artificial tissues that exploits volumetric
fluid-based heat transfer, which we call “heat exchangers for actua-
tion of transcription” (HEAT; Fig. 1A). HEAT leverages our open-
source projection stereolithography bioprinting technology (16) to
fabricate topologically complex fluidic channels of user-defined geom-
etries in hydrogels (Fig. 1B, top and middle). 3D printed hydrogels
are laden with genetically engineered heat-inducible cells during
the printing process (Fig. 1A). Encased channel networks are per-
fused with precisely heated fluid from a power-supplied heating
element. During perfusion, tissue temperature is monitored in real-
time using an infrared camera (Fig. 1A). We find that thermofluidic
perfusion facilitates heat transfer from the channels into the bulk
hydrogel and enables architectural heat patterning in hydrogels
(Fig. 1B, bottom).

Thermal characterization in single-channel hydrogels
Most mammalian thermally inducible gene switches require expo-
sure to mild hyperthermia (39° to 45°C) for prolonged periods of
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Fig. 1. Thermofluidic heating in 3D bioprinted hydrogels. (A) Schematic of thermofluidic workflow. A biocompatible fluid flows around a power supplied heating
element to preheat the fluid before entry in perfusable channel networks within hydrogel tissue constructs laden with heat-sensitive cells. During perfusive heating,
hydrogel temperature is continuously monitored using an infrared camera. (B) Perfusable channel networks of varying spatial geometries can be bioprinted within bio-
compatible 3D hydrogels. Top: 3D rendering of network architectures. Middle: Hydrogel channels infused with tonic water fluoresce when imaged under ultraviolet
backlight. Bottom: Infrared thermography of heat-perfused hydrogels demonstrates that during perfusion, heat traces the path of fluid flow and dissipates into the bulk

hydrogel. Scale bars, 5 mm.

~15 to 60 min to activate transcription (15, 17). We therefore tested
whether this approach could precisely regulate tissue temperature
over prolonged periods of time by maintaining steady-state thermal
profiles in perfused hydrogels. To do this, we first printed hydrogels
that contained a single channel (Fig. 2A). We then perfused precisely
heated fluid through this channel while tracking hydrogel tempera-
ture in real-time using infrared thermography (Fig. 2B). Upon
initiating perfusion, we observed that hydrogel temperature under-
went an initial ramp-up phase (~5 min) followed by a steady-state
plateau in which temperature deviated by <+0.4°C/min at three
separate regions measured across the hydrogel (Fig. 2B, right).
During perfusion, heat is transferred from fluidic channels to
the bulk through convection and conduction, resulting in thermal
gradients throughout the bulk volume (18). The perfusate input
temperature is known to govern the rate and magnitude of heat
transfer, while fluid flow rate influences the thermal profile (18). To
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determine the relative effects of perfusate temperature and flow rate
on hydrogel heating at biologically relevant temperatures, we sought
to develop a finite element model of heated hydrogel perfusion for
mild hyperthermia that incorporated thermal and flow parameters
from our heating system. To derive these parameters, we first incre-
mentally increased flow rate over a range of heating element powers
and measured fluid temperature at the point of heater outflow (i.e.,
hydrogel inlet; fig. S1). We then implemented perfusate tempera-
ture values observed from each flow rate at 13.5-W heater power
into a computational model of single-channel hydrogel heating
(Fig. 2C and fig. S1B). Computational simulations predicted that
hydrogel temperatures in the range for mild hyperthermia were
achievable using flow rates from 0.4 to 1.6 ml min~', but not for
slower or faster flow rates (Fig. 2C and fig. S1B). Within this window,
we observed that flow rates of 0.5 and 1.0 ml min ™' produced subtle
differences in the shape of thermal profiles, despite roughly equivalent
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Fig. 2. Thermal profile characterization in perfused hydrogels. (A) Photograph of a single-channel bioprinted hydrogel used for initial thermal characterization. Scale
bar, 5 mm. (B) Representative infrared images from controlled perfusion of heated fluid through the channel over time (left). Scale bars, 5 mm. (C) Representative
finite-element modeling images depicting steady-state predictions on the surface of perfused hydrogels at varying flow rates and constant heater power (left; full dataset
in fig. S1B). Computational modeling predicts that flow rate can achieve maximal hydrogel temperatures in the mild hyperthermia temperature range (right, gray shading
denotes mild hyperthermia range). (D) Hydrogels were experimentally perfused at flow rates of 0.5 and 1.0 ml min™' and imaged using infrared thermography. Scale bars, 5 mm.
(E) Hydrogel temperature plotted orthogonal (x) to the flow direction at inlet and outlet positions show agreement between thermal gradients in computational and experi-
mental measurements (computational, dashed lines; experimental, solid lines). (F) Hydrogel temperature plotted parallel (y) to flow direction demonstrates a larger temperature

drop from inlet to outlet (y) during flow at 0.5 ml min™

(ATo5) compared to flow at 1.0ml min~" (AT;0) in computational and experimental models (computational, dashed lines;

experimental, solid lines; n=5, data are mean temperature + standard error, **P < 0.01 by Student’s t test). Photo credit: Daniel Corbett, University of Washington.

input temperatures (Fig. 2C and fig. S1B). Thus, these flow rates
provided a set of conditions to further examine the effects of flow
rate on heat transfer.

We therefore performed experimental validation studies of per-
fused single-channel hydrogels at 0.5 or 1.0 ml min~" and analyzed
the steady-state thermal profiles from infrared images (Fig. 2D).
Experimental temperature measurements (solid lines) and compu-
tational simulation predictions (dashed lines) showed agreement
when measured both orthogonal (Fig. 2E) and parallel (Fig. 2F) to
channel flow. Both physical measurements and simulations
demonstrated thermal gradients in the hydrogel. Temperature along
the channel was better maintained under flow at 1.0 ml min™" com-
pared to flow at 0.5 ml min~! (**P < 0.01; Fig. 2, E and F), and flow
at 0.5 ml min"! promoted more heat transfer at the channel inlet
(fig. S2A). Addition of cells to single-channel hydrogels did not
affect temperature profile after thermofluidic perfusion (fig. S2B)
nor did differences in hydrogel weight percent in ranges commonly
used for 3D printing of cellularized hydrogels [i.e., 10 to 20 weight
% (wt %); fig. S2C] (16). Stiffer hydrogel formulations (i.e., 25 wt %)
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did exhibit different temperatures at the hydrogel edge, although
these formulations are less commonly used for bioprinting due to
their limited support of cell viability (16).

These findings led us to further computationally explore the po-
tential spatial design space for a single-channel system. To do this,
we assessed how varying channel length and ambient temperature
affect the thermal profile in our model. Predictions showed that sin-
gle channels up to 30 mm long achieved hyperthermic temperatures
(40° to 45°C) along their entire length, with outlet temperatures falling
out of the hyperthermic range at greater lengths (fig. S3A). Spatial
heat distribution was only marginally affected within the ambient
temperature range used in our studies here (20° to 22°C; fig. S3B),
but more substantive increases in ambient temperature (e.g., to 30,
37°C) produced wider spatial gradients in hyperthermic range
(fig. S3B). Together, these studies showed that the rules of heat
transfer could be leveraged to predict thermal spatial profiles in per-
fused hydrogels and that these profiles could be finely tuned by
varying parameters such as flow rate, channel length, and input and
ambient temperature.
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Generation and characterization of heat-inducible cells

We next aimed to genetically engineer heat-inducible cells that acti-
vate gene expression upon exposure to mild hyperthermia. To do
this, we implemented a temperature-responsive gene switch-based
on the human heat shock protein 6A (HSPA6) promoter, which ex-
hibits a low level of basal activity and a high degree of up-regulation
in response to mild heating (19). This promoter activates heat-
regulated transcription through consensus pentanucleotide sequences
(5'-NGAAN-3’) called heat shock elements, which are binding sites
for heat shock transcription factors (19). We transduced human
embryonic kidney (HEK) 293T cells with a lentiviral construct in
which a 476-base pair (bp) region of the HSPA6 promoter contain-
ing eight canonical heat shock elements was placed upstream of a
firefly luciferase (fLuc) reporter gene (Fig. 3A). Initial characteriza-
tion of temperature-sensitive promoter activity in engineered cells
in 2D tissue culture demonstrated a temperature-dose dependent
up-regulation of luciferase activity in the range of mild hyperthermia
(fig. S4A). Statistically significant up-regulation was observed in
heated cells compared to nonheated controls after hyperthermia for
30 min at 45°C or 60 min from 43° to 45°C, while peak biolumines-
cence occurred after 60 min at 44°C (292 + 26-fold increase in bio-
luminescence relative to 37°C controls). Bioluminescent signal was
first detected 8 hours after heat shock, peaked at 16 hours (110 + 30-fold
increase), and fell back to baseline by 2 days (fig. S4B). Administra-
tion of a second heat shock stimulus 3 days later reinduced biolumi-
nescent signal (fig. S4C). Thus, gene activation with this promoter
system is transient but can be reactivated with pulsing.

We observed that our highest heat exposure (45°C for 60 min)
led to a tradeoff between bioluminescence and cell integrity, as in-
dicated by reduced cell metabolic activity and substrate detachment
(fig. S5A). These findings suggested that fine control of heat would
be needed for thermofluidics to be useful in cellularized applications.
We therefore rigorously characterized the effect of heating on
HEK293T cells embedded in the hydrogel formulation used for our
thermofluidic studies. Similar to 2D studies, cell viability fell signifi-
cantly only after exposure to our highest temperature, 45°C (fig. S5B).
Together, these studies demonstrate engineering of human cells with
a heat-sensitive gene switch and identification of a tight window of
thermal exposure parameters that both differentially up-regulate
gene bioluminescence and maintain cell integrity.

Thermofluidic activation of gene expression in

artificial tissues

We sought to determine whether thermofluidic heating could be used
to induce gene expression in heat-inducible cells encased within 3D
artificial tissues (Fig. 3B). To do this, we encapsulated heat-inducible
cells in the bulk of bioprinted constructs that contained a single per-
fusable channel (Fig. 3, B and C). Since tissue constructs were printed
from biocompatible materials without ultraviolet light cross-linking,
most cells remained viable upon encapsulation, similar to our pre-
vious studies (16) (Fig. 3C). To determine whether our heat-inducible
cells could be activated using thermofluidics, we perfused channels
at 0.5 ml min~" using thermal exposure parameters identified in 2D
culture (Fig. 3, D and E). Similar to 2D, we observed that thermal
dose-dependent luciferase up-regulation (Fig. 3, F to J) was statistically
significant after 30 min of heating to a target hydrogel temperature
of 44°C or after 60 min of heating to temperatures of 43° and 44°C
by whole-gel bioluminescent output (71 + 22-fold and 169 + 44-fold
increase relative to controls, respectively; Fig. 3, H and I). To more
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finely characterize how bioluminescent intensity correlates with
temperature, infrared and bioluminescence images were overlaid to
map individual pixels and generate temperature-bioluminescence
response curves. The shape of temperature-response curves appeared
similar in shape across various target temperatures (Fig. 3], all data
overlaid; fig. S6, individual response curves). Similar to whole-gel anal-
yses, greater target temperatures generated the most robust activa-
tion (Fig. 3] and fig. S6). In initial studies, we noted that leakage at
the hydrogel inlet or outlet could activate cells. Subsequent improve-
ments to fluidic connectivity with a custom-printed perfusion apparatus
led to higher precision thermal patterning (fig. S7; see link to open
source perfusion apparatus design in Methods). Last, multiperspective
imaging and bioluminescence quantification of single-channel per-
fused hydrogels from both “top-down” and “cross-sectional” perspec-
tives demonstrated that reporter gene activation had a 3D radial
gradient topology around each channel (fig. S8). Together, these
results illustrate that thermofluidics can be used to activate varying
levels of gene expression in 3D artificial tissues.

Heat exchangers for spatial and dynamic control of gene
expression patterning

Spatial patterns of gene expression within native tissues vary widely
in magnitude, scale, and spatial complexity. While we achieved varia-
tion in magnitude in our signal-channel studies, the expression profile
geometry across the hydrogel remained similar at various perfusion
temperatures. This raised the question of how to design heat delivery
schemes that enable more spatially complex expression patterns
across the hydrogel. Our thermal characterization (Fig. 2) revealed
flow rate as one parameter that we could use, but changing flow rate
alone imparted only subtle differences to the spatial thermal profile
(Fig. 2, D to F). To identify a more perturbative and user-defined
means of affecting heat distribution across the hydrogel, we turned
to industrial heat transfer applications, in which heat exchangers are
optimized to transfer heat between fluids by controlling parameters
such as channel placement and flow pattern.

We mimicked a double pipe heat exchanger design within cellu-
larized hydrogels by printing two channels at varying distances from
one another (Fig. 4A, narrow versus wide). We then perfused hydro-
gels under different conditions for flow direction (concurrent versus
countercurrent) and fluid temperature [hot (44°C) versus cold (25°C)].
Similar to our single-channel characterization, double-channel tissues
showed close matching between thermal and bioluminescence pro-
files (Fig. 4A). Concurrent flow in narrow spaced channels created
elongated spatial plateaus of heat and bioluminescence between the
channels. Conversely, widely spaced hot channels generated mirror-
imaged thermal and bioluminescent profiles, with distinct spatial
separation between channels. Countercurrent flow patterns gener-
ated parallelogrammic thermal and bioluminescent profiles in both
channel spacings. Substituting a hot channel for a cold channel
attenuated bioluminescence in a manner that depended on channel
spacing (Fig. 4A). Computational models of a similar bifurcating
channel geometry further demonstrated how simple changes to
parameters such as channel spacing can alter spatial thermal profile
(fig. S9).

As biological gene expression patterns are transient and fluctuating,
we next tested whether thermofluidics could dynamically localize
regions of gene expression over time. To do this, we printed clock-
inspired constructs, in which four separate inlets converged on a
circular channel (Fig. 4B, top). We then perfused heated fluid
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Fig. 3. Fluidic heating induces gene expression in 3D artificial tissues. (A) HEK293T cells were engineered to express fLuc under the HSPA6 promoter. (B) Schematic
of thermofluidic activation of encapsulated cells. (C) Single-channel tissue used for 3D heat activation (left). Scale bar, 3 mm. Transmittance image of cellularized hydrogel
after printing (middle). Scale bar, 500 um. HEK293T cells in bioprinted tissues stained with calcein-AM (“live,” green) and ethidium homodimer (“dead,” red; right). Scale
bars, 200 um. (D) Representative infrared images of thermofluidic perfusion in single-channel hydrogels. Scale bars, 2 mm. (E) Hydrogel temperatures are tuned by changing
heater power at constant flow rate (n =3, mean temperature + standard error). (F) Representative bioluminescence images of hydrogels (top; scale bars, 2 mm) and intensity
traces at three positions (A to C) across the width (x) of the hydrogel after 30 min of perfused heating. (G) Fold change in bioluminescence after 30 min of heating relative
to 25°C controls. (H) Representative bioluminescence images of hydrogels (top; scale bars, 2 mm) and intensity traces after 60 min of perfused heating (bottom; scale bars,
2 mm). (I) Fold change in bioluminescence after 60 min of heating demonstrates a temperature-dependent dosage response in gene expression [(G and I); n=3, mean
fold luminescence + standard error; *P < 0.05 and **P < 0.01 by one-way ANOVA followed by Dunnett’s multiple comparison test]. (J) Temperature-expression response
curve (black) shows mean bioluminescent radiance across temperature; shaded regions (gray) indicate + SD. n = 3. Photo credit: Daniel Corbett, University of Washington.

through each inlet over four consecutive days (Fig. 4B, bottom) and
imaged tissues for bioluminescence. Bioluminescent images demon-
strated statistically significant luciferase up-regulation for regions
surrounding heated inlets compared to nonheated inlet regions on
all 4 days (Fig. 4, C and D.) Together, our results illustrate that by
exploiting heat transfer design principles, thermofluidics enables
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user-defined spatial and dynamic patterning of mesoscale gene ex-
pression patterns in 3D artificial tissues.

Maintenance of gene patterning in vivo
To test whether gene patterning could be maintained after engraft-
ment of artificial tissues in vivo, we stimulated tissues with HEAT
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of local bioluminescent signals from regions of interest corresponding to each day of heating. Across all 4 days, regions corresponding to perfused arms had higher
bioluminescent signals than nonperfused arms (n = 5, data are mean luminescence + standard error; *P < 0.05 and **P < 0.01 by one-way ANOVA followed by Tukey'’s post

hoc test).

and implanted these tissues into athymic mice. All tissues contained
HEK293T cells expressing fLuc under the control of the heat-inducible
HSPAG6 promoter. All tissue constructs contained a single channel
and were stimulated in one of three ways: (i) thermofluidic perfu-
sion at 44°C for 60 min, (ii) bulk heating in a cell culture incubator
at 44°C for 60 min, or (iii) bulk exposure in a cell culture incubator
to 37°C. Tissues were implanted into mice immediately after heat-
ing, and bioluminescence imaging was performed 24 hours later.
We found that thermofluidic spatial control of gene expression was
maintained after in vivo tissue engraftment (Fig. 5A and movie S1).

Spatial control of Wnt/B-catenin signaling pathway

We next sought to demonstrate the modularity of our system
for spatially regulating expression of the Wnt/B-catenin signaling
pathway, which directs diverse aspects of embryonic development,
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tissue homeostasis, regeneration, and disease (20). We engineered
heat-inducible constructs to drive expression of three genes in
the Wnt/B-catenin signaling pathway: (i) R-spondin-1 (RSPO1),
a potent positive regulator of Wnt/B-catenin signaling (21); (ii)
B-catenin, a critical transcriptional coregulator that translates to
the nucleus upon canonical Wnt signaling (22); and (iii) Wnt-2,
a ligand that binds to membrane-bound receptors to activate
the Wnt/B-catenin signaling pathway. The Wnt-2 gene was also
tagged with V5 (23). We engineered lentiviral constructs in which
RSPO1, B-catenin, or Wnt2-V5 is driven by the heat-inducible
HSPAG6 promoter, and mCherry is driven by a constitutive pro-
moter [spleen focus-forming virus (SFFV); Fig. 6A]. Reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) analysis
of each engineered cell line for mCherry expression relative to
GAPDH expression suggested lentiviral integration (fig. SI0A). We then
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Fig. 5. HEAT gene patterning is maintained after tissue implant in vivo. (A) Artifi-
cial tissues with embedded heat-inducible fLuc HEK293T cells received 44°C thermo-
fluidic heating (channel heat, n =5), 44°C global heating (bulk heat, n=3), or remained
at 37°C (no heat, n=3) for 1 hour before immediate implantation into athymic
mice. (B) Bioluminescence from implanted hydrogels (dashed lines) showed re-
gion specific signal only in channel heated hydrogels. (C) Average line profiles
(top) across the width (x) of the hydrogel for inlet, middle, and outlet positions
show that only channel heated gels induced a spatially coordinated response that
was statistically significant (bottom) between the center (position B) and edges of
the hydrogel (position A and C; channel heat, n=5; bulk heat, n=3; no heat,n=3;
data are mean luminescence * standard error; **P < 0.01, by one-way ANOVA.

printed artificial tissues containing heat-inducible p-catenin, RSPO1,
or Wnt2 HEK293T cells and a single fluidic channel (Fig. 6B).
Constructs were heated fluidically and then sliced into longitudinal
zones (Fig. 6, A and B) to analyze expression of the Wnt family gene
expression by RT-qPCR. Representative artificial tissues contained
mCherry" cells across the tissue (Fig. 6C). Immunostaining for the
V5 tag fused to Wnt2 appeared higher near the heated channel
compared to the gel periphery (Fig. 6C). RSPO1, B-catenin, or
Wnt2 expression was highest in the zone surrounding the heated
channel (Fig. 6D). These results show that HEAT can be leveraged
to activate expression of various family members of the Wnt/B-cat-
enin signaling pathway.

Effect of thermofluidic activation of RSPO1 on the
expression of key metabolic liver enzymes

We reasoned that the ability to activate expression of Wnt/B-catenin
signaling pathway members could be useful for the emerging human
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“organ-on-a-chip” field by affecting functional cellular phenotypes
in vitro. To test this, we turned to the liver, which performs hundreds
of metabolic functions essential for life, including central roles in
drug metabolism. To carry out these functions, hepatocytes divide
the labor, with hepatocytes in different spatial locations performing
different functions, a phenomenon called liver zonation. Recent
studies have shown that liver zonation is regulated at the molecular
level by Wnt/B-catenin signaling (22), with higher Wnt activity
associated with a pericentral vein phenotype and lower Wnt activity
characteristic of a periportal phenotype. However, the extent to which
different members of this pathway affect human zonated hepatic
phenotypes remains unclear. A better understanding of this process
would accelerate development of zonated human liver models for
hepatotoxicity and drug metabolism studies.

We hypothesized that thermofluidic activation of RSPO1 in human
hepatic cells would be sufficient to activate zonated hepatic gene
expression profiles, as ectopic expression of RSPO1 in mouse liver
has recently been shown to induce a pericentral zonation pheno-
type in vivo (24). To test this hypothesis, we transduced human
HepaRG cells, an immortalized human hepatic cell line that retains
characteristics of primary human hepatocytes, with our lentiviral
construct in which HSPA6 drives RSPO1, and SFFV drives mCherry
(Fig. 6E). Transduced human hepatic cells were then printed in
artificial tissues with a single fluidic channel, to mimic central lobular
placement of the central vein (Fig. 6E). Constructs were heated
fluidically and then sliced into zones (Fig. 6A), and gene expression
was measured by RT-qPCR (Fig. 6F). Fold up-regulation values
were normalized to identically fabricated control artificial tissues
maintained at 37°C. We found that RSPO1 expression increased in
a dose-dependent and spatially defined manner, with expression
in zone 3 nearest the channel (“central vein”) 10-fold higher than in
zone 1 by 1 hour after heating. RSPO1 expression was transient,
falling with each day after heating, similar to our luciferase studies
(Fig. 4C and fig. S5C). Thermofluidic activation of RSPO1 induced
expression of key pericentral marker genes, including glutamine
synthetase, an enzyme involved in nitrogen metabolism, and the
cytochrome P450 (CYP) drug-metabolizing enzymes CYP1A2, CY-
P1A1, and CYP2EI relative to control tissues that were not heated,
although with varied timing and without spatial localization in this
study (Fig. 6G and fig. S10). Expression of pericentral drug-metabolizing
enzyme CYP3A4 was not induced with heating, consistent with other
studies in which adding Wnt3a ligand to primary human hepatocyte
cultures did not alter CYP3A4 expression (25). Periportal marker
E-cadherin was not induced, but periportal/midzonal gene Argl in-
creased at 48 hours, especially in the zone 2 midzonal region (fig. S10).
Together, these studies contribute a fundamental understanding
of how various liver zonation genes are induced by RSPO1 activa-
tion in human hepatic cells.

DISCUSSION

In this study, we demonstrate that thermal patterning via bioprinted
fluidics can directly pattern gene expression in 3D artificial tissues.
A key advantage of the HEAT method is that it leverages the recent
explosion in accessible additive manufacturing tools (16, 26, 27) by
using open-source bioprinting methods that are readily available to
the broader community. Furthermore, the entire patterned network
is stimulated nearly simultaneously (as opposed to sequentially
by time-intensive rastering), and this parallel stimulation can be
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Fig. 6. Thermofluidic Wnt regulation in engineered HEK293T and HepaRG cells. (A) Schematics of lentiviral constructs (left) and thermofluidic HEK293T tissue
experiments (right). (B) Transmittance image of cellularized construct after printing (left; zones indicated by dashed lines). Infrared image of construct during heating
(right). Scale bars, 1 mm. (C) mCherry+ HEK293T cells in printed tissues (left). Scale bars, 1 mm. Images of thermofluidically heated Wnt2 constructs after immuno-
staining for V5 tag (coexpressed with Wnt2; right; images taken near the tissue’s channel and periphery as indicated by insets). Scale bars, 200 um. (D) Wnt family genes
were up-regulated in zone 3 of thermofluidically perfused gels compared to controls (n =4, mean fold change + standard error; *P < 0.05 and **P < 0.01 by two-way ANOVA
followed by Tukey’s multiple comparison test). (E) Differentiated HepaRG cells were engineered with a heat-inducible RSPO1 construct (schematic, top) and printed in
single-channel hydrogels (photograph, left). Scale bars, 1 mm. After heating (infrared), HepaRGs remained viable in printed constructs (calcein). Scale bar, 200 um.
(F) Thermofluidically heated RSPO-1 HepaRG hydrogels were dissected into zones 1 to 3 based on distance from the heat channel for RT-gPCR analysis at 1, 24, and 48 hours
after heating. Expression fold change was normalized to no heat control samples. gPCR analysis of RSPO-1 across dissected zones (n =5 to 10, data are mean fold change
+ standard error; *P < 0.05 by one-way ANOVA followed by Tukey’s multiple comparison test). (G) RT-gPCR analysis of pooled RNA across all zones at each time point for
pericentral associated genes, glutamine synthetase, CYP1A2, CYP1A1, CYP2E1, and CYP3A4, and periportal/midzonal genes, Arg1 and E-cadherin (n =15 to 30, data are
mean fold change + standard error, **P < 0.01 and *P < 0.05 by one-way ANOVA followed by Tukey’s multiple comparison test). Photo credit: Daniel Corbett, University of
Washington. n.s., not significant.
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sustained for exposure times required to trigger gene expression.
Together, the sheer rapidity and highly parallel nature of this pro-
cess enable spatial and dynamic genetic patterning at length scales
and depths not previously possible in 3D artificial tissues.

Most previous methods to elicit cellular signaling in artificial tissues
have focused on tethering extracellular cues to hydrogels (28, 29).
Innovations in stimuli-responsive or “smart” biomaterials enabled
activation of these chemistries by exogenous physical stimuli, such
as light, to control the spatial position and timing of extracellular
cues (30, 31). Although useful, these material-focused methods are
unlikely to provide complete control even in fully defined starting
environments because cells rapidly remodel their microenvironments
(32). Moreover, these technologies offer an imprecise means to con-
trol downstream transcription because many, often unknown, inter-
mediary steps modify intracellular signal transduction before gene
activation. Our thermofluidic approach provides a complementary
new technology to these methods that target extracellular signals by
facilitating spatiotemporal control at the intracellular genetic level.

While our studies here reveal the potential power of HEAT for
gene patterning, the first-generation system presented here does have
limitations in its ability to fully control heat transfer both spatially
and temporally. In our studies here, we found that channels up to
30 mm long (but no longer) could achieve hyperthermic temperature
ranges along the entire channel length. Furthermore, the effect of
heat-mediated stimulation on gene expression was transient. These
limits could be overcome through a variety of design modifications.
For example, the hydrogel or perfusate’s thermal conductivity could
be increased by materials engineering to extend patterning area or
length, such as by cross-linking metal nanoparticles into the polymer
backbone as has been done before for other applications (33). To
achieve different activation temperatures or dynamics, further genetic
engineering of the heat shock promoter or other heat-activatable
gene switches could be used (14). Thus, we envision that our initial
system here will establish an important foundation that leads to a
new family of studies that will ultimately describe a far greater “design
space” for thermofluidic patterning.

To fully realize the vision of precision-controlled 3D artificial
tissues, a diverse toolkit of orthogonal physical delivery and molecular
remote control agents will likely be needed (34, 35). Thermofluidics
could be coupled with other tissue engineering strategies that pro-
gram extracellular (3, 29-31) or intracellular (10, 14) signal presen-
tation, cell patterning (36), or tissue curvature (37). Thermofluidics
could also be used orthogonally with other remote control agents,
such as those leveraging small-molecule (12), ultrasound (38), radio
wave (39), magnetic (40), or light-based activation (41). Coupled
with rapid advances in gene editing (10), synthetic morphogenesis
(2, 3), and stem cell technology (4, 5), thermofluidics could be useful
for spatially and temporally activating genes across tissues to drive
cell proliferation, fate, or assembly decisions. While we demon-
strate utility for activating Wnt/B-catenin signaling pathway genes
here, this approach could be rapidly adapted to activate any gene of
interest. In our studies, we demonstrate one application of this ap-
proach by driving human hepatic cells toward a more pericentral
liver phenotype in 3D artificial tissues. In doing so, we gain funda-
mental insights into how activation of Wnt agonist RSPO1 regulates
expression of various metabolic zonation genes. These findings
have important implications for developing both organ-on-chip
systems for pharmacology and hepatotoxicity, as well as artificial
tissues for human therapy. By blurring the interface between the
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advanced fabrication and biological realms, thermofluidics cre-
ates a new avenue for bioactive tissues with applications in both ba-
sic and translational biomedicine.

MATERIALS AND METHODS

Materials and photopolymer synthesis

Poly(ethylene glycol) diacrylate (PEGDA; 6000 Da) and lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were prepared as
previously described (16, 42). Gelatin methacrylate (GelMA) was
synthesized as previously described, with slight modifications (43).
Methacrylic anhydride was added dropwise to gelatin dissolved in
carbonate-bicarbonate buffer at 50°C for 3 hours, followed by pre-
cipitation in ethanol. The precipitate was allowed to dry, dissolved
in phosphate-buffered saline (PBS), frozen at —80°C, and then
lyophilized for up to 1 week. GeIMA was stored at —20°C until use.
Tartrazine (Sigma-Aldrich T0388, St. Louis, MO, USA) was added
to prepolymer solutions as a photoabsorber to increase print resolution
as previously described (16). Prepolymer mixtures for all cellular
studies contained 7.5 wt % 6 K PEGDA, 7.5 wt % GelMa with 17 mM
LAP, and 1.591 mM tartrazine. For characterization of heat transfer
with respect to gel density, the overall polymer weight percent was
varied while holding the ratio of 6 K PEGDA to GelMA constant at
50:50 (for example, 20 wt % = 10 wt % 6 K PEGA + 10 wt % GelMa).

Model design

Hydrogels with perfusable channel networks were designed in an
open-source 3D computer graphics software Blender 2.7 (Blender
Foundation, Amsterdam, Netherlands) or in SolidWorks (Dassault
Systemes SolidWorks Corp., Waltham, MA).

3D printing

Our stereolithography apparatus for tissue engineering bioprinting
system was used in this study (16). Briefly, the system contains three
major components: (i) a Z-axis with stepper motor linear drive, (ii)
an open-source RepRap Arduino Mega Board (UltiMachine, South
Pittsburg, TN) microcontroller for Z-axis control of the build platform,
and (iii) a projection system consisting of a DLP4500 Optical Engine
with a 405-nm light-emitting diode output (Wintech, Carlsbad, CA)
connected to a laptop for photomask projection and motor control.
The projector is placed in front of the Z-axis, and a mirror is posi-
tioned at 45° to the projection light path to reflect projected images
onto the build platform. A sequence of photomasks based on a
3D model is prepared using Creation Workshop software (www.
envisionlabs.net/), which also controls the Z-axis movement of the
build platform. Printing is achieved by curing sequential model layers
of the photosensitive prepolymer. All printing was conducted in a
sterile tissue culture hood. For visualization of channel networks,
we perfused open channels with ultraviolet fluorescent tonic water
or India ink dyes (P. Martin’s, Oceanside, CA).

In-line fluid heating system

To control temperature distribution in perfused hydrogels, an in-line
fluid heater was developed to prewarm perfusate solutions before
infusion in hydrogel channel networks. The fluid heater consists of
four components: (i) an adjustable dc Power Supply (Yescom USA
Inc., City of Industry, CA), (ii) a cylindrical cartridge heater (Uxcell,
Hong Kong), (iii) perfusate tubing (peroxide-cured silicone tubing,
Cole Parmer, Vernon Hills, IL), and (iv) a syringe pump (Harvard
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Apparatus, Holliston, MA). To construct the in-line fluid heater,
perfusate tubing was connected to the syringe pump for flow rate
control, while the cartridge heater was connected to the power sup-
ply for heating control. Perfusate tubing was then wounded around
the cylindrical cartridge heater, allowing for heat transfer from the
heater into the flowing perfusate. The temperature of the fluid was
then controlled by changing the flow rate or heater power. In all
studies, we used PBS (Thermo Fisher Scientific, Hampton, NH) for
the perfusate solution.

Hydrogel fluidic connections

To establish a fluidic connection between the heating system and
hydrogel channel networks, we used custom-designed 3D printed
perfusion chips printed on a MakerGear M2 3D printer (MakerGear,
Beachwood, OH) in consumer-grade poly(lactic acid) plastic filament.
Perfusion chips were fabricated with (i) an open cavity to insert 3D
bioprinted hydrogels and (ii) attachment ports for fluid-dispensing
nozzles. The outflow of the fluid heater was fitted with a male luer
hose barb (Cole Parmer) connected to a flexible tip, polypropylene
nozzle (Nordson EFD, East Providence, RI) and inserted into 3D
printed attachment ports. Hydrogels were then inserted to perfu-
sion chips, and proper fluidic connections were ensured before be-
ginning perfusion. Model files for 3D printed perfusion holders are
provided in the open repository data of our previously published
work (16).

Infrared thermography

Fluid temperature and heat distribution were measured in perfused
hydrogels by infrared thermography. Images were acquired by an un-
cooled microbolometer-type infrared camera (FLIR A655sc, Wilsonville,
OR) that detects a 7.5- to 14.0-um spectral response with a thermal
sensitivity of <0.05°C and analyzed for temperature values using the
FLIR ResearchlR software (Wilsonville, OR).

Computational models
We built finite element models of perfused hydrogels in COMSOL
4.4 software (COMSOL AB, Burlington, MA). Simulations were run
under transient conditions using the “Conjugate heat transfer”
module and 3D printed hydrogel and housing geometries to predict
the temperature distribution. The model was based on (i) forced
convective heat transfer from the perfusion channel to the hydrogel
volume and (ii) conductive heat transfer within the hydrogel volume.

Equation for (i): Heat transfer in a fluid

pcpg—tT+ pCou-VT= aﬂ(%ﬂ - VpA) + TS+ V- (kVT)+

Where p is the fluid density, T is the temperature, C,, is the heat
capacity at constant pressure, u is the velocity field, a is the thermal
expansion coefficient, p4 is the absolute pressure, T is the viscous
stress tensor, S is the strain rate tensor, k is the fluid thermal con-
ductivity, and Q is the heat content.

Equation for (ii)

oT

PGS = V-(kVT)+Q

Where p is the hydrogel density, T is the temperature, k is the
hydrogel thermal conductivity, and Q is the heat content.

Material properties of both the hydrogel and perfusate were
modeled as water. Heat flux boundary conditions were included to
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model heat loss to the ambient environment, heat transfer coeffi-
cients of 5 and 30 W/(m?* x K) were applied to the sides and upper
boundaries of the hydrogel, respectively, with an infinite tempera-
ture condition of 22.0°C applied for all boundaries. Boundary tem-
perature and fluid inflow conditions at the channel inlet were used
to simulate the effect of changing perfusate temperature and flow rate,
respectively. Model geometry was manipulated for studies on channel
length and channel branching. Prescribed external temperature was
varied for ambient temperature studies.

Cell culture

HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Corning, NY, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS; Gibco) and 1% (v/v) penicillin-streptomycin
(GE Healthcare Life Sciences, WA, USA). Differentiated HepaRG cells
(Fisher Scientific) were maintained at confluence in six-well plates at
a density of 2 x 10° cells per well in Williams E media (Lonza, MD,
USA) supplemented with 5x HepaRG Thaw, Plate & General Purpose
Medium Supplement (Fisher), and 1% (v/v) Glutamax (Fisher).

Construction of heat-sensitive reporter gene cells

A vector containing a 476-bp version of the human HSPA6 promoter
driving expression of fLuc reporter gene (gift of R. Schez Shouval
from the Weizmann Institute of Science) was packaged into lentivirus
using helper plasmids pMDLg/pRRE (Addgene no. 12251), pMD2.G
(Addgene no. 12259), and pRSV-Rev (Addgene no. 12253) by cotrans-
fection into HEK293T cells. Crude viral particles were harvested af-
ter 48 hours of transfection. For viral transduction, crude lentivirus
was diluted 1:20 in DMEM containing polybrene (6 pg/ml; Invitrogen),
added to competent HEK293T cells in six-well tissue culture plates,
and incubated overnight (Corning). The next day, virus-containing
media was removed and replaced with fresh DMEM containing
10% FBS. After transduction, cells were heat-activated (see below)
and flow-sorted to obtain a pure cell population.

Heat treatment

To activate transgene expression under the HSPA6 promoter, engi-
neered HEK293T cells were exposed to varying levels of hyperthermia
in 2D and 3D. For 2D heat treatment studies, cells were seeded at
8 x 10* cells/cm” in tissue culture plates 1 day before heat treatment.
The next day, tissue culture plates were exposed to indicated heat
treatments in thermostatically controlled cell culture incubators.
Temperature was verified with a secondary method by a thermo-
couple placed inside the incubator. Upon completion of heat treat-
ment, cells were returned to a 37°C environment and sorted or
analyzed at later time points. For the luminescent transient studies in
fig. S4B, cells were lysed in TE buffer [100 mM tris and 4 mM EDTA
(pH 7.5)] and stored at 4°C until imaging. For the pulsed activation
studies in fig. S4C, cells received two heat shocks as described pre-
viously at days 0 and 3. Luminescence was quantified across days
1 to 4 and normalized to cell counts from tissue culture plates that
were processed in parallel according to each experimental tempera-
ture. For 3D heat shock studies, cells were encapsulated and printed
in 3D perfusable hydrogels (see below) 1 day before heating. 3D
hydrogels were then heat-perfused in a room temperature environ-
ment. Hydrogel temperature was monitored continuously with the
infrared camera, and small adjustments to heater power were made
as necessary to maintain a stable temperature profile. During per-
fused heating, outlet medium was continuously discarded. Upon
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completion of perfused heating, hydrogels were dismounted from
the perfusion chips and returned to a cell culture incubator.

Cell encapsulation and printing of cell-laden hydrogels
Cultured HEK293T cells were detached from tissue culture plates
with 0.25% trypsin solution (Corning), counted, centrifuged at
1000 rpm for 5 min, and resuspended in liquid prepolymer (7.5 wt %
6 KPEGDA, 7.5 wt % GelMA, 17 mM LAP, and 1.591 mM tartrazine).
For characterization of heat transfer with respect to cell density,
cells were encapsulated in prepolymer mixtures at final densities
from 0 to 24 x 10° cells ml™* before printing. For HEK293T expression
studies, cells were encapsulated at a final density of 6 x 10° cells ml™".
For HepaRG studies, cells were encapsulated at a final density of 2.5 x
10 cells ml™". Printing was performed as previously described
under DLP light intensities ranging from 17 to 24.5 mW cm 2, with
bottom layer exposure times from 30 to 35 s and remaining layer
exposure times from 12 to 17.5 s. Upon print completion, fabricated
hydrogels were removed from the platform with a sterile razor blade
and allowed to swell in cell culture media. Hydrogels were changed
to fresh media 15 min after swelling and allowed to incubate over-
night. Media was replaced the following morning. We tested the
viability of both HEK293T and HepaRG cells following 3D printing by
incubating cell-laden hydrogels with Live/Dead viability/cytotoxicity
kit reagents (Life Technologies, Carlsbad, CA) according to manu-
facturer’s instructions. Fluorescence imaging was performed on a
Nikon Eclipse Ti inverted epifluorescent microscope, and images
were quantified using Image]’s built-in particle analyzer tool [National
Institutes of Health, Bethesda, Maryland].

Bioluminescent imaging

To visualize the magnitude and spatial localization of heat-induced
luciferase expression, bioluminescence imaging was performed on
heated cells and hydrogels using the in vivo imaging system (IVIS)
Spectrum imaging system (PerkinElmer, Waltham, MA). Immediately
before bioluminescence imaging, cell culture media was changed to
media containing p-luciferin (0.15 mg/ml; PerkinElmer), and images
were taken every 2 min until a bioluminescent maximum was reached.
Images were analyzed using Living Image software (PerkinElmer).
Luminescent imaging was performed from a “top-down” view (per-
spective orthogonal to hydrogel channel axis) for most studies. For
cross-sectional images in fig. S8, hydrogels were manually sliced,
incubated in luciferin containing media, and imaged under cross-
section view (perspective parallel to hydrogel channel axis).

Pixel-to-pixel temperature-to-expression correlation

Data for the expression versus temperature plot was obtained by
aligning thermal and bioluminescent images using MATLAB. To
align the images, four reference points corresponding to the corners
of the hydrogel were manually selected on both thermal and bio-
luminescence images. Then, an orthogonal transformation was per-
formed on each image to align the corners of the hydrogel, after
which the areas outside the selection were cropped. Pixel values
from each image were then plotted against each other to produce
the expression versus temperature plot.

In vivo implantation of HEAT-modulated artificial tissues

Heat-inducible cells were generated as previously described and
embedded into 3D-printed artificial tissues with single channels
before being placed at 37°C overnight. The next day, artificial tissues
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received either thermofluidic heat stimulation via flow of 44°C bio-
compatible fluid at 1.0 ml min~! for 60 min (n = 5), global heat
stimulus by being placed in a 44°C tissue culture incubator for
60 min (n = 3), or were maintained in a 37°C tissue culture incubator
(n = 3). The artificial tissues were then immediately implanted sub-
cutaneously on the ventral side of female NCr nude mice aged 8 to
12 weeks old (Taconic). Twenty-four hours after implantation, mice
were anesthetized and injected with luciferin (15 mg/ml; PerkinElmer,
Waltham, MA). Bioluminescence was then recorded via the IVIS
Spectrum Imaging System (PerkinElmer). For 3D images, a custom
3D imaging unit developed by A. D. Klose and N. Paragas (44)
(InVivo Analytics, New York, NY) was used. Briefly, anesthetized
mice were placed into body-fitting animal shuttles and secured into
the custom 3D imaging unit that uses a mirror gantry for multiview
bioluminescent imaging. Collected images were then compiled and
overlaid onto a standard mouse skeleton for perspective.

Spatial analysis of in vivo IVIS images

Line profiles in the x-direction across the inlet, middle, and outlet of
2D IVIS projection images from artificial gels were generated using
Living Systems software (PerkinElmer, Waltham, MA). The three
line profiles (inlet, middle, and outlet) from each artificial tissue
were then averaged together with the average line profiles from the
other artificial gels within each respective group (experimental
group, n = 5; positive control group, n = 3; negative control group,
n = 3). The average line profile of each group was then plotted, and
average radiance values from positions 0.75 cm from the center of the
channel (denoted positions A and C) were then statistically compared
to the average radiance value at the center of the channel (position B)
within each group by one-way analysis of variance (ANOVA).

Generation of Wnt constructs and cells

Lentiviral constructs in which the HSPA6 promoter drives a Wnt
family gene were subcloned using Gibson assembly by the UW BioFab
facility. Human p-catenin pcDNA3 was a gift from E. Fearon
(Addgene plasmid no. 16828; http://n2t.net/addgene:16828; RRID:
Addgene_16828) (45). Active Wnt2-V5 was a gift from X. He (Addgene
plasmid no. 43809; http://n2t.net/addgene:43809; RRID:Addgene_43809)
(46). RSPO1 was subcloned using a complementary DNA (cDNA)
clone plasmid. (Sino Biological, Beijing, China). All plasmids con-
tained a downstream cassette in which a constitutive promoter (SFFV)
drives the reporter gene mCherry (gift from G. A. Kwong, Georgia
Institute of Technology). Lentivirus was generated by cotransfection
of HEK293Ts with HSPA6=>Wnt transfer plasmids with third-
generation packaging plasmids (pMDLg/pRRE, pMD2.G, pRSV-REV)
in DMEM supplemented with 0.3% Xtreme Gene Mix (Sigma-
Aldrich). Crude virus was harvested starting the day after initial
transfection for four consecutive days. For viral transduction, HEK293Ts
at 70% confluency and HepaRGs at 100% confluency were treated with
crude virus containing polybrene (8 ug/ml; Sigma-Aldrich) for 24 hours.
Five days following viral transduction, mCherry” HEK293Ts were sorted
from the bulk population by flow cytometry at the UW Flow analysis
facility. HepaRGs were not sorted by flow cytometry. mCherry expression
in positive HEK293T cell populations was performed using RT-qPCR.

Wnt up-regulation in HEAT-induced constructs

To quantify Wnt regulator levels in HEAT-treated gels, HEK293T's
and HepaRGs for a given construct were encapsulated and heated
in 3D hydrogels as previously described. “No heat control” samples
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remained at 37°C in tissue culture incubators until RNA isolation.
One to 48 hours following heat treatment, hydrogels were manually
sliced into corresponding zones (1 to 3) and RNA was isolated using
phenol-chloroform extraction (47). cDNA was synthesized using the
Superscript III First-Strand Synthesis Kit (Thermo Fisher Scientific),
and qPCR was performed using iTaq Universal SYBR Green Supermix
(Biorad, Hercules, CA) on the 7900HT Real Time PCR System (Applied
Biosystems, Waltham, MA). Primers for Wnt and housekeeping genes
were designed and synthesized by Integrated DNA Technologies
(Coraville, IA). Relative gene expression was normalized against the
housekeeping gene 185 RNA calculated using the AACt method.
Data are presented as the mean relative expression + SEM. Data for
HEK293T studies were normalized to relative expression of the Wnt
target in 2D culture at 37°C. Data for HEK293T mCherry expres-
sion were normalized to 18 s RNA and compared to GAPDH (also
normalized to 185 RNA) expression levels. Data for HepaRG studies
were normalized by relative expression of the Wnt target or pericentral/
periportal gene marker to no heat control samples.

V5 staining/clearing in Wnt2 HEAT gel

HSPA6=2Wnt2/V5 gels were fixed in 4% paraformaldehyde 24 hours
postheating. For staining, samples are blocked overnight at room
temperature in 1% bovine serum albumin, 1% normal donkey serum,
0.1 M tris, and 0.3% Triton X-100 with agitation. After blocking,
samples are incubated in Anti-V5 tag antibody (Abcam, ab27671)
diluted 1:100 in fresh blocking buffer and 5% dimethyl sulfoxide for
24 hours at 37°C and agitation. Samples are washed and then incu-
bated in secondary antibody diluted 1:500 in fresh blocking buffer
and 5% dimethyl sulfoxide overnight at 37°C and agitation. After
incubation, samples are washed in PBS + 0.2% Triton X-100 + 0.5%
1-thioglycerol three times at room temperature and agitation, changing
fresh buffer every 2 hours. To begin clearing, samples are incubated
in clearing enhanced 3D (Ce3D) (48) solution at room temperature
overnight with agitation protected from light. 4’,6-Diamidino-2-
phenylindole is diluted 1:500 in the Ce3D solution to counter stain
for nuclei. To 3D image the cleared samples, the gels are placed on
glass-bottom dishes and imaged overnight on an SP8 Resonant
Scanning Confocal Microscope.

Statistics

Data in graphs are expressed as the SE or SEM + SD, as denoted
in figure legends. Statistical significance was determined using two-
tailed Student’s ¢ test for two-way comparisons or one-way ANOVA
or two-way ANOVA followed by Dunnett’s, Sidak’s, or Tukey’s
multiple comparison test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabb9062/DC1

View/request a protocol for this paper from Bio-protocol.
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