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SUMMARY
Human engineered tissues hold great promise for therapeutic tissue regeneration and repair. Yet, develop-
ment of these technologies often stalls at the stage of in vivo studies due to the complexity of engineered tis-
sue formulations, which are often composed of diverse cell populations andmaterial elements, alongwith the
tedious nature of in vivo experiments. We introduce a ‘‘plug and play’’ platform called parallelized host
apposition for screening tissues in vivo (PHAST). PHAST enables parallelized in vivo testing of 43 three-
dimensional microtissues in a single 3D-printed device. Using PHAST, we screen microtissue formations
with varying cellular and material components and identify formulations that support vascular graft-host
inosculation and engineered liver tissue function in vivo. Our studies reveal that the cellular population(s)
that should be included in engineered tissues for optimal in vivo performance is material dependent.
PHAST could thus accelerate development of human tissue therapies for clinical regeneration and repair.
INTRODUCTION

Human engineered tissues and other cellular andmaterial-based

technologies hold enormous potential for treating a vast spec-

trum of human disease. Over the past several decades, a

massive portfolio of such technologies has been developed for

diverse purposes,1 such as replacing or supplementing the

functions of tissues and organs,1–5 promoting angiogenesis,6–10

promoting transplanted cell survival11–14 or fate choice,15,16

modulating the immune response,17–19 capturing malignant

cells,20 or delivering biological therapeutics.21–23

Many of these technologies have multiple components that are

both living and synthetic. Human engineered tissues, for example,

are typically composed of at least one and often multiple human

cellular population(s) embedded within highly engineered syn-

thetic or natural biomaterials.24–28 The choice on which cellular

population(s) and biomaterial components to include, and even

the relative ratios between multiple cell types or materials, is ulti-

mately determined after iterative experimentation.

In vivo studies remain essential to this experimentation pro-

cess, as host-mediated biological processes interact with both
838 Cell Stem Cell 32, 838–853, May 1, 2025 ª 2025 Elsevier Inc.
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transplanted cells and materials to determine a technology’s

outcome.29,30 Host-mediated processes impact transplanted

cell survival, integration of grafted engineered tissues with host

vasculature, immune response to implanted materials, absorp-

tion, distribution, metabolism, and excretion of therapeutic

agents, and more. Many technologies even rely upon host

biology to enhance their therapeutic outcome.31–38 In each of

these cases, the outcome depends on the material or cellular

formulation of the implant.20,39–41

Our incomplete understanding of the ‘‘black box’’ of such

host-mediated processes means that each material and cell

formulation must be tested empirically in vivo. The sheer number

of material and cellular permutations possible, together with the

low-throughput nature of animal experiments, in which a single

or at most a few implant(s) is typically implanted into a given

host, has meant progress slows to a crawl at the stage of in vivo

studies (Figure 1A).40,41 New methods that overcome this time,

financial, and ethical bottleneck would massively accelerate

regenerative engineering and medicine.30,42–44

At the stage of in vitro studies, previous progress in miniatur-

izing biological assays, such as advancements in multiwell
AI training, and similar technologies.
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Figure 1. Development of PHAST for in vivo screening

(A) A traditional in vivo experiment where only one formulation is typically tested in an animal host.

(B) PHAST platform, in which many material and/or cellular formulations are screened in parallel within a single animal host.

(C) PHAST workflow depicting 3D printing and filling PHAST array (left); surgically implanting array into abdominal space of mouse host (center); and explanting,

imaging, and analyzing array in 3D (right).

(D and E) (D) Front and (E) back views of an explanted PHAST device after 1 week in vivo, demonstrating the host fat pad adhered across the top of the open wells

of the array.

(F) (Left) PHAST array with 3D reconstructed self-assembled vascular networks (huCD31+) within each microwell. Scale bar, 1 mm. (Right) Angled orientation of a

single microwell showing a 3D reconstructed network. Individual colors represent individually segmented microvessels. The angled view indicates human

endothelial vessels protruding up and away from the microwell bottom.

(G) (Top) CAD design of PHAST device sized for mouse. Designed diameter (Ø) of each microwell is 1.5 mm. (Bottom) Well diameter increases after swelling but

then remains stable in mouse or in vitro culture for 1 week. Horizontal line indicates Ø. Data are represented as mean ± SEM. ****p < 0.0001 by one-way ANOVA

followed by Tukey’s post hoc test. NS, no significant difference.

(H and I) (H) CAD designs and (I) cross sections of PHAST device sized for mouse and rat.

(J) Printed mouse and rat PHAST array with a variety of different fillings. Scale bar, 1 cm.
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plates, robotic liquid handling, microarray technology, and mi-

crofabrication ushered in a new era of parallelized and combina-

torial screening.45–50 We postulated that analogous approaches

for screening material- and cell-based technologies such as en-

gineered tissues at the in vivo stage of product development

could accelerate pre-clinical progress.

Here, we introduce a new method for parallelized host apposi-

tion for screening tissues (PHAST) to interrogate material- and

cell-based tissue environments in vivo at scale (Figure 1B). This

method adapts 3D printing technology to fabricate implantable

arrays with individually addressable material- and cell-based tis-

sue environments (Figure 1B). We use PHAST to uncover how

the combinatorial material- and cell-based environments govern

vascular graft-host inosculation and liver tissue functionwithin im-

planted engineered tissues in vivo.

DESIGN

We recently developed a stereolithography apparatus for tissue

engineering (SLATE), which enabled 3D printing of biocompat-

ible hydrogels to create complex topologies volumetrically by

converting photoactive liquids into structured parts through

localized photopolymerization.51 We identified photopolymeriz-

able hydrogel formulations that can be 3D printed using SLATE

to create engineered tissues, which could be successfully im-

planted in animals for several weeks.51 We reasoned that this

3D printing technology could alternatively be leveraged for rapid

fabrication of biocompatible devices for in vivo screening.

Toward this end, we sought to design a 3D-printed PHAST

device with individually addressable wells for parallelized and

combinatorial screening that can be implanted in vivo (Figures

1C–1E). In this device, each individually addressable well could

be filled with different material- and cell-based formulations,

which can be retained in the device after implantation for down-

stream analyses, such as biomedical imaging (Figure 1C). Formu-

lations in eachwell would comprise any user-defined combination

of materials (e.g., hydrogels and extracellular matrices), cellular

composition (e.g., cell type(s), density, and ratio), or biological

molecules. Since these studies use both material and cellular

components, we will henceforth call the formulations within

each well of the PHAST device ‘‘microtissues’’ (Figure 1F).

We arrived at the final PHAST device design (Figure 1) after a

series of prototype iterations. During this iteration process, we

imposed design constraints upon the PHAST device as follows:

the device should (1) retain its structural integrity (i.e., not break

or crack) throughout the experiment, (2) remain pliable and hy-

drated to facilitate apposition with host tissue even with host

movement after implantation, (3) minimize or eliminate potential

crosstalk or interactions between wells within the device, and

(4) facilitate downstream analyses such as histology.

To achieve these goals, we first sought to identify a biocom-

patible photopolymerizable hydrogel material for device fabrica-

tion that retains its structural integrity, remains pliable, prevents

cellular infiltration between wells, and can be readily sectioned.

We settled upon gelatin methacrylate (GelMA, 10 weight % [wt

%]), and poly(ethylene glycol) diacrylate (PEGDA, 3.4 kDa,

3.25 wt %) because inclusion of PEGDA imparts mechanical

strength to the hydrogel,52,53 inhibits degradation, and prevents

cellular infiltration between wells, while inclusion of GelMA facil-
840 Cell Stem Cell 32, 838–853, May 1, 2025
itates host apposition and subsequent downstream analysis

techniques such as tissue sectioning.54–58

We next leveraged the rapid prototyping capabilities of SLATE

to iterate through early prototypes of different device architec-

tural (topology) designs (Figure S1A). In early prototyping

studies, we created several potential PHAST designs using com-

puter-aided design (CAD) and then 3D printed the devices using

SLATE.51

For example, we designed and tested an early device archi-

tecture containing an array of nine cylindrical wells, each with a

diameter of 3 mm, that were open on both faces, such that mi-

crotissues and host tissue were directly apposed on both sides

of the device upon implantation (Figure S1A, left). To test this

array prototype, we filled the wells of the array with a fibrin hydro-

gel and then surgically implanted the prototype on perigonadal

adipose tissue in the abdominal space of an athymic mouse.

Upon explant after 1 week, we found that host tissues (i.e., intes-

tine) frequently protruded through the wells in this open-well sys-

tem, dislodging microtissues from the array and prohibiting

downstream analysis on microtissues (Figure S1B).

To overcome this obstacle, we added a backing component to

the design, essentially creating a hydrogel ‘‘well plate,’’ wherein

each cylindrical well comprises one open face (Figure S1A, right).

This design enabled microtissues to directly interface with host

tissue on one side, while the closed side prevented host tissue

penetration through the array. The rapid fabrication capabilities

of SLATE enabled us to also adjust both the shape and size

of individual wells (Figure 1G vs. Figure S1C, cylindrical vs.

X-shaped wells), as well as the overall dimensions of the array

to fit within different animal models (Figures 1H–1J), which

were similarly tested in in vitro or in vivo pilot studies.

Ultimately, we settled on a final PHAST array design in which

wells were cylindrical in shape and 1.5 mm diameter in size

(Figures 1G and 1H). This well dimension enabled us to scale

the number ofwells per array to 43wells or 115wells for arrays de-

signed to be implanted in mice and rats, respectfully (Figures 1H–

1J). The distance between wells was kept >0.85 mm to minimize

potential paracrine interactions between wells (Figure 1I). Finally,

we added a beveled edge to the top-right corner to define device

orientation and open wells (no backing) at the corners and center

of array edges for suturing the array to host tissue (Figures 1G–1J).

The PHAST array designed for mouse studies was used for the

rest of the studies here (Figure 1G). This PHAST array contains a

grid of 7 by 7 wells, to make 43 individual microtissue wells with

backing and 6 open suture holes (Figures 1G–1J). Each array is

3D printed in minutes and then incubated in phosphate-buffered

saline (PBS) to enable the network hydrogel to reach equilibrium

(‘‘swell’’) and diffuse out tartrazine used for printing. Freshly

printed arrays have an average microwell diameter of 1.52 ±

0.01 mm. Microwell diameter increases slightly to 1.65 ±

0.01 mm after incubation in PBS for 24 h (Figure 1G). After this

initial swelling period, we observed no further significant changes

in microwell diameter, array dimensions, or structural fidelity after

an additional incubation in vitro or in vivo (Figure 1G).

After fabrication and swelling, the microtissue wells can then

be filled via standard pipetting. This design supports robust

engraftment, as visualized by direct apposition of the perigona-

dal fat pad to the array after explant of the PHAST array from

the mouse host (Figures 1D and 1E). Each well within the



Figure 2. PHAST identifies material microenvironments that support vascular assembly in vivo

(A) Experimental design and workflow, which assessed 4 different GelMA formulations, each having 11 technical replicates per animal. Mice n = 4, each receiving

the same array layout.

(legend continued on next page)
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explanted arrays can then be cleared, immunostained, imaged in

3D, and computationally analyzed.59 Here, computational recon-

structions of the PHAST array (Figure 1F, left) and insets of a

given well (Figure 1F, right) show how PHAST array design

guides human endothelial cells to form networks that reach up-

ward within the wells to inosculate (connect) with the host, as

opposed to across or between wells (Figure 1F). This PHAST

design thus opens the possibility of testing up to 43 different

material- and cell-based microtissue formulations in a sin-

gle mouse.

RESULTS

Screening material microenvironments for vascular
assembly in vivo

To demonstrate the utility of PHAST, we first focused our atten-

tion on vascularization of engineered tissues, which remains a

major unsolved challenge for building solid tissues and organs

for therapeutic transplant.32,51,60–63 We focused on graft-host

vascular inosculation, which involves seeding endothelial cells

and sometimes stromal cells in an engineered tissue that then

self-assemble in vitro to form a vascular network, which is not

yet perfused. Upon implantation of the engineered tissue in vivo

into a host, the host blood vessels self-organize to connect—or

‘‘inosculate’’—with the pre-assembled graft network in the engi-

neered tissue, filling the network with host blood.

Since this process is required for the grafted vessels to

carry blood that metabolically supports the engineered tissue,

it relies upon successful in vivo implantation and robust inoscu-

lation between graft and host.64–68 Importantly, the fidelity of

graft-host vascular inosculation depends on the formulation of

the implant.20,39 Many biomaterials, including numerous ‘‘bio-

inks’’ commonly used for 3D printing engineered tissues and or-

gans, do not robustly support this process. Here, we thus sought

to demonstrate utility of PHAST by screening different material

bioinks for stereolithography (SLA)-based bioprinting for their

capacity to support vascular inosculation in vivo (Figure 2A).

We focusedour studiesonGelMA,awidelyusedSLAbioink that

is biocompatible,69 cost effective, has bioactivemoieties that sup-

port cell attachment,70 and has photoactivemoieties that facilitate

its usage with numerous biofabrication strategies,71–73 including

3Dprinting.74Wesuspendedendothelial cells (primaryhumanum-
(B) PHASTwells with HUVECs in 3%–15%GelMA and stained for live (calcein, cya

200 mm (right).

(C) Z score of living cell count across the PHAST array.

(D) (Left) An explanted PHAST device immunostained with huCD31 (human endo

Scale bars, 1,500 mm. (Right) Magnification inset of four microwells. Scale bars,

(E) Representative microtissues stained for human CD31 (magenta) and mouse T

5% GelMA, 10% GelMA, and 15% GelMA. Scale bars, 200 mm.

(F) Reconstructed human CD31+ microvascular networks across an explanted P

(G) HuCD31+ network volume, surface area, and total length per microwell for eac

way ANOVA followed by Tukey’s post hoc test.

(H) Reconstructed mouse TER119+ inosculated networks across an explanted P

(I) TER119+ network volume, surface area, and total length per microwell for eac

Tukey’s post hoc test.

(J) Larger-scale discrete engineered tissues made from 5% GelMA (left) and 15%

in vivo. Scale bars, low magnification: 1 mm; high magnification inset: 100 mm.

(K) HuCD31+ area percentage to total tissue graft area.

(L) TER119+ area percentage to total tissue graft area. n = 7. ****p < 0.0001, *p <
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bilical vein endothelial cells [HUVECs]) and stromal cells (primary

normal human dermal fibroblasts [NHDFs]) within 3, 5, 10, or

15wt%GelMA bioinks, which represent a range ofmaterial prop-

erties (Figure S1D). We first performed in vitro studies and found

that these bioinks supported vascular assembly in vitro in a

dose-dependent fashion (Figure S2A), with 3% and 5% GelMA

supporting most and 15% GelMA supporting negligible vascular

assembly.

To further assess the extent to which each material could sup-

port the graft networks to inosculate with host vasculature and

become filled with blood, we used PHAST. To do this, we

dispensed the same GelMA pre-polymers cellularized with hu-

man vascular cells into PHAST wells to form microtissues in a

randomized manner across the array (Figure 2A). In these early

studies, we intentionally screened only four GelMA formulations,

each with 10–11 technical replicates across the array, for a char-

acterization experiment that could be leveraged to identify

optimal array layouts and statistical power. After filling, the entire

PHAST array was exposed to violet light (405 nm) to polymerize

the cellularized GelMA microenvironments within the array

wells.75,76 After filling and polymerization, a majority of cells

within all GelMAmicroenvironments remained viable (Figure 2B).

Z scores were computed for number of viable cells in each mi-

crowell. All wells have Z scores less than 2, suggesting similar

initial number of living cells across the array (Figure 2C).

The filled PHAST arrays were then surgically implanted onto

the perigonadal fat pad of athymic mice (Figure 2A). After

1 week in vivo, arrays were excised and cleared to render the

PHAST array transparent and optically clear, to permit deeper

imaging.77 Cleared arrays were then 3D immunostained for hu-

man endothelial cells (huCD31, magenta) and mouse red blood

cells (RBCs, TER119, cyan) (Figures 2D and 2E). Here, magenta

huCD31 signal thus serves as a proxy for human vascular

network self-assembly, and cyan TER119 signal serves as a

proxy for graft-host inosculation, as evidenced by the extent to

which vascular networks become filled with host blood after

inosculation. Subsequent 3D image analysis of immunostained

arrays revealed a range of self-assembled and blood-

filled human endothelial networks within the various wells

(Figures 2E–2I and S2C–S2G).

To parameterize and quantify huCD31+ and TER119+ across

arrays (Figures 2F–2I), we leveraged network reconstruction
n) and dead (ethidium homodimer, magenta) cells. Scale bars, 400 mm (left) and

thelial cells; magenta) and TER119 (mouse RBCs; cyan) after 1 week in vivo.

400 mm.

ER119 (cyan) representing the four microenvironments screened: 3% GelMA,

HAST array. Scale bar, 1 mm.

h microenvironment screened. ****p < 0.0001, ***p < 0.001, **p < 0.01 by one-

HAST array. Scale bar, 1 mm.

h microenvironment screened. ****p < 0.0001 by one-way ANOVA followed by

GelMA (right) stained by huCD31 (magenta) and TER119 (cyan) after 1 week

0.05 by Mann-Whitney test. All data are represented as mean ± SEM.



ll
Technology
and visualization software. Similar to our in vitro results, we

identified a dose-dependent inverse relationship between

endothelial cell network assembly and GelMA material weight

percentage (Figure 2G), with a 13-fold difference in assembled

network volume between the lowest and highest wt % GelMA

conditions (Figures 2E–2G and S2E). However and interestingly,

only 3 and 5 wt % GelMA microenvironments had vascular net-

works that also contained mouse RBCs, suggesting successful

inosculation of only these networks with the host vasculature

(Figures 2E, 2H, and S2F). The 10 and 15 wt % GelMA microen-

vironments weremostly void of RBCs (Figures 2E and 2H). These

results were validated with 2D histological analyses, which

demonstrated that 3 and 5 wt%GelMAmicroenvironments con-

tained microvascular structures filled with RBCs. Conversely,

10 wt % microenvironments had sparse microvascular struc-

tures with no blood, and 15 wt % microenvironments contained

only punctate cells, again with no blood (Figures S2H–S2K).

Thus, vascular self-assembly in vitro alone did not accurately

predict which materials supported networks to become inoscu-

lated with host vasculature and become filled with host blood

in vivo.

Although the array device in these studies was composed pre-

dominantly of PEGDA, a relatively inert biomaterial, we had also

included some GelMA in the array device to improve graft-host

apposition as well as the capacity for arrays to be sectioned

for histology after explant. It is possible that the presence of

bioactive cues in GelMA could affect the biological results of

PHAST screening. To assess this possibility, we conducted an

experiment that replicated the experimental design of Figure 2,

only used PHAST arrays composed only of 13.25 wt % PEGDA

without GelMA (Figure S3). The results from the PEGDA-only ar-

rays closely mirrored those from the regular PHAST array, sug-

gesting that the inclusion of GelMA does not impact the overall

results of the experiment (Figure S3). Notably, we found empiri-

cally that PEGDA-only arrays weremore challenging to surgically

implant and handle. For example, ripping of the suture holes was

common upon implantation, and the arrays could not readily be

sectioned for 2D histological analysis after explant. Thus, for the

remaining PHAST studies in this manuscript we used arrays with

a 10% GelMA/3.25% PEGDA array formulation.

Finally, we validated PHAST findings using discrete 3D-

printed engineered tissues of much larger size (centimeter scale)

that were each implanted into separate mice. This validation

study was important because prior work has shown that tissue

shape and size can impact cellular behavior within engineered

tissues, and systemic responses to one condition could in theory

impact all conditions.78–80 We thus fabricated disc-shaped engi-

neered tissues that were �18 mm in diameter and �1 mm thick,

both from 5% or 15% GelMA hydrogel and containing vascular

cells embedded across the tissue bulk, similar to formulations

from PHAST studies above. After 7 days of implantation, we

found that, similar to PHAST studies, 5%GelMA supported sub-

stantive self-assembly of human vessel networks as well as suc-

cessful graft-host inosculation, as indicated by the presence of

host (mouse) blood in these networks (Figure 2J). This inoscula-

tion was especially evident within �2 mm of the tissue edge, as

expected for a phenomenon reliant on graft-host integration (Fig-

ure 2J). An example of a graft-host inosculation point is directly

visualized in the inset of panel Figure 2J (left), showing a host
vessel (lower left) integrating with the human vascular network

and supplying blood to graft-derived vessels (upper right).

15% GelMA supported some but less vascular self-assembly

compared with 5% GelMA (Figures 2J and 2K). However and

importantly, although 15%GelMA did support some self-assem-

bly, these networks did not become filled with host blood and

no graft-host vascular connections could be found, indicating

inosculation was not successful (Figures 2J and 2L; inset shows

graft-host interface area). Thus, PHAST accurately predicted

results for bioprinted tissues of more scaled size implanted

into discrete mice.

Taken together, PHAST allowed us to show that human

vascular network self-assembly and inosculation with the host

in vivo heavily depends upon formulation of the microenviron-

ment that encases the grafted endothelial cells. Furthermore

and importantly, PHAST identified microenvironments such as

10% and 15% GelMA, both of which are routinely used for bio-

printing,81–85 that supported vascular self-assembly in vitro but

not inosculation to host vessels in vivo.

A PHAST device that overcomes potential position
effects and crosstalk
While our initial study (Figure 2) demonstrated the utility of

PHAST, we next sought to increase the impact of PHAST for par-

allelized screening by increasing the number of conditions tested

per animal. Testing more conditions per animal reduces the

number of technical replicates per array, which exacerbates

the possibility that the technical replicates corresponding to a

particular condition might be located in a small area of the array,

leading to results that are confounded by a ‘‘position effect.’’

That is, spatial variability of host features in the animal tissue

(e.g., branching large vessels) or variable host tissue apposition

across an array could affect the experimental outcome. Thus, we

set out to further develop the PHAST platform to protect against

this position effect.

To do this, we designed a set of array layouts to ensure that

every experimental condition appears in a variety of well posi-

tions across the study (Figure S4). This is achieved by creating

different array layouts for each mouse in a given study. Once

the first array has been designed, each subsequent array shifts

the design of the first array by a random number of rows and

columns (Figure S4A).

Concomitantly, we performed power analyses to determine

how many biological and technical replicates would be needed

to achieve high statistical power to detect effect sizes compara-

ble to those seen in our initial vascular assembly data (Figure 2).

Our analyses showed that we could screen up to 21 conditions,

with two technical replicates for each condition in a given array,

using as few as 8 mice (Figure S4B) and still detect effect sizes

comparable to those seen within data in Figure 2. Based on

these analyses, we created eight PHAST device maps, in which

each array tests 21 experimental conditions with 2–3 technical

replicates per array (Figure S4).

In addition, we next sought to investigate the potential likeli-

hood of confounding variables such as crosstalk between wells

of the array or systemic signaling. We reasoned cells known to

be highly sensitive to biochemical and microenvironmental

signals, such as monocytes from the peripheral blood, could

be particularly useful for such studies. We thus deployed Tohoku
Cell Stem Cell 32, 838–853, May 1, 2025 843
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Hospital Pediatrics-1 (THP-1) cells, a human leukemia mono-

cytic cell line that can be differentiated to macrophages.86

The THP-1 cells were first engineered to express firefly lucif-

erase under the control of the signal transducer and activator of

transcription 6 (STAT6) responsive elements, a marker for the

pro-regenerative (M2) macrophage phenotype (THP-1-STAT6-

fluc; Figure S5A). We then sought to validate that macrophages

produced from these engineered cells are sensitive to molecules

such as bacterial components like lipopolysaccharides (LPSs)

and anti-inflammatory cytokines such as interleukin-4 (IL-4).87,88

To do this, we differentiated the THP-1-STAT6-fluc cells to

become macrophages in 2D culture (Figures S5B and S5C) and

3D culture in 5% GelMA (Figures S5B and S5D) within 96 well

plates, wherein each condition was isolated from one another.

We found that LPS suppressed STAT6 activity while IL-4

enhanced STAT6 activity (Figures S5C and S5D), in concordance

with prior works in which LPS polarized macrophages to pro-in-

flammatory phenotype (M1) and IL-4 polarized macrophages to

a pro-regenerative (M2) phenotype.87–91

We then used these reporter cells as a tool with which to

report on potential crosstalk between wells. To do this, we first

differentiated THP-1-STAT6-fluc cells with phorbol 12-myristate

13-acetate (PMA) for 48 h to produce macrophages. We then

loaded LPS in 5% GelMA with these macrophages into the

left-most two columns of the array, GelMA alone (N/A) with mac-

rophages to the central three columns, and IL-4 in GelMA with

macrophages to the right two columns (Figure S5E). We hypoth-

esized that if the molecules diffused among the microwells, we

would see all wells across the array exhibit similar levels of radi-

ance. If LPS and IL-4 did not diffuse across the array in that

enabled triggering of adjacent wells, the left-most two columns

would exhibit low radiance, middle three columns exhibit medium

radiance, and right two most columns exhibit high radiance.

After 2 days of in vitro culture, the right two columns containing

IL-4 showed high STAT6-luciferase expression, whereas mini-

mal expression was detected in the central and left columns

(Figures S5F–S5H). These results indicate that the molecules in

the wells did not substantively cross-contaminate between

wells, at least in a manner that could then further trigger macro-

phage polarization to M1 or M2 phenotypes. Taken together,

these studies suggest that the PHAST device design can over-

come potential position effects and crosstalk to produce robust

screening results.

Scaling PHAST for combinatorial material and cellular
screening in vivo

While most prior in vivo experiments have evaluated the influ-

ence of one variable at a time in implantable engineered tissues

(e.g., material or cell formulation), microenvironmental ecosys-

tems are composed of numerous interacting components,

including extracellular matrices, cell populations such as stromal

cells, and cell-secreted factors. We reasoned that the ability to

screen many conditions in vivowould uniquely enable identifica-

tion of the combinatorial effects of different classes of microen-

vironmental variables.

Thus, we next examined how combinatorial material-cellular

interactions affect vascular assembly in vivo. Toward this end,

stromal cells have been shown to enhance vascular self-assembly

in engineered tissues upon their implantation in some set-
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tings.38,67,92 These findings, coupled with our observation of the

importance of material microenvironment in vascular assembly

(Figure 2), prompted our investigation of the combinatorial effect

of different material formulations and inclusion of stromal cells

(e.g., fibroblasts) on vascular assembly in vivo. We encapsulated

endothelial cells in the presence or absence of human fibroblasts

in various materials, such that individual wells were filled with

microtissuesconsisting of 21differentmaterial and cellular combi-

natorial formations (Figure 3A). These cells were encapsulated in

an expanded portfolio of GelMA matrices, as well as a subset of

natural hydrogels, including fibrin and collagen, two matrix com-

ponents previously shown to support tissue vascularization92–94

and cell transplantation95–98 (Figure 3A). Each experimental condi-

tion had 2–3 technical replicates within each array, and arrays

were laid out as denoted in Figure S4 to maximize power and

minimize position bias.

Seeded PHAST arrays were implanted intomice for 2weeks to

test the impact of material and cell formulation on the formation

andmaintenance of self-assembled vascular networks linedwith

human endothelial cells in vivo (Figures 3 and S6). After explant-

ing the PHAST arrays at 2 weeks, we immunostained and volu-

metrically imaged the arrays to visualize 3D human endothelial

cell self-assembly (huCD31) and host RBCs (TER119). We then

computationally reconstructed and parameterized networks

across the arrays from each mouse (Figures 3B–3D and S6).

Our design had used a different array layout in each mouse

(Figures 3 and S4) to protect against potential confounding by

position effect, i.e., the possibility that the position of a given

well (microtissue) within the array impacted outcome in PHAST

vascular assembly studies. To assess the extent to which a

position effect exists in these data, we performed statistical

analyses to examine the ‘‘leftover’’ variation of huCD31 not

explained by mouse effect or condition effect (Figure S7). We

found no significant evidence of a position effect in the arrays

(Figure S7B).

Importantly, consistent with our original device design goals

and validation study (Figure S5), our statistical analyses also

found no evidence of crosstalk between wells, indicating that

if paracrine or diffusion interactions did occur, they did not

significantly affect the experimental outcomes (Figure S7).

Thus, careful design and implementation of array layout pro-

tected against the possibility of an undetected or misspecified

position effect and well-to-well crosstalk, enabling us to reliably

screen a high number of conditions using PHAST in vivo.

Our results demonstrated that in the absence of human fibro-

blasts, the lowest weight % GelMA materials best supported

robust vascular self-assembly, in a manner dependent on

GelMA dose (Figures 3D and 3E). Conversely and interestingly,

when human fibroblasts were included in the microtissue, a larger

range of material conditions supported robust vascular self-as-

sembly, with lesser GelMA dose dependence (Figures 3D and

3E). Interestingly, inclusion of fibroblasts also expanded the range

of materials that supported graft-host vascular inosculation and

filling of graft networks with host blood (TER119+; Figure 3E).

This corroboratedother studies showing that the presenceof stro-

mal cells promoted vascular network formation and stabiliza-

tion,38,39,67,99–101 possibly by secreting pro-angiogenic growth

factors,101,102 transferring mitochondria to endothelial cells,101

and/or remodeling extracellular matrix.103



Figure 3. PHAST for combinatorial screening of cellular and material microenvironments in vivo

(A) Experimental design screening 21 different material and cellular formulations, each with 2–3 technical replicates per array. Mice n = 8, eachmouse receiving a

different array layout.

(B) (Top) Representative PHAST array after 2 weeks in vivo, immunostained for huCD31 (magenta) and TER119 (cyan). Scale bar, 1 mm. (Bottom) Zoom-in of a

well containing HUVECs with NHDFs in 3% GelMA. Scale bar, 100 mm.

(C) Reconstructed 3D huCD31+ self-assembled microvascular networks across an explanted PHAST array. Scale bar, 1 mm.

(D) (Left) Representative microtissues stained for huCD31 (magenta) within the 21 microenvironments screened. Scale bar, 100 mm. (Right) Corresponding

huCD31+ self-assembled networks reconstructed in 3D. Scale bar, 100 mm.

(E) (Left) Human CD31+ and (Right) TER119+ vascular network volume, surface area, and total length per microwell for eachmicroenvironment screened. Data are

represented as mean ± SEM.
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Figure 4. PHAST screening engineered liver tissues across microenvironments

(A) Experimental design. Hepatocytes were aggregated with fibroblasts to create hepatic aggregates, and aggregates were suspended in various material

microenvironments (3%, 5%, 10%, 15% GelMA, 10 mg/mL fibrin, and 1:1 fibrin:5% GelMA) prior to filling in the PHAST arrays. Array map represents (F). Each

material condition has 7 technical replicates per animal and 5 mouse hosts.

(B) (Left) A representative array filled with primary rat hepatocyte/NHDF aggregates and stained by live (calcein, yellow) and dead (ethidium homodimer, magenta)

assay. Scale bar, 1 mm. (Right) Magnified (top) MIP and (bottom) phase contrast images of a single well. Scale bars, 100 mm.

(C) (Left) An array with primary rat hepatocyte/NHDF aggregates immunostained for E-cadherin (E-cad, magenta, epithelial cell tight junctions), phalloidin (yellow,

cell actin cytoskeleton), and Hoechst (cyan, cell nuclei). Scale bar, 1 mm. (Right) Magnified single microtissue in 5% GelMA. Scale bar, 100 mm.

(D) (Left) Magnified view of 3D hepatic aggregates in 5% GelMA within a microwell. Scale bar, 50 mm. (Right) 3D reconstruction of hepatic aggregates. Scale

bar, 50 mm.

(E and F) Albumin promoter-driven bioluminescent signal in variousmicroenvironments after 8 days in vivo. (E) Quantitative analysis. *p < 0.05 by one-way ANOVA

followed by Tukey’s post hoc test. (F) Representative in vivo imaging system (IVIS) image of a PHAST array.

(legend continued on next page)
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We next leveraged the power of PHAST to rapidly assess the

extent to which a variety of different stromal or supportive cell

populations support vascular assembly and inosculation in

different bioinks in vivo. We filled and implanted PHAST arrays

containing microtissues with NHDFs, human mesenchymal

stem cells (MSCs), or human dental pulp stem cells (DPSCs) in

both 5% and 10% GelMA (Figure S8A). We found that for these

formulations, the GelMA bioink wt% had a greater impact on the

assembly of vascular networks that carry blood in vivo than did

the type of support cell population (Figures S8B–S8D).

In summary, PHAST enabled combinatorial studies that incor-

porated both cellular and material variables. Furthermore, these

studies revealed a phenomenon of stromal ‘‘rescue,’’ where the

addition of fibroblasts to stiffer photoprintable bioinks commonly

used for 3D bioprinting facilitates both vascular self-assembly

and inosculation in vivo.

Engineering liver tissues
Finally, we investigated the utility of PHAST to identify formula-

tions of engineered tissues that could be used as therapeutic

candidates for human disease and injury. We focused here on

engineering liver tissue, which we and others are working to

develop as a bridge therapy or alternative for whole organ

transplantation.6 Several groups have previously shown that

delivering the liver’s main functional cells, called hepatocytes,

directly into an injured liver is not effective for the most prevalent

liver diseases, because the diseased (i.e., fibrotic or cirrhotic)

host liver environment limits engraftment.32,104–108 Thus, we

and others are developing engineered liver tissue that can

instead be implanted in an ectopic location, such as the

perigonadal or mesenteric fat.10–12,62 Here, we sought to identify

materials that optimally support the survival and function of

primary hepatocytes encased within such engineered tissues

after implantation, which is an important step toward creating

functional implantable tissues for treating liver disease.32

To do this, we first transduced rat primary hepatocytes with

lentivirus in which luciferase is expressed under the albumin pro-

moter, to later facilitate non-destructive detection of albumin

promoter activity, a surrogate for hepatic function.106,109 Trans-

duced hepatocytes were then aggregated along with fibroblasts

in microwells to create hepatic aggregates, which supports he-

patic phenotype in vitro and survival in vivo.32,51,106 Finally, we

encapsulated hepatic aggregates within six different material

formulations in distinct microtissue wells in the array (Figure 4A).

After in vitro encapsulation in the array, hepatic aggregates re-

mained viable and expressed markers normally found on hepato-

cytes following photopolymerization within the PHAST array after

24hof culture (Figures 4Band4C). 3D reconstructionof the immu-

nofluorescent signal from individual wells stained with E-cadherin

and phalloidin demonstrated that hepatic aggregates retained a

spherical morphology, with cells expressing E-cadherin-positive

epithelial tight junctions generally localized to the perimeter of he-

patic aggregates within array wells (Figures 4C and 4D).
(G–J) Larger scale discrete engineered liver tissues made from primary human he

1 week. n = 7. Scale bars, 20 mm. (G) Hepatic aggregates immunostained for cy

magenta), and vimentin (cyan). (H) (Left) Hepatic aggregates 3D immunostained

gregates. **p < 0.01 by student’s t test. (I) (Left) Representative IVIS images and (r

athymic mice. (J) Human albumin present in the mouse bloodstream in athymic
After 8 days of implantation in athymic mice, we explanted the

PHAST arrays and performed bioluminescence imaging to mea-

sure albumin promoter activity. We observed parallelized

bioluminescent signal within individual wells across the array.

We found that lowest wt % (softer) GelMA microenvironment

supported the greatest albumin promoter activity in functioning

hepatocytes after implantation, at a level of more than twice

that of the least supportive materials (Figures 4E and 4F).

To validate and increase the translational impact of these

results, we next tested whether cellular aggregates comprised

of primary human hepatocytes and fibroblasts would similarly

engraft within larger-scale (18 mm diameter, 1 mm thick) engi-

neered liver tissues printed from 5% or 15% GelMA implanted

into discrete mice (Figures 4G–4J). After 1 week of implantation,

cells in explanted tissues expressed cytokeratin 18, a cytoskel-

etal protein expressed by hepatocytes, and arginase-1, a func-

tional protein in hepatocytes that plays a key role in urea cycle

(Figure 4G). Cells in explanted tissues were negative for cytoker-

atin 19, a cytoskeletal protein expressed by cholangiocytes,

hepatoblasts, and bipotential cells, further suggesting the cells

retained hepatocyte identity (Figure 4G). Some cells in explanted

tissues expressed vimentin, a cytoskeletal protein found in cells

of mesenchymal origin, consistent with our co-implantation of

fibroblasts as supportive cells (Figure 4G). 3D immunostaining

showed that many cells also expressed E-cadherin at the

cell-cell junctions, consistent with hepatocytes (Figure 4H).

Importantly, grafted tissues exhibited albumin promoter

activity (Figure 4I) and produced human albumin protein (Fig-

ure 4J), both of which are indicative of functional hepatocytes,

with differential levels similar to those identified in PHAST.

Thus, PHAST can be leveraged to identify tissue formulations

that support the engraftment and survival of functional human

engineered tissues in vivo.

DISCUSSION

We report a platform for ‘‘plug and play’’ material- and cell-based

screening in vivo, which we call PHAST. We used 3D printing

technology51 to print biocompatible hydrogel ‘‘well plates,’’ in

which a single hydrogel slab contains 43 individually address-

able wells, enabling creation and screening of engineeredmicro-

tissues with different tissue components. PHAST enabled us to

examine vascular self-assembly in vivo, by testing 21 different

material/cellular formulations using only 8 animals. These

studies revealed the combinatorial effects of different microenvi-

ronmental variables upon transplantation. This entire study,

including all analyses, was completed in �1–2 months. Using

previous generation technologies, this study would have been

logistically infeasible.

A major advantage of PHAST is its flexibility. Since PHAST

arrays are built using 3D printing, the arrays could be rapidly

tailored and fabricated to specific experimental questions,

such as size and shape of each microwell. The PHAST array
patocytes/NHDF aggregates and 5% or 15%GelMA. One tissue per animal for

tokeratin 18 (CK18, magenta), cytokeratin 19 (CK19, cyan), arginase-1 (Arg1,

for E-cad (magenta) and phalloidin (yellow). (Right) Percentage of E-cad+ ag-

ight) quantitation of albumin promoter activity measured by bioluminescence in

mice. All data are represented as mean ± SEM.
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can also be scaled up for larger animal models, such as the

array we built fit for a rat model. This flexibility enables future

exploration of topics such as how tissue architecture and size

impacts cellular behaviors after engraftment110,111 or how

findings might vary across animal models.112,113

Using PHAST, we found that numerous GelMA formulations

supported at least some self-assembly of endothelial cells.

Yet, only a subset of these materials also supported anasto-

mosis of these self-assembled networks to host vessels, as

well as their filling with mouse blood. While our studies corrobo-

rate work showing that softer matrices can better support cell

behaviors such as self-organization compared with stiffer

matrices,38,39,67,114–116 the material-dependent mechanisms

that drive such processes, such as stiffness of the material,

ligand density, or porosity, need to be determined in future

work. PHAST could help accelerate such mechanistic studies.

Importantly, PHAST also further enabled us to identify microen-

vironments that are both ‘‘soft enough’’ to support vascular

inosculation and ‘‘stiff enough’’ to be 3D printed. This is impor-

tant, because balancing opposing biological and engineering

design constraints has long stymied progress in fields such as

biofabrication and bioprinting.117

We demonstrated potential translational relevance for PHAST

platform by accelerating progress toward building engineering

livers as a bridge or alternative to organ transplantation.32,106,118

While our studies here focused on liver, PHAST could also be de-

ployed to identity microenvironment formulations for other types

of tissues. PHAST could also be deployed to accelerate person-

alized medicine, such as by probing how hepatocytes from

different individual donors differentially metabolize drugs in

different microenvironments in vivo.

Taken together, these studies demonstrate the potential

power of PHAST for human tissue regeneration and repair

applications. PHAST screening technology could also open

paths toward a vast number of other medical applications,

including not only tissue engineering but other areas, such as

cancer bioengineering, personalized pharmacologic screening,

and patient-specific therapeutic disease treatments.

Limitations of the study
While we demonstrated that the PHAST array is a powerful tool

for in vivo screening of engineeredmicroenvironments, this tech-

nology in its current form cannot distinguish potential systematic

responses, such as one well in an array eliciting a systemic

response that then impacts all conditions. This is also limitation

for other in vivo screening technologies, such as cellular barcod-

ing technologies.119–123 Nevertheless, this limitation means that

scientists should be thoughtful about which applications are

screened using PHAST. For example, we recommend using

PHAST to screen materials that have been already shown to

be biocompatible because a non-biocompatible formation could

potentially impact the other wells.

A second potential limitation of our studies is that we chose to

focus primarily on screening different formulations of GelMA, due

to printability and adhesive moieties that support cell adhesion

and self-organization. Notably, GelMA has potential drawbacks,

such as lack of triple helix structure of native collagen,124 limited

mechanical robustness for load-bearing tissue such as bone,

and potential for eliciting different cell behaviors compared with
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other protein- or polysaccharide-based materials.35,114 Impor-

tantly, such trade-offs are typical among most (and arguably all)

biomaterials, whether synthetic, natural, or hybrid.35,114 Neverthe-

less, future studies that further expand the portfolio of materials

screened with PHAST would be useful.

A third potential limitation is that the PHAST studies

here focused on mouse models, though we also demonstrated

that PHAST arrays can be scaled up in size for rat studies. The

largest arrays that could be printed using our current technology

would be 62 3 38 mm (336 wells).51 To produce arrays beyond

these XY dimensions, such as for large animal studies, different

printing hardware would be needed, arrays would need to be

fabricated using other technologies, such as microtissue mold-

ing36,106 or multiple smaller arrays would need to be implanted

in a given animal.

Finally, in current form, PHAST arrays are designed for studies

that use the intraperitoneal implant location in mice. Other

implant locations and animal species have not yet been

explored. Importantly, PHAST uses 3D printing technology, so

rapid adjustments and iterations could presumably be made to

array design and fabrication to produce arrays that custom fit

other locations or species.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD31/PECAM-1 Antibody (JC/70A) [DyLight 550] Novus Cat# NB600-562R; RRID:AB_3195489

Alexa Fluor� 488 anti-mouse

TER-119/Erythroid Cells Antibody

Biolegend Cat# 116215; RRID:AB_493402

Cytokeratin 18 Monoclonal Antibody (DC10) Thermo Fisher Scientific Cat# MA5-12104; RRID:AB_10981680

Cytokeratin 19 antibody [EP1580Y] Abcam Cat# ab52625; RRID:AB_2281020

Anti- Arginase-1 antibody

produced in rabbit

Sigma Cat# HPA003595; RRID:AB_1078190

Goat Anti-Mouse E-cadherin

Polyclonal antibody

R&D Systems Cat# AF748; RRID:AB_355568

Anti-Vimentin antibody -

Cytoskeleton Marker

Abcam Cat# ab45939; RRID:AB_2257290

Chemicals, peptides, and recombinant proteins

Gelatin from porcine skin,

gel strength 300, Type A

Sigma-Aldrich G2500

Methacrylic anhydride Sigma-Aldrich 276685

PEGDA 3400 Da, powder Allevi SKU P3400-P-1

Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate

Sigma-Aldrich 900889

Tartrazine Sigma-Aldrich T0388

Phorbol 12-myristate 13-acetate Sigma-Aldrich P8139

eBioscience� Lipopolysaccharide

(LPS) Solution (500X)

Invitrogen 00-4976-93

Human IL-4 Recombinant Protein,

PeproTech�
Thermo Fisher Scientific 200-04

D-Luciferin, Potassium Salt Gold Biotechnology LUCK-100

Collagenase from Clostridium histolyticum Sigma-Aldrich C5138

Alexa Fluor� 488 Phalloidin Invitrogen Cat# A12379

Hoechst 33342 Invitrogen H3570

Critical commercial assays

Enzyme-linked immunosorbent assay (ELISA) Bethyl Laboratories N/A

LIVE/DEAD� Viability/Cytotoxicity Kit Invitrogen Cat# L3224

Experimental models: Cell lines

Human: HUVECs, Passages 4 to 7 Lonza C2519A

Human: NHDFs, Passages 4 to 10 Lonza CC-2509

Human: MSCs, Passages 2-3 Lonza PT-2501

Human: DPSCs, Passages 2-3 Lonza PT-5025

Human: Primary hepatocytes Gibco Lot# 8357

Human: THP-1, Passages 2-3 Zheng et al.91; Elizabeth

Wayne Lab, University

of Washington

N/A

Mouse: C57BL/6 Mouse Primary

Dermal Fibroblasts - Adult

Cell Biologics C57-6067

Experimental models: Organisms/strains

Mouse: NCr nude, male and female,

8-12 weeks

Taconic Biosciences N/A

Mouse: C57BL/6, female, 6–8 weeks The Jackson Laboratory N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lentiviral vector expressing firefly

luciferase under the albumin promoter

(pTRIP.Alb.IVSb.IRES. tagRFP-DEST)

Andrus et al.109; Charles

Rice Lab, The Rockefeller

University

N/A

Rat: Lewis, female, 4–8 weeks Charles River Lab N/A

Software and algorithms

Auto CAD Autodesk https://www.autodesk.com/

SolidWorks SolidWorks https://www.solidworks.com/

Vesselucida 360 MBF BIOSCIENCE https://www.mbfbioscience.com/

Vesselucida Explorer MBF BIOSCIENCE https://www.mbfbioscience.com/

JMP Pro JMP https://www.jmp.com/

GraphPad Prism GraphPad https://www.graphpad.com/

R The R Project for

Statistical Computing

https://www.r-project.org/

Biorender Biorender https://app.biorender.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Male and female NCr nude mice aged 8-12 weeks old (Taconic Biosciences) and female C57BL/6 mice aged 6-8 weeks old

(The Jackson Laboratory) were used in this study. All surgical procedures were conducted according to protocols approved by

the University of Washington Animal Care and Use Committee.

Primary cell cultures
Primary human umbilical vein endothelial cells (HUVECs; Lonza; passages 4 to 7) were cultured on dishes in EGM�-2 Endothelial Cell

Growth Medium-2 BulletKit� (EGM-2; Lonza). Normal human dermal fibroblasts (NHDFs; Lonza; passages 4 to 10) were cultured on

dishes in Dulbecco’s Modified Eagle’s Medium (DMEM; Corning) with 10% (v/v) fetal bovine serum (FBS; Gibco) and 1% (v/v)

penicillin-streptomycin (pen-strep; Invitrogen). Human mesenchymal stem cells (MSCs; Lonza; passages 2-3) were cultured in

Mesenchymal Stem Cell Basal Medium supplemented by MSCGM SingleQuots (Lonza). Human dental pulp stem cells (DPSCs;

Lonza; passages 2-3) were cultured in DMEM with Glutamax and 4.5g/L D-Glucose (Gibco), supplemented by 10% FBS (biowest),

1% nonessential amino acids (Gibco), 1% pen-strep (Invitrogen). Human hepatocytes (Gibco) were cultured in high-glucose DMEM

(Corning) containing 10% (v/v) FBS (Gibco), 1% (v/v) insulin, transferrin, sodium selenite supplement (ITS; BD Biosciences), 7 ng/mL

glucagon (Sigma), 0.04 ug/mL dexamethasone (Sigma), and 1% (v/v) pen-strep (Invitrogen). THP-1-STAT6-fluc cells (Wayne Lab)

were subcultured in RPMI media (Gibco) containing 10% (v/v) FBS (Gibco) and 1% (v/v) pen-strep (Invitrogen). To be differentiated

into macrophages, THP-1-STAT6-fluc cells were incubated with phorbol 12-myristate 13-acetat (PMA) for 48 h, followed by washing

in cell culture media for 48 h. The macrophages are harvested by Accutase Cell Dissociation Reagent (Gibco) and plated or encap-

sulated for subsequent procedures as indicated. All cell cultures were at 37�C.

Mouse and Rat Hepatocyte Isolation and Culture
Primarymouse and rat hepatocytes were isolated by in situ collagenase perfusion through the portal vein of a female C57bL/6mouse

(The Jackson Laboratory) and female Lewis rat (Charles River lab), respectively.125–128 Hepatocyte culture media consisted of high

glucose DMEM (Corning), 10% (v/v) FBS (Gibco), 1% (v/v) insulin, transferrin, sodium selenite supplement (ITS; BD Biosciences),

7 ng/mL glucagon (Sigma), 0.04 ug/mL dexamethasone (Sigma), and 1% (v/v) pen-strep (Invitrogen). Once isolated, primary mouse

and rat hepatocytes were plated in AggreWell Micromolds (400mm square AggreWell micromolds, Stem Cell Technologies) along

with NHDFs at a 1:1.6 ratio and incubated in hepatocyte culture media overnight at 37�C to form hepatic aggregates.32

METHOD DETAILS

Design of PHAST array architectures
Computer-aided design of PHAST array architectures was designed on SolidWorks (Dassault Systems SolidWorks Corp.) or

AutoCAD (Autodesk).

Polymer and photoinitiator synthesis
Poly(ethylene glycol) diacrylate (PEGDA, 3.4 kDa) was prepared as previously described129 or purchased from Allevi. Lithium

phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP) was synthesized as described previously130 or purchased from Sigma.
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Gelatin methacrylate (GelMA) was synthesized as previously described74 with minor modifications.51 Briefly, porcine gelatin

(Sigma) was dissolved in carbonate-bicarbonate buffer at 50�C and methacrylic anhydride (Sigma) was added dropwise. After

3 h, the solution was precipitated with ethanol. The precipitate was allowed to dry, dissolved in phosphate-buffered saline (PBS,

Fisher), and frozen at -80�C. The GelMA was then lyophilized and stored at -20�C until use.

Material microenvironment synthesis and rheology characterization
GelMA infill materials were formulated to contain desired wt%GelMA (2, 3, 5, 7, 10, 12, 15, 20 wt%), 10mMLAP, and PBS. Fibrin was

prepared at 10 mg/mL from Fibrinogen (Bovine Plasma, Sigma) and Thrombin (Human plasma, Sigma). Type I collagen (Fisher) was

prepared at 2 mg/mL. To investigate the mechanical properties of the material microenvironments screened in the PHAST array, we

ran rheological measurements on all materials in bulk on an Anton PaarMCR-301 instrument equipped with a parallel-plate geometry

(diameter = 8 mm) at a gap height of 500 mm. First, we determined the proper frequency and amplitude (strain) for the materials to

ensure we were in the linear viscoelastic range. We found that 5% strain and 0.5 Hz fell in that range for all samples tested. We then

ran 6-minute time sweeps for all the conditions from 2-20 wt% GelMA and 10 mg/mL fibrin in triplicate. We pipetted 25 mL of

prepolymer directly onto the rheometer platform. The prepolymer was then equilibrated for 60 seconds, followed by a 30-second

exposure of 405 nm light (Mightex BioLED, 24.5 mW/cm2) from the bottom of the custom-made, translucent plate to crosslink the

gels. The storage (G’) and loss (G") moduli were allowed to stabilize with the remaining time, and the last thirty seconds of readings

were averaged for the final storage modulus of the sample. All trials were conducted at room temperature.

Fabrication and Handling of PHAST arrays
PHAST hydrogel arrays are printed using a custom-designed stereolithography apparatus for tissue engineering (SLATE) previously

described.51 PHAST arrays are printed under DLP light intensity of 24.5 mW cm�2 using a mixture of 3.25:10 wt% 3.4 kDa PEGDA:

GelMA, 17 mM LAP, and 1.519 mM tartrazine (Sigma) at 100 mm layer thickness. PHAST arrays measure 18 mm x 18 mm x 2 mm.

Each well is 1 mm deep and 1.5 mm in diameter. PHAST arrays are then rinsed to remove any unreacted monomer/tartrazine and

allowed to swell to equilibrium for 3 days in PBS before further use.

The PHAST array is robust for handling with spatulas, which is how we typically transfer the device between incubation steps,

filling, and surgical implantation procedures. If using forceps, flat or blunt forceps would be the preferred tool of choice for handling

the device. Excessive force, such as crushing or extreme squeezing should be avoided when handling the device. The device can be

securely sutured through a designated suture hole without fracturing, as long as the suture is left slightly loose and not pulled fully

‘tight’; otherwise, it can cut through the device and/or cause a fracture.

Filling of PHAST arrays
Materials screened in the PHAST array construct included any combination of Matrigel (Corning), collagen (Type I rat tail, Fisher),

fibrin (10 mg/mL), 2, 3, 5,7, 10, 12, 15, 20 wt% GelMA mixtures, or a hybrid material mixture of 1:1 10 mg/mL fibrin:5 wt%

GelMA. For vascularization screening arrays, HUVECs and NHDFs were first washed with PBS to remove animal serum, detached

with 0.25% trypsin solution (Corning), and spun into pellets corresponding to the number of conditions to be screened. For hepatic

screening, hepatic aggregates were collected and spun into pellets corresponding to the number of conditions to be screened. All

cell pellets were then resuspended into appropriate material. Cell density was calculated at 12,000 HUVECs/mL, 4,300-12,000

NHDFs/mL, 2,700 hepatocytes/mL, 10,000 THP-1-STAT6-fluc/mL.

To prepare PHAST arrays for cell seeding, wells within the array were carefully aspirated of PBS. The array was then positioned

in an empty dish, and each well was seeded according to the ‘‘maps’’ created from the computational modeling and simulations

(Figure S4). Each well received 1 mL of material/cellular formulation. Prior to withdrawing of the solution to fill in the well, the cell-con-

taining precursor solution was well mixed by the pipet to prevent cell from setting. This procedure was repeated prior to every

withdrawing to allow uniform filling across the array. An electronic pipet was also used to provide highly accurate filling volume. After

seeding a full array, the PHAST array was placed on the SLATE and allowed to photocrosslink the photoreactive (GelMA) moieties

under near-UV (405 nm) light for 30 seconds. Constructs containing fibrin, Matrigel, or collagen moieties were allowed to additionally

incubate at 37�C for 30 minutes before in vitro use or in vivo implantation.

Cell viability within PHAST array
We tested the viability of both HUVECs and hepatic aggregates (primary rat hepatocytes and NHDFs) following seeding and

photocrosslinking under 405 nm light for 30 seconds. Following light exposure, we incubated the cell-laden PHAST array hydrogels

with LIVE/DEAD Viability/Cytotoxicity kit reagents (Invitrogen) according to manufacturer’s instructions. Fluorescence imaging was

performed on a confocal laser scanning microscope (Leica TCS SP8) in the Garvey Imaging Lab in the Institute for Stem Cells and

Regenerative Medicine (ISCRM) at the University of Washington. A z-score map was generated by JMP Pro 17 software to evaluate

the uniformity of initial number of living cells across the map.

Fabrication of discrete engineered tissues for result validation
To validate the results obtained from PHAST arrays, we fabricated discrete engineered tissues 18mm in diameter and 1 mm in thick-

ness. The precursor solution containing cells were added to molds and photocrosslinked with the SLATE printer under violet light

(405 nm) for 30 seconds.
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In vivo implantation of PHAST arrays and discrete tissues
All surgical procedures were conducted according to protocols approved by the University of Washington Animal Care and Use

Committee. Male and female NCr nude mice aged 8-12 weeks old (Taconic) were anesthetized using isoflurane. PHAST array tissue

constructs were sutured to the perigonadal fat pad through designated suture hole and positioned so that the open wells of the array

were in direct apposition to the perigonadal fat pad. The beveled corner of the array was positioned in the top lefthand corner. The

incisions were closed aseptically, and the animals were administered slow releasing buprenorphine (72 h) 1 mg/kg after surgery.

PHAST array harvesting, processing, and immunohistochemistry
Micewere sacrificed at the termination of the experiment (7-14 days). Array constructs were harvested from the intraperitoneal space

along with the engrafted perigonadal fat pad. The tissue constructs were immediately fixed following excision in 4% (v/v) paraformal-

dehyde (PFA; VWR) for 72 h at 4�C and then washed with PBS for 3 times, 30-minute durations.

To immunostain and visualize proteins of interest in 3D, thick tissue, we used an adapted version of the Clearing Enhanced 3D

(Ce3D) method.77 First, the excised array constructs were blocked whole overnight at room temperature in Ce3D alternative block

buffer containing 1% (w/v) bovine serum albumin (BSA, Sigma), 1% (v/v) normal donkey serum (NDS; VWR), 0.1 M Tris (Sigma), and

0.3% (v/v) Triton X-100 (Sigma) with gentle shaking. The following day the tissues were incubated in primary antibody diluted 1:100 in

fresh block buffer and 5% (v/v) dimethyl sulfoxide (DMSO; Sigma; a penetration enhancer) at 37�C for 24 h. Samples were washed for

6 h in fresh block buffer and incubated in species-appropriate, fluorophore-conjugated secondary antibody diluted 1:500 in fresh

block buffer and 5% (v/v) DMSO overnight at 37�C with gentle shaking. Phalloidin (Invitrogen) was added 1:100 at this step to

visualize actin cytoskeleton staining. Following this incubation, samples were washed for 6 h at room temperature in a wash buffer

containing 0.2% (v/v) Triton X-100 and 0.5% (v/v) 1-thioglycerol (Sigma) in PBS with gentle shaking.

Immediately following immunostaining, we incubated samples in Ce3D clearing solution containing 22% (v/v) N-methylacetamide

(Sigma), 80% (w/v) Histodenz (Sigma), 0.1% (v/v) Triton X-100 in PBS at room temperature for 24 h with gentle shaking. Hoechst

33342 (Invitrogen) was added 1:500 to the Ce3D solution to counterstain for nuclei. The arrays were then transferred to a larger

volume of fresh Ce3D clearing solution the following day for long-term, light-protected storage at room temperature to enhance

clearing.

The cleared array tissue constructs were placed on FluoroDish (World Precision Instrument) and 3D imaged on a confocal laser

scanningmicroscope (Leica TCS SP8 or Nikon AX). Image z-stacks were acquired through Leica Application Suite X (LAS X) software

(Leica Microsystems) or NIS-Element (Nikon).

To image an optically cleared PHAST array in its entirety, the 10x objective was used, and tiles of approximately 7 x 7 image stacks.

Images were converted to Imaris image format (.ims) using Imaris File Converter 9.3.1 (Oxford Instruments), stitched using Imaris

Stitcher 9.3.1 (Oxford Instruments) and visualized within Imaris 9.3.1 (Oxford Instruments) in 3D View or Slice Mode.

Image z-stacks of immunostained PHAST arrays were reconstructed in 3D using Vesselucida 360 software (MBFBioscience). Ves-

selucida 360 was then used to generate parameterized data describing the architecture of the networks (volume, surface area,

length). All analyses were performed blinded using Vesselucida Explorer software (MBF Bioscience) and then mapped back to

the screened condition according to array maps.

PHAST array map design
To engineer an array design that protects against ‘‘position effect’’ (i.e., the possibility that certain regions of the array promote better

vascularization), we created a different array layout for each mouse. Each of the eight arrays shown in Figure S4 was designed such

that each condition contained two technical replicates; furthermore, there were three technical replicates of the control. The arrays

were designed so that the two replicates for a given condition were not within two rows of each other and were not the same number

of columns away from the center column. Moreover, each subsequent array is a rotated version of the first one, shifted by a random

number of rows and columns. Based on these conditions, colored array maps were generated using statistical computing soft-

ware, R.

Bioluminescent imaging
THP-1 cells were engineered to express red firefly luciferase under the signal transducer and activator of transcription 6 (STAT6)

responsive elements as previously described.91 The engineered THP-1-STAT6-fluc cells were differentiated to M0 macrophages

by 24-h treatment of 10pg/mL phorbol 12-myristate 13-acetate (PMA) in RPMI 1640 medium supplemented by 10% FBS and 1%

penicillin and streptomycin. Upon activation, THP-1-STAT6-fluc cells were incubated in cell culture media for at least 24 h before

being harvested by StemPro� Accutase� Cell Dissociation Reagent (Thermo Fisher). For cells cultured in 2D, 10,000 cells per

well were plated in 96 well plate and treated with 200 mL100 pg/mL lipopolysaccharide (LPS; Invitrogen) or 40 pg/mL interleukin-4

(IL-4, PeproTech) for 48 h. For cells encapsulated in 3D, 10,000 cells/mL were mixed with prepolymer solution containing 5 wt%

GelMA, 10mM LAP and cell culture media (N/A group), 100 pg/mL LPS (LPS group) or 40 pg/mL IL-4 (IL-4 group). 1mL prepolymer

solution was added to 96 well plate or array as indicated in the map (Figure S5E) and crosslinked under violet light (405 nm) for

30 seconds. Crosslinked gel is then submerged in cell culture media. After 48 h in vitro culture, cells or gels were incubated with

150 mg/mL D-luciferin (GoldBio) prior to imaging using the In Vivo Imaging System (IVIS) Spectrum imaging system (PerkinElmer)

and Average Radiance was quantified using Living Image software (PerkinElmer).
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To visualize albumin-driven luciferase expression as an indirect metric for hepatic function, primary mouse, rat and human hepa-

tocytes were transduced with a lentiviral vector expressing firefly luciferase under the albumin promoter (pTRIP.Alb.IVSb.IRES.

tagRFP-DEST, provided through a Materials Transfer Agreement with Charles Rice, The Rockefeller University) as previously

described.109 The concentrated virus was diluted 1:5 in hepatocyte medium containing N-2-hydroxyethylpiperazine-N-2-ethane sul-

fonic acid buffer (HEPES; 20mM;Gibco) and 4 mm/mLpolybrene (Sigma) in ultra-low attachments 6-well plates (Corning) for 6 h. After

incubation, the transduced hepatocytes were collected for aggregating into hepatic aggregates and subsequent screening in PHAST

arrays or as individual discrete liver tissues. After 1week of implantation, arrayswere explanted from themouse host and immediately

incubated with cell culture media containing D-luciferin (150 mg/mL; GoldBio) for 10 minutes and then imaged using IVIS. For mice

carrying 3D printed discrete engineered liver tissues, 250 mL 15 mg/mL luciferin solution per mouse was injected intraperitoneally

prior to imaging.

2D tissue histology
To process arrays for traditional 2D histology, previously fixed and tissue-cleared constructs were re-hydrated in PBS for 24 h. The

arrays were then embedded in paraffin for immunohistochemical analysis. Arrays were sectioned in 5 mm slices using a microtome

and transferred to slides. For gross visualization of tissues within wells, sections were stained with hematoxylin and eosin (H&E).

Discrete engineered liver tissue was embedded in paraffin and sectioned in 10 mm slices. Sections were stained for cytokeratin

18 and cytokeratin 19, arginase-1, or vimentin and imaged on a confocal laser scanning microscope (Nikon AX with NSPARC)

with 40 x objective.

Enzyme-Linked Immunosorbent Assay (ELISA)
For validation studies where we implanted engineered human liver tissue in mice, after a week of implantation, mice blood

was retrieved via cardiac puncture and collected in clot-activating tube. The serum was separated by centrifugation at 1300 xg

for 10min and stored at -80�C until measurement. Human albumin level in the serumwas determined by ELISA (Bethyl Laboratories).

QUANTIFICATION AND STATISTICAL ANALYSIS

Linear models to account for mouse, condition, position, and crosstalk
Let volijk denote the vessel volume (huCD31+) for a well in mouse i that received condition j and is located in position k. Let dvolijk be the

predicted percent vessel for a well in mouse i with condition j in position k. We first fit a model of the form

logð dvolijkÞ = bmouse i + bcond j;

where we refer to bmouse i as the mouse effect and bcond j as the condition effect. To obtain the p-values displayed Figure 3E, we

tested the null hypothesis that the fixed effect for a given experimental condition without NHDFs equals the fixed effect for the

same condition with NHDFs added. In this section, we focus on vessel volume measured with CD31, but similar models fit for

each of the other dependent variables displayed in Figure 3E.

To obtain the eight residual maps shown in Figure S7, we computed the values of logðvolijkÞ � logð dvolijkÞ for every position in every

mouse. The ‘Average’ residual map in Figure S7 shows the values of logðvolijkÞ � logð dvolijkÞ for each position averaged across mice.

These residuals show leftover variation in log vessel volume after accounting for mouse and condition. Any consistent pattern across

mice in these residual plots would provide evidence of a position effect. Figure S7 does not clearly provide such evidence.

Despite the lack of clear visual evidence of a position effect (Figure S7A), we conducted a formal statistical test for the presence of a

position effect. Our model imposed left-right symmetry on the coefficients corresponding to the positions. Furthermore, wemodeled

the position effect as monotone from the top to the bottom of the array. The model is as follows:

logð dvolijkÞ = bmouse i + bcond j + brow $ rowk + bcol $jcolumnk � 4j:
In this model, rowk denotes the row corresponding to position k and colk denotes the column corresponding to position k (each

range from 1 to 7). When we fit this model, neither brow nor bcolumn were found to be statistically significantly different from 0.

Finally, to consider the possibility of spatial correlation, or ‘‘crosstalk’’, across the array, we conducted a Moran’s I-test to test the

null hypothesis that neighboring wells of the array have independent residuals in models fit to volume, surface area, and length of the

HuCD31+ vessels (Figure S7B). Large p-values mean that there is no strong evidence of spatial dependence in the residuals.

Power analysis
For each number of mice ranging from 2-21, we generated 1000 synthetic datasets. Each synthetic dataset uses arrays designed

according to the layout in Figure S4A. Let pvaijk denote the percent vessel area for a well in mouse i with condition j in position k.

The synthetic datasets are generated from the following model:

pvaijk = bmouse i + bcond j + brow $ rowk + bcol $ jcolumnk � 4j+ eijk:

The magnitudes of the row effect, column distance effect, mouse effects, and noise (eijk ) match that of the initial PHAST data

(Figure 2). In the synthetic datasets, fourteen conditions have no effect, meaning that their average percent vessel area matches
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that of the control condition. Seven of the conditions (the active conditions) have an average vessel volume that is 25 percentage

points higher than the control condition. This assumed effect size is smaller than the difference between 5 wt% GelMA and 15 wt

% GelMA microenvironments in the initial PHAST data (Figure 2).

After generating each synthetic data set, we fit a linear model that accounts for mouse, row effect and column distance effect,

and condition effect. The estimated power is the proportion of times, across all datasets and across all active conditions, that we

observe a statistically significant effect at alpha=0.05 with a Bonferroni correction for multiple comparisons. The estimated power,

as a function of the number ofmice, is shown in Figure S4B. This simulation study shows that we can achieve greater than 90%power

to detect a 25 percentage point difference in vessel volume using as few as eight mice.

Statistical analysis
All data are represented asmean ± SEM. One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test or Mann-Whitney

test were conducted as indicated in texts.
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