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ARTICLE INFO ABSTRACT
Keywords: The integration of intramuscular fat—or marbling—into cultured meat will be critical for meat texture,
Cellular agriculture mouthfeel, flavor, and thus consumer appeal. However, culturing muscle tissue with marbling is challenging

Cultured meat

' eat since myocytes and adipocytes have different media and scaffold requirements for optimal growth and differ-
Tissue engineering

. . entiation. Here, we present an approach to engineer multicomponent tissue using myogenic and adipogenic
Tissue-engineered skeletal muscle . . . Lo . . . . X . . A
Tissue-engineered adipose tissue microtissues. The key innovation in our approach is the engineering of myogenic and adipogenic microtissues
Scaffold using scaffolds with customized physical properties; we use these microtissues as building blocks that sponta-

neously adhere to produce multicomponent tissue, or marbled cultured meat. Myocytes are grown and differ-
entiated on gelatin nanofiber scaffolds with aligned topology that mimic the aligned structure of skeletal muscle
and promotes the formation of myotubes in both primary rabbit skeletal muscle and murine C2C12 cells. Pre-
adipocytes are cultured and differentiated on edible gelatin microbead scaffolds, which are customized to
have a physiologically-relevant stiffness, and promote lipid accumulation in both primary rabbit and murine
3T3-L1 pre-adipocytes. After harvesting and stacking the individual myogenic and adipogenic microtissues, we
find that the resultant multicomponent tissues adhere into intact structures within 6-12 h in culture. The
resultant multicomponent 3D tissue constructs show behavior of a solid material with a Young’s modulus of ~ 2
+ 0.4 kPa and an ultimate tensile strength of ~ 23 & 7 kPa without the use of additional crosslinkers. Using this
approach, we generate marbled cultured meat with ~ mm to ~ cm thickness, which has a protein content of ~ 4
+ 2 g/100 g that is comparable to a conventionally produced Wagyu steak with a protein content of ~ 9 + 4 g/
100 g. We show the translatability of this layer-by-layer assembly approach for microtissues across primary
rabbit cells, murine cell lines, as well as for gelatin and plant-based scaffolds, which demonstrates a strategy to
generate edible marbled meats derived from different species and scaffold materials.

1. Introduction resiliency of our food system (Gherman & Balan, 2022). The concept of
culturing cells as a complement for protein production was envisioned

Culturing meat ex vivo has potential to complement existing by Winston Churchill in 1931 (Churchill, 2016); nearly a century later, a
methods for animal protein production to increase the sustainability and cultured meat burger became a reality in a pioneering demonstration led
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by Mark Post (Fountain, 2013). More recent advances in cellular agri-
culture demonstrate the feasibility of engineering ground meat mimics,
such as cultured beef burgers (Norris et al., 2022) and meatballs (Liu
et al., 2022), as well as structured, 3D muscle tissues as meat analogs
(Furuhashi et al., 2021; MacQueen et al., 2019; Xiang, Yuen Jr, et al.,
2022). Taste, however, remains a major consumer concern (Tomiyama
et al., 2020); thus strategies to enhance the palatability—or deli-
ciousness—of cultured meat are a top priority. A major contributor to
meat flavor, texture, and nutrient properties is intramuscular fat or
marbling (Hocquette et al., 2010; Nishimura et al., 1999; Post et al.,
2020; Savell et al., 1987; Tuma et al., 1962; Wood et al., 1999). The
amount of intramuscular fat is positively correlated with desired meat
flavor, juiciness, and tenderness, and therefore consumer appeal (Noi-
dad et al., 2019; O’Quinn et al., 2018). To make cultured meat products
that consumers desire—such as a USDA Prime or Wagyu steak (O’Quinn
et al., 2018)—it will be critical to develop strategies to engineer muscle
tissue with spatially organized intramuscular fat. Furthermore, it will be
important to make delicious and nutritious cultured meat accessible,
which necessitates that marbling in cultured meats is generated using a
scalable process that is compatible with food production.

One approach to generate cultured meat that contains fat tissue is to
co-culture myogenic and adipogenic cells. Multicomponent cultured
meat has been successfully demonstrated by co-culture of different cell
types including bovine skeletal muscle cells, smooth muscle cells, and
endothelial cells on a porous scaffold (Ben-Arye et al., 2020). However, a
randomly mixed co-culture approach results in a homogeneous distri-
bution of cells throughout the tissue construct and does not achieve the
spatial patterning required for marbling. Furthermore, different cell
types typically have different media requirements for optimal growth
(Ricotti et al., 2012; Zebisch et al., 2012), which challenges co-culturing
in a bioreactor system that is desired for scale up (Allan et al., 2019). To
achieve cultured meat with marbling, scaffolds provide a strategy to
introduce structure into engineered tissue constructs from the level of
individual cells to supracellular features (Kim et al., 2017; MacQueen
et al., 2019; Norris et al., 2022). For example, edible microcarrier
scaffolds with grooved topology that mimic skeletal muscle can promote
the alignment of myogenic cells (Norris et al., 2022). Scaffolds with
aligned topology can also improve the differentiation efficiency of
myogenic cells into multinucleated myotubes, which are precursors of
muscle fibers (Furuhashi et al., 2021; Huang et al., 2006; MacQueen
etal., 2019; Qazi et al., 2015; Yeo & Kim, 2019). Scaffold-cell constructs
can additionally support the patterning of fat features in cultured muscle
using 3D printing (Kang et al., 2021) or by stacking scaffold-cell sheets
(Li et al., 2022). Importantly, scaffolds can also regulate cellular be-
haviors that are critical contributors to the growth of cultured meat. For
example, adipogenic murine 3T3-L1 cells show increased lipid accu-
mulation when cultured within a more compliant alginate scaffold with
a Young’s modulus of ~ 2 kPa compared to stiffer, ~12 kPa scaffolds
(Chandler et al., 2011); while substrates with ~ 12-14 kPa stiffness have
been shown to increase the differentiation efficiency of muscle cells
(Engler et al., 2004). Thus, strategies to engineer customized scaffolds
that support the growth of individual types of microtissues—which are
building blocks for multicomponent tissue—could ultimately enable the
efficient production of marbled cultured meat that consumers desire.

Here we present a modular strategy to engineer marbled cultured
meat. The key innovation in our approach is the generation of ~ mm to
~ cm scale multicomponent tissue constructs using myogenic and adi-
pogenic microtissues as spontaneously adhering building blocks;
microtissue growth is enabled by scaffolds with physical properties that
are customized for both myocytes and adipocytes. We proliferate and
differentiate myocytes on nanofiber scaffolds with aligned topology,
which mimics the aligned structure of skeletal muscle tissue (Schiaffino
& Reggiani, 2011). In parallel, pre-adipocytes are proliferated and
differentiated on microbead scaffolds with a Young’s modulus of ~ 4
kPa, which mimics the stiffness of adipose tissue (Comley & Fleck,
2010). We show how these customized scaffolds can support the growth
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of both primary rabbit cells as well as murine cell lines. Moreover, the
modular approach using customized scaffolds has scalable potential as it
relies on the spontaneous adhesion of cells and scaffolds to form
myogenic and adipogenic microtissues as well as 3D multicomponent
tissues, or marbled cultured meat.

2. Methods
2.1. Nanofiber scaffold fabrication

Nanofiber scaffolds are fabricated using a custom-built electro-
spinner. The electrospinner is assembled using a 30 kV power supply
(Gamma High Voltage), syringe pump (Harvard Apparatus), and
custom-built rotating aluminum collection cylinder (18 cm length, 6 cm
diameter) mounted to a high-speed AC motor (Baldor). The number of
cylinder rotations per minute (RPM) is adjusted using an AC to DC
converter with speed control (Variac). The entire electrospinning device
is enclosed in an environmentally-controlled chamber to maintain an
ambient temperature of 37 °C using a space heater (Honeywell). To
fabricate nanofibers, we use gelatin type B derived from bovine skin
(Sigma) and gelatin dissolved in MilliQ water at a concentration of 15
w/v% in a 55 °C water bath. The prepolymer solution is loaded into a 3
mL syringe with Luer Lock tip attached to an 18-gauge flat needle. To
generate sheets of gelatin fibers, we electrospin 300 L of gelatin solu-
tion at 12 kV with a flowrate of 5 pL/min, and a distance of 7 cm from
the syringe tip to the collection cylinder. To obtain aligned nanofibers,
we spin the collection cylinder at ~ 10,000 RPM; unaligned nanofibers
are generated by spinning at ~ 1,000 RPM. To ensure mechanical sta-
bility of nanofiber sheets during cell culture, we chemically crosslink the
nanofibers after cooling to room temperature (RT) by submerging them
in a solution of 38 mg/mL 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC-HCI, Chem IMPEX) in 100 % ethanol for 18
h. Crosslinked nanofibers are rinsed 3 times with 1 x Phosphate Buffer
Solution (PBS, Corning), and either mounted on poly-l-lysine slides for
2D cultures or mounted on tissue culture plates using custom-made
rubber inserts for 3D cultures. Prior to cell seeding, all scaffolds are
sterilized with 70 % ethanol for 15 min, and subsequently rinsed 3 times
with sterile 1 x PBS.

2.2. Microbead scaffold fabrication

Gelatin microbeads are fabricated using the droplets of water-in-oil
emulsions as templates, as described previously by our lab and others
(Leal-Calderon et al., 2007; Norris et al., 2022; Nyberg et al., 2017;
Poncelet et al., 1992). In brief, a prepolymer solution with 4 % gelatin
derived from bovine skin (Sigma) and 4 % microbial transglutaminase
(MTG) powder (Activia TI, Ajinomoto) is prepared in MilliQ water; 1 mL
of the prepolymer solution is then immediately pipetted into a beaker of
9 g light mineral oil (Fisher) containing 1 w/w% of Span 80 (TCI
America). The emulsion is placed in a bath of 55 °C water; over 24 h with
continuous stirring the bath is allowed to reach RT. To retrieve the
microbeads from the emulsion, we remove the oil phase by washing 3
times with hexane (Sigma) and centrifuge at 1000 RCF for 5 min, fol-
lowed by resuspension in 20 mL of 1x PBS with 0.1 % Tween 80
(Fisher). Microbeads are then placed in a 75 °C water bath for 10 min to
evaporate remaining hexane and deactivate microbial transglutaminase.
The microbead suspensions are again washed 3 times with 1x PBS with
0.1 % Tween 80 and incubated overnight to allow microbeads to fully
swell prior to filtering beads. To obtain microbeads that range in
diameter from 60 to 100 pm—which are within the size range of
commercially-available microbeads (Chen et al., 2011)—microbeads are
size-filtered by passing sequentially through a 100 pm filter followed by
a 60 pm filter (PluriSelect USA). The beads are collected from the top
surface of the 60 pm filter and stored in 1 x PBS with 0.1 % Tween 80 at
4 °C until use. To control the cell seeding density, we quantify the sur-
face area per microbead using light microscopy and quantitative image
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analysis as previously described (Norris et al., 2022). To prepare
microbeads for cell culture, we sterilize microbeads in 70 % ethanol for
15 min, wash 3 times in 1 x PBS, incubate overnight in 1 x PBS with 0.1
% Tween 80 to ensure microbeads are fully swollen, and then resuspend
after centrifugation (1000 RCF, 5 min) in cell culture medium.
Following a previously developed protocol (Norris et al., 2022), we
adjust the concentration of microbeads in solution to 8.8 cm?/mL.

2.3. Plant-based scaffolds

Zein microfiber scaffolds are obtained from Matrix F.T. Within a
sterile culture hood, scaffolds are cut into 0.5 x 0.5 cm pieces, washed 3
times with sterile water, and washed 1 time with cell culture medium.
Soy microcarriers (Matrix F.T.) are rinsed 3 times with sterile water and
resuspended in cell culture medium and loaded into wells at a concen-
tration of 5 mg/mL.

2.4. Mechanical characterization of scaffolds

To determine scaffold stiffness, we measure the Young’s modulus of
the nanofiber sheets and microbeads in 1x PBS with 0.1 % Tween 80
using a JPK Nanowizard 4a BioScience AFM in force spectroscopy mode.
The scaffolds are adhered to a poly-L-lysine coated slide (Epredia) and
indented with a SAA-SPH-5UM probe (Bruker) with a 10 pm diameter
spherical tip. The spring constants of the probes are individually cali-
brated by the manufacturer. Single indentations are performed with a
total force of 4.0 nN. Since an oblique contact between the spherical
AFM probe and the scaffold surface can result in inaccurate force curve
fitting, indentations are performed on the top surface of the scaffold.
Young’s modulus values are determined by averaging over 5 unique
indentations each scaffold. All force curve analysis is performed using
the JPK Data Processing software. Young’s modulus values are calcu-
lated by using a Hertz/Sneddon spherical fit with a Poisson’s ratio of v =
0.5 (Mott & Roland, 2009). For plant-based zein microfiber scaffolds and
soy microcarriers, we measure the Young’s Modulus by micro-
indentation (Pavone, Optics11) using a probe with 10 pm diameter and
0.51 N stiffness. Force curve analysis is performed using the Optics 11
Data Viewer. Young’s modulus values are calculated using a Hertzian
contact fit assuming a Poisson’s ratio of v = 0.5.

2.5. Cell culture

Mouse myogenic cells (C2C12, ATCC CRL-1772) are cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, 4.5 g/L glucose,
l-glutamine, 110 mg/L sodium pyruvate) with 10 % fetal bovine serum
(FBS, GemCell™, Gemini). To induce myogenic differentiation and
myotube formation, cells are cultured in differentiation medium con-
sisting of DMEM with 2 % donor horse serum (HS, Gemini GemCell™).
Mouse pre-adipocytes (3T3-L1, ATCC CL-173), which are commonly
used as a model for adipogenesis (Chandler et al., 2011; Fischbach et al.,
2004; Frye & Patrick, 2006), are cultured in DMEM with 10 % super calf
serum (SCS, GemCell™, Gemini). To induce differentiation into adipo-
cytes, 3T3-L1 cells are cultured in DMEM with 10 % FBS, 0.25 uM
dexamethasone (Sigma), 10 pg/mL bovine insulin (Sigma), 0.5 mM 3-
isobutyl-1-methylxanthine (IBMX, Sigma), and 0.2 mM ascorbic acid
2-phosphate (Sigma). We culture C2C12 and 3T3-L1 cells for <10 pas-
sages and confirm their identity using Short Tandem Repeat (STR)
profiling. Primary rabbit myoblasts (RbSkMC, Cell Applications, Rb150-
05) are cultured in RbSKkMC growth medium (Cell Applications, Rb151-
500) and differentiated into myotubes by culturing in RbSKMC differ-
entiation medium (Cell Applications, Rb151D-250). Primary rabbit pre-
adipocytes from subcutaneous fat (RbPreAd, Cloud Clone, CSI032RB01)
are cultured in DMEM with 20 % fetal bovine serum (FBS, GemCell™,
Gemini). To induce differentiation into adipocytes, rabbit pre-
adipocytes are cultured in DMEM with 10 % FBS, 0.25 pM dexametha-
sone (Sigma), 10 pg/mL bovine insulin (Sigma), 0.5 mM 3-isobutyl-1-
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methylxanthine (IBMX, Sigma) and 0.2 mM ascorbic acid 2-phosphate
(Sigma). Primary rabbit cells are cultured for < 5 passages. All cells
are cultured with 1x antibiotic-antimycotic (Gibco) at 37 °C and 5 %
COo.

2.6. Multicomponent tissue production

To show proof-of-concept multicomponent tissue, we generate
myogenic microtissue consisting of differentiated muscle cells on
nanofibers and adipogenic microtissue consisting of adipocytes on
microbeads. To produce myogenic microtissue, precursor muscle cells
are seeded at a density of 3 x 10 cells/cm? on gelatin nanofiber and
zein microfiber scaffolds. When cells reach 100 % confluency, myocytes
are differentiated for 7 days by replacing the media with differentiation
induction medium. To generate adipogenic microtissue, adipocytes are
cultured on gelatin microbeads or soy microcarriers in non-tissue culture
wells. To reduce cell adhesion, plates are treated prior to use with sterile
0.2 % Pluronic solution for 10 min, followed by aspirating, air drying,
and washing 3 times with 1 x PBS. Pre-adipocytes are seeded at 100,000
cells per 8.8 cm? of gelatin microbeads in 1 mL of cell culture media in
the pre-coated tissue culture plates, proliferated until 100 % confluency,
and differentiated for 7 days under static conditions. Pre-adipocytes are
seeded at 5 x 10° cells/mL onto soy microcarriers (1 mL of 5 mg/mL)
loaded into wells as per the manufacturer’s instructions. To generate
multicomponent tissue constructs, we manually stack myogenic and
adipogenic microtissues to create a layered tissue construct. Multicom-
ponent tissues are incubated for up to 18 h in culture (37 °C, 5 % CO») in
DMEM with 10 % fetal bovine serum (FBS, GemCell™, Gemini) and 1 x
antibiotic-antimycotic (Gibco) prior to harvesting. For multicomponent
tissue (MT), samples are analyzed immediately after removal from cul-
ture for imaging and rheology analyses. For our rheology analysis, we
refer to these samples as direct-from-culture MT. We also test samples
with reduced water content in rheology, tensile, protein content, and
cooking loss analyses by removing MT samples from culture and placing
on filter paper (Whatman) for 24 h at 4 °C.

2.7. Relative adhesion assay

To investigate the spontaneous adhesion of stacked myogenic and
adipogenic microtissues across cell and scaffold types, we developed an
adhesion assay to quantify how intact a stack of microtissues remains
after mechanical perturbation. To generate a stack of microtissues, we
place differentiated adipocytes cultured on gelatin microcarriers onto a
layer of differentiated myotubes on aligned gelatin nanofiber scaffolds.
We also investigate the adhesion of myogenic and adipogenic micro-
tissues cultured with plant-based scaffolds by placing differentiated
primary rabbit pre-adipocytes on soy microcarriers onto a layer of
differentiated rabbit myotubes on aligned zein microfiber scaffolds. As a
control, we test scaffolds without cells, where soy microcarriers are
placed on zein microfiber scaffolds. Each stack of myogenic and adi-
pogenic microtissues or scaffold-only control is placed in the well of a
48-well plate together with 200 pL of 1 x PBS. To test how intact the
stack is after mechanical perturbation, we subject the samples to
rigorous nutation at 100 RPM for 2 min at 0, 6, 12, and 18 h post
stacking. By acquiring brightfield images of each stack before and after
nutating, we determine the projected surface area (SA) of the micro-
tissues/scaffolds before and after nutation using quantitative image
analysis. When microtissues/scaffolds are adhered to each other, the
stack remains intact and there is no observable change in the projected
surface area of the microtissues/scaffolds after nutating. By contrast
when samples are not adhered, the rigorous nutation displaces micro-
tissues/scaffolds and they are released into the culture dish resulting in
an increase in the projected surface area. We determine the relative
adhesion index by [100 — (SApefore — SA after)] and assess the timescale of
adhesion by quantifying at 0, 6, 12, and 18 h timepoints.
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2.8. Confocal imaging and quantitative image analysis

To visualize cellular and scaffold components of the 3D multicom-
ponent tissues, gelatin microbeads are fluorescently labeled with BOD-
IPY (BDY 650-X, SE, Tocris Bioscience™) prior to cell culture. In brief,
beads are centrifuged and resuspended in 1 x PBS with 1 pg/mL BODIPY
for 1 h. Subsequently, beads are washed 3 times with 1x PBS prior to
ethanol sterilization as described in section 2.2. To visualize multi-
component tissue cross-sections, samples are flash frozen using standard
methods (Kumar et al., 2015). We cool 250 mL of methylbutane by
submerging a beaker in liquid nitrogen for 30 min. Tissue samples are
submerged in Optimal Cutting Temperature (OCT) compound and
placed on a cryomold. Cryomolds with tissue samples are then sub-
merged in chilled methylbutane for ~ 30 s and placed on dry ice in a
fume hood to allow for evaporation of excess methylbutane. Samples are
cryosectioned into 50 pm-thick slices and placed on a poly-l-lysine-
coated slide using standard protocols. To prepare for immunostaining,
samples are rinsed 3 times with 1x PBS and fixed with 4 % para-
formaldehyde (PFA, Sigma) for 15 min at RT followed by cell per-
meabilization with 1x PBS with 0.1 % triton-X for 5 min at RT. To
minimize non-specific binding, cultures are placed in 1x PBS with 1 %
BSA (Fisher) and 0.1 % Tween 20 for 15 min at RT. To label myogenic
microtissues, samples are immunostained to visualize myosin heavy
chain (Myh4) (MF20, 1:200, eBioscienceTM, Invitrogen and Alexa-Fluor
594 goat anti-mouse, 1:500, Invitrogen) for 24 h; DNA is labeled using
Hoechst 3334 (trihydrochloride trihydrate, 1:1000, Life Technologies)
for 1 h. Adipogenic microtissues are labeled to visualize peroxisome
proliferator-activated receptor gamma (PPARy K.242.9, 1:100, Invi-
trogen, Alexa-Fluor 555 rabbit anti-goat, 1:500, Invitrogen) for 24 h, as
well as neutral lipids (LipidTox, 1:200, Invitrogen, Nile Red, 1:3000,
Acros Oranics) and DNA (Hoechst 33342, 1:1000, trihydrochloride tri-
hydrate, Life Technologies) for 1 h. Multicomponent tissues are incu-
bated with antibodies for both myogenic and adipogenic components:
primary antibodies (MF20, 1:200, eBioscienceTM, Invitrogen, PPARy
K.242.9, 1:100, Invitrogen) are incubated for 24 h and washed 3 times
with 1x PBS. Secondary antibodies and stains are subsequently added
and incubated for 4 h (Alexa-Fluor 594 goat anti-mouse, 1:500, Invi-
trogen; Alexa-Fluor 555 rabbit anti-goat, 1:500, Invitrogen; LipidTox,
1:200, Invitrogen, Nile Red, 1: 3000, Acros Oranics; Hoechst 33342,
1:1000, trihydrochloride trihydrate, Life Technologies). To compare
multicomponent tissue with conventionally produced Wagyu steak
(First Light), we visualize proteins in 50 pm-thick cryosections of Wagyu
steak with fluorescein isothiocyanate (FITC, 1:1000, Thermofisher, 1 h
incubation) and lipids using Nile Red (Nile Red, 1: 3000, Acros Oranics,
1 h incubation). Labeled samples are washed 3 times with 1x PBS,
mounted using Fluoromount-G (Invitrogen), and imaged using a laser
scanning confocal microscope (Zeiss LSM880) equipped with a 10 x
/0.45NA or 20 x /0.8NA objective and using a pinhole of 1 AU. All
widefield images are acquired with a Zeiss Observer Z1 using a 5 x
/0.13NA, 10 x /0.31NA, or 20 x /0.5 NA objective. Images are pro-
cessed with Zen (Zeiss), Fiji, and Imaris (Bitplane) software. To quantify
the extent of muscle cell differentiation, we compare the myogenic index
by measuring the number of nuclei localized within a myotube in Myh4-
positive cells relative to the total number of nuclei in the field of view
(ImageJ) as shown in Supplementary Fig. 1. To quantify lipid accumu-
lation, we measure the total surface area of LipidTox in thresholded
images (ImageJ). To determine the average lipid area per cell, we divide
the total lipid area by the total number of nuclei, which we quantify
using Hoechst.

2.9. Quantitative real-time polymerase chain reaction (qQRT-PCR)

To measure the extent of differentiation of C2C12 skeletal muscle
cells on nanofibers and 3T3-L1 pre-adipocytes on microbeads, we
quantify levels of transcripts that are markers of myogenesis and adi-
pogenesis using qRT-PCR. Briefly, we perform whole-cell RNA
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extraction using TRIzol® reagent (Invitrogen) according to the manu-
facturer’s protocol. Total RNA is further purified using the PureLink™
RNA Mini Kit (Invitrogen). Reverse transcriptase is performed to obtain
c¢DNA using the SuperScript™ IV First-Strand Synthesis System (Invi-
trogen). Quantitative PCR is performed using the QuantStudio™ 5 Real-
Time PCR System (Applied Biosystems) and PowerUp™ SYBR™ Green
Master Mix (Applied Biosystems) with the following gene-specific
primers: Gapdh mRNA (forward: 5- TGAACGGATTTGGCCGTATT -3,
reverse: 5- CTGGAACATGTAGACCATGTAGTT —3'), Myh4 mRNA (for-
ward: 5- TCTACACTTACTCAGGCCTCTT -3, reverse: 5-
CTGGTAGGCGTTATCAGAGATG -3'), Myog mRNA (forward: 5~ CAG-
TACATTGAGCGCCTACA -3/, reverse: 5- TGGGAGTTGCATTCACTGG
—3), Mef2C mRNA (forward: 5- CTGGCAGCTCTACACCATTG -3,
reverse: 5- AAGCCTTCTTCATCAATCCAAA —3"), 18 s mRNA (forward:
5- CTGAGAAACGGCTACCACATC -3/, reverse: 5- GCCTCGAAA-
GAGTCCTGTATTG —3'), PPARy mRNA (forward: 5- GCTGCAGCGC-
TAAATTCTTC —3/, reverse: 5- AAGGAATGCGAGTGGTCTTC —3), and
C/EBPalpha mRNA (forward: 5- CGGGCAAAGCCAAGAAGT -3,
reverse: 5- GCAGCGTGTCCAGTTCA —3).

2.10. Rheological analysis

To quantify the mechanical properties of multicomponent tissues, we
produce tissue constructs with a diameter of ~ 25 mm. To perform the
rheological analysis, first, a strain-controlled shear rheometer (Rheo-
metrics RFS-II) is calibrated, both in magnitude of the complex shear
modulus and crossover frequency, using a polymeric viscoelastic refer-
ence standard. Following this calibration, each tissue sample, having a
thickness of 1 mm, is loaded onto a 25-mm diameter stainless steel
parallel plate. To set the gap, the upper plate is lowered until the
measured normal force increases from zero to ~ 4 %; the gap is set to
match the sample thickness to ~ 0.001 mm. Subsequently, a strain
sweep at an angular frequency of w = 1 rad/s from strain y = 0.01 to 2 is
measured. The measured shear elastic modulus is fit to a functional
form, G() =G, / [y / v y)k + 11, to obtain the linear plateau shear
elastic modulus G'p, given by the low- y -plateau. Here y y is a yield strain
associated with the knee in G'(y) and k is a power law exponent asso-
ciated with the nonlinear response of G'(y) towards higher strain. For MT
samples that are measured direct-from-culture, the same procedure is
repeated; yet the strain sweep is measured from a lower limit of y = 1 x
1073, thereby ensuring that a set of low- y measurements are well within
the linear stress-strain regime. For Wagyu steak samples, the lower limit
of the strain sweep measurement is further reduced to y = 5 x 10™. To
evaluate the Young’s modulus, E, of these samples, we calculate values
using the equation, E = 2(1 + v) G/p, where v is the Poisson ratio. For
multicomponent tissue samples, we assume a Poisson’s ratio of 0.5 as
determined for gelatin (van Otterloo & Cruden, 2016). For Wagyu steak
samples, we assume a Poisson’s ratio of 0.45 as determined for bovine
skeletal muscle (Kim, Yoo, Shin, & Demer, 2013). Reported values of y y
are approximate, since the parallel plate geometry does not have a
uniform strain field within the region between the two plates occupied
by the sample.

2.11. Tensile analysis

To determine the tensile strength of multicomponent tissues, we
place strips of raw meat with length = 5 cm, diameter = 0.5 cm, and
thickness = 0.2 — 0.4 cm for both multicomponent tissue and Wagyu
samples into the wedge grips of a Chatillon TCD 225 series Force Mea-
surement System (Tangent Labs). Samples are subject to uniaxial load at
a strain rate of 30 mm/min. We record stress and strain at a sampling
rate of 1 Hz until break. Stress and strain are calculated from the load/
distance data and normalized to the cross-sectional area of each sample.
Ultimate tensile strength is determined by the maximum stress at which
the sample breaks.
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2.12. Protein content analysis

To perform protein content analyses, we first determine the mass of
multicomponent tissue and Wagyu steak samples. Subsequently, sam-
ples are washed 3 times with 1 x PBS and submerged in RIPA Lysis Buffer
(Sigma) with protease inhibitor and placed on ice for 30 min. Samples
are centrifuged at 12,600 RCF at 4 °C for 15 min. Subsequently, the
supernatant is collected and used to determine protein concentrations
using the BSA Pierce™ BCA Protein Assay Kit (ThermoFisher). Protein
concentrations are normalized per gram of sample.

2.13. Cooking analysis

To perform cooking loss analyses, we record the mass of the multi-
component tissue and Wagyu steak samples prior to placing on a
clamshell grill (Yedi) preheated to 165 °C. The samples are cooked until
the internal temperature—as measured by a thermocouple (Grainger)
inserted into the innermost section of each sample—reaches 65 °C. After
cooling to RT, we record the mass of the cooked tissue constructs, which
enables us to determine the cooking loss, CookingLoss = [(m; — my)/m;] X
100, where m; is the initial mass of the tissue construct prior to cooking,
and my is the final mass after cooking.

3. Results

To generate marbled cultured meat, we fabricate scaffolds with
customized physical properties to support the growth and differentiation
of myocytes and adipocytes. Culturing myocytes and adipocytes sepa-
rately also enables us to use optimal growth medium for each cell type.
We use the resultant myogenic and adipogenic microtissues as building
blocks to generate larger tissue constructs with dimensions of ~ cm
width and ~ mm thickness (Fig. 1).

3.1. Aligned nanofiber scaffolds to support myogenesis

To promote the efficient growth of myocytes and subsequent dif-
ferentiation into myotubes, we fabricate scaffolds with aligned topology
that have been shown to accelerate muscle cell growth and differenti-
ation (Huang et al., 2006; Qazi et al., 2015; Yeo & Kim, 2019). We
produce aligned scaffolds using electrospinning, which is already being
scaled in pharmaceutical (Omer et al., 2021) and textile industries
(Persano, Camposeo, Tekmen, & Pisignano, 2013). As proof-of-concept,

Myocytes

-

Pre-adipocytes

Fibrous scaffolds with
customized alignment

Microcarriers with
customized stiffness

Differentiated myogenic
microtissue

Differentiated adipogenic
microtissues
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we begin by using gelatin as a scaffold material.

To fabricate aligned nanofibers, we spin fibers onto a rotating cyl-
inder spinning at ~ 10,000 RPM (Fig. 2); this results in a 12 x 15 cm
fiber mat that can be released from the cylinder, cut into a desired
scaffold size, and spread onto a surface. To quantify the alignment of
fibers, we determine the orientation angle of individual fibers in the
scaffold relative to each other from 0-180° using quantitative image
analysis (Fig. 2A). Compared to unaligned fibers produced by spinning
at a lower rotational speed of ~ 1000 RPM, the aligned fibers show
alignment across ~ 50 pm length scales as reflected by a single peak in
the orientation angle distribution across three replicates (Fig. 2Aii); by
contrast, we observe multiple peaks across varying orientation angles
for unaligned nanofibers (Fig. 2Aiv). Given that nanofiber diameter can
also affect muscle cell alignment, growth, and myogenesis (Narayanan
et al., 2020) and the diameter of nanofibers can differ with spinning
conditions (Huttunen & Kellomaki, 2011), we confirm that there is no
statistical difference between the diameter of aligned (d = 200 + 36 nm)
and unaligned (d = 215 + 36 nm) nanofibers (p = 0.06) (Supplementary
Fig. 2A). Since the mechanical properties of scaffolds across ~pm length
scales of cells can also influence cellular behaviors (Wells, 2008; Xu
etal., 2017), we confirm the stiffness of aligned and unaligned nanofiber
scaffolds using AFM; this data reveal that both aligned and unaligned
scaffolds have similar stiffness with a Young’s modulus of 69 + 29 kPa
for aligned scaffolds and 60 + 15 kPa for unaligned scaffolds (p = 0.34)
(Supplementary Fig. 2B). While these scaffolds are stiffer than skeletal
muscle that typically has a Young’s modulus of 8 — 15 kPa (Lapin et al.,
2013), aligned nanofibers can promote desired behaviors of myocytes,
such as proliferation (Cooper et al., 2010) and differentiation into
myotubes (Yeo & Kim, 2019).

3.2. Aligned nanofiber scaffolds promote alignment and myotube
formation of rabbit and mouse myocytes

To compare the extent of myocyte differentiation on aligned versus
unaligned nanofiber scaffolds, we test both myogenic primary rabbit
(RbSKMC) and murine (C2C12) skeletal muscle cells. We induce differ-
entiation by culturing cells with differentiation induction medium for 7
days. To quantify myotube alignment, we immunostain cells to visualize
myosin heavy chain (Myh4) and measure the orientation of Myh4 pos-
itive myotubes using angle distribution analysis (Fig. 2B,C). Myotubes
on aligned nanofiber scaffolds show alignment over ~ mm length scales,
as indicated by the defined peak in the orientation distribution curves

Multicomponent tissue

Marbled cultured meat

Spontaneous adhesion
of layered myogenic and
adipogenic microtissues

Fig. 1. Schematic of modular approach to generate marbled cultured meat. Precursor muscle cells (myocytes) are seeded on aligned fibrous scaffolds that are
fabricated using electrospinning. Adipocyte precursors (pre-adipocytes) are seeded on microcarrier scaffolds generated using water-in-oil emulsions as templates.
Cells are grown and differentiated in their respective media and bioreactors. After harvesting post-differentiation, myogenic and adipogenic microtissues are stacked
and spontaneously adhere to form intact multicomponent tissue or marbled cultured meat.
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Fig. 2. Producing myogenic microtissues on nanofiber scaffolds. (A) Characterization of gelatin nanofiber scaffolds. Representative scanning electron microscopy
images of dried gelatin (i) aligned and (iii) unaligned nanofibers. Scale, 10 pm. Orientation analysis of (ii) aligned and (iv) unaligned nanofibers from 3 independent
experiments. Representative images of (B)(i) RbSKMC and (C)(i) C2C12 on aligned and unaligned gelatin nanofibers after culture with differentiation induction
medium for 7 days. Dashed yellow boxes denote insets, which are displayed in the middle and right columns. The right column is the thresholded version of the image
shown in the middle column. Scale, 500 pm. Distribution of orientation angles of myotubes immunolabeled with anti-myosin heavy chain (Myh4, red) signal of (B)(ii)
RbSKMC and (C)(ii) C2C12 and on aligned versus unaligned nanofibers. (D) The myogenic index quantifies the number of nuclei identified by DNA (blue, Hoechst)
localized within a myotube relative to the total number of nuclei in the field of view. Data for RbSkMC and C2C12 cells on aligned and unaligned scaffolds obtained
across 3 independent experiments. Subreplicates measured within a single experiment are represented by a single color. Horizontal lines show median values; error
bars represent the standard deviation. Statistical significance determined using a Mann Whitney U test, * p < 0.05, **** p < 0.0001. (E) Relative expression of
myogenic differentiation markers Myh4, Myogenin, and Mef2C for C2C12 cells on tissue culture plastic (TCP), aligned and unaligned nanofiber scaffolds using qRT-

PCR. Data across 3 independent experiments; a p > 0.05 determined by a Wilcoxon Rank-Sum test.

reflecting how the majority of fibers share a similar orientation. By
contrast, the myotubes cultured on the unaligned scaffolds show a
broader distribution of orientation angles, which is consistent with the
random distribution of fibers across length scales of ~ 1 to 5 mm. While
the myotube orientations in the unaligned scaffolds are generally
isotropic, we observe some fiber alignment across smaller length scales
of ~ 500 pm, as indicated by the multiple smaller peaks in the orien-
tation distribution plots. We next assess the efficiency of differentiation
for cells on aligned versus unaligned nanofibers by determining the
myogenic index, or the number of nuclei in myotubes (cells containing 3
or more nuclei) divided by the total number of nuclei. Both rabbit and
murine samples show an increased myogenic index for cells on aligned
versus unaligned nanofiber scaffolds, consistent with the increased
number of myotubes on aligned scaffolds (for rabbit p = 0.01; for mouse,
p < 0.0001) (Fig. 2D). We further assess markers of myogenesis at the
transcript level for murine cells on aligned versus unaligned nanofiber
scaffolds by measuring the expression of Myh4, Myogenin, and Mef2C
using qRT-PCR (Fig. 2E). While there is no significant difference in
Myh4, Myogenin, or Mef2C transcript levels between cells on aligned
and unaligned nanofiber scaffolds, all three myogenic markers exhibit a
trend of higher expression on aligned nanofiber scaffolds as compared to
tissue culture plastic.

3.3. Compliant microbeads support the growth of adipogenic microtissues

Since 3T3-L1 adipocytes show increased lipid accumulation on more
compliant E ~ 2 kPa scaffolds compared to > 10 kPa scaffolds (Chandler
et al., 2011), we generate compliant, E ~ 4 kPa, gelatin microbeads as
scaffolds for adipose tissue culture using water-in-oil emulsions as a
template. Using a size-filtration protocol that we previously developed
(Norris et al., 2022), we produce microbeads with a total surface area
per batch ranging from ~ 2 x 10° to 1 x 10° pm?, which is standard for
microcarriers used for cell culture (Microcarrier Cell Culture: Principles
and Methods. GE Healthcare Handbook., 2005) (Fig. 3A). We confirm
the Young’s modulus of the gelatin microbeads is 4.4 + 0.51 kPa using
AFM (Fig. 3A-ii).

To quantify adipogenesis for cells on microbead scaffolds, we culture
primary rabbit pre-adipocytes from subcutaneous fat (RbPreAd) and
murine pre-adipocytes (3T3-L1) on the microbeads in suspension cul-
ture. After 7 days of proliferation, cultures are subsequently differenti-
ated for an additional 7 days with differentiation induction medium.
Over the 14 day time course, we observe a trend towards accumulation
of intracellular lipids in both rabbit and mouse adipocytes, as evidenced
by the increased signal of LipidTox, which is a marker for neutral lipids
(Fig. 3B). The 3T3-L1 adipocytes show a ~ 100 x increase in lipid area
per cell over the 14 day timescale as revealed by quantitative image
analysis (Fig. 3C). We find a similar trend of lipid accumulation in the
rabbit RbPreAd cells—albeit with only a ~ 20 x increase. To further
quantify adipogenesis at the transcript level, we measure levels of adi-
pogenic markers (PPARy, CEBPa) in 3T3-L1 cells using qRT-PCR. As
shown in Fig. 3D, we find no statistical difference in the expression of
PPARy and CEBPa between cells grown on the two culture substrates,
indicating that the microbeads support adipogenesis of 3T3-L1 cells as
sufficiently as standard tissue culture plastic.

3.4. Modular and tunable approach to engineer 3D multicomponent tissue

Towards engineering marbled cultured meat, we use a modular
approach to build 3D multicomponent tissue from myogenic and adi-
pogenic microtissues. We generate myogenic microtissues by seeding
myocytes on aligned electrospun nanofibers. In parallel, we produce
adipogenic microtissues by culturing adipocytes on compliant
microbeads. After growth and differentiation of each microtissue
component in their respective differentiation media, we harvest and
stack microtissues to generate a multicomponent tissue construct. As
shown in Fig. 5, the proof-of-concept multicomponent tissue has three
layers of myogenic microtissue and two layers of adipogenic
microtissue.

Within ~ hours after stacking, we observe that microtissues adhere
to each other to form a 3D multicomponent tissue construct. To gain
insight into the spontaneous microtissue adhesion process, we me-
chanically perturb layered myogenic and adipogenic microtissues by
rigorous nutation at 6 h intervals over an 18 h time course after stacking.
Using quantitative image analysis, we assess how intact the microtissue
stack remains after nutation by quantifying the projected surface area of
microtissue that is displaced after the mechanical perturbation. Using
this analysis, we estimate a relative adhesion index for microtissues over
time post stacking. For murine myogenic and adipogenic microtissues
generated on gelatin scaffolds, we find that stacked microtissues form an
intact tissue within ~ 6 h post stacking as revealed by the increase in
relative adhesion index over time (Fig. 4A). Microtissues generated with
primary rabbit cells on plant-based scaffolds form an intact structure
within ~ 6 h, as revealed by the increase in the relative adhesion index
after the 0 h time point (Fig. 4Bi, iv). We also find that murine micro-
tissues cultured with plant-based scaffolds show an increase in relative
adhesion index over ~ 6 — 12 h timescales (Fig. 4Bii, v). By contrast,
stacks of scaffolds without cells disperse after nutating 18 h post stacking
(Fig. 4Biii, vi), indicating that cells are required to mediate the spon-
taneous adhesion of microtissues into an intact multicomponent tissue
construct. Since scaffold mechanical properties could impact the adhe-
sion process, we compare the stiffness of the plant-based scaffolds to the
gelatin scaffolds. The Young’s modulus of soy microbeads is 30 &+ 9 kPa
and zein microfiber scaffolds is 0.6 + 0.4 kPa (Supplementary Fig. 5). By
contrast, the Young’s modulus of gelatin microbeads is 4.4 + 0.51 kPa
and gelatin nanofibers is between 60 + 15 kPa (unaligned scaffolds) and
69 + 29 kPa (aligned scaffolds). Thus, spontaneous adhesion occurs for
microtissues cultured with scaffolds that have varying stiffness, sug-
gesting that scaffold mechanics are not a major contributor to the
adhesion process. Taken together, these results suggest that multicom-
ponent tissue composed of different types of cells and scaffolds can be
generated through the spontaneous adhesion of microtissues on ~ 6 —
12 h timescales.

To visualize the structure and spatial organization of the multicom-
ponent myogenic-adipogenic tissue constructs, we immunostain and
image samples generated with gelatin scaffolds using confocal micro-
scopy (Fig. 5A-C). To image the myogenic component of the tissue, we
use the muscle-specific marker Myh4; to image the adipogenic micro-
tissue component we immunolabel PPARy in the composite tissue. To
further visualize the spatial organization of intracellular neutral lipids in
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Fig. 3. Producing adipogenic microtissues in suspension culture. (A) Characterization of gelatin microbeads for adipose tissue culture. (i) Brightfield image of gelatin
microbeads in 1 x PBS. Scale, 200 pm. (ii) Young’s modulus of microbeads quantified using AFM (n = 47 beads across 2 independent experiments). (iii) Diameter
(pm) and (iv) surface area (um2 x 10%) distribution of microbeads in 1 x PBS (n = 1200 beads across 3 independent experiments). (B) Primary rabbit subcutaneous
adipocytes (top) and 3T3-L1 murine adipocytes (bottom) are cultured on microbeads in suspension culture and imaged at 0, 4, 7, and 14 days of differentiation.
Images show DNA (blue, Hoechst), intracellular lipids (yellow, LipidTox) and gelatin microbeads (cyan). Images of individual components are shown in Supple-
mentary Fig. 3. Scale, 100 pm. (C) Intracellular lipid area per cell measured using quantitative image analysis for RbPreAd and 3T3-L1 cells. To determine the average
lipid area per cell, we divide the total lipid area by the total number of nuclei, which is quantified using Hoechst. Horizontal lines show median values; error bars
represent the standard deviation. p > 0.05 determined by a Wilcoxon Rank-Sum test. (D) Relative expression of adipogenic markers, Peroxisome proliferator-
activated receptor gamma (PPARy) and CCAAT/enhancer-binding protein alpha (CEBPw), in differentiated 3T3-L1 cells on microbeads (n = 4) versus tissue cul-
ture plastic (TCP, n = 3) after 7 days of differentiation using qRT-PCR. Bars show median values; error bars represent the standard deviation. p > 0.05 determined by
a Wilcoxon Rank-Sum test.

the myogenic-adipogenic tissue construct—which are prominent in the
adipose component of the tissue—we use LipidTox and Nile Red. Three-
dimensional reconstructions generated from confocal images reveal that
Myh4-positive cells are integrated within the adipogenic microtissue

layer; these findings indicate that the myogenic and adipogenic micro-
tissues are in close proximity to each other and appear to be well inte-
grated 18 h after stacking (Fig. 5B).

To further assess the spatial organization of the myogenic-adipogenic
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Fig. 4. Spontaneous adhesion of myogenic and adipogenic microtissues to form intact 3D multicomponent tissue constructs. (A) Microtissues cultured with gelatin
scaffolds: (i) Brightfield images of differentiated C2C12 skeletal muscle cells on gelatin nanofibers layered with differentiated 3T3-L1 adipocytes on gelatin
microbeads before and after 2 min of rigorous nutation at 100 RPM in 1 x PBS at 0, 6, 12, and 18 h timepoints post stacking. Images are tiled to provide a view of the
entire well of the culture dish. Yellow overlay shows projected surface area. Scale, 2 mm. (ii) Relative adhesion index data for mouse myogenic and adipogenic
microtissues cultured with gelatin scaffolds. The relative adhesion index is quantified by evaluating the projected surface area (SA) of the microtissue/scaffold stack
before and after nutating, [100 — (SApefore — SAqfrer)]- Values are normalized to the median relative adhesion index at time zero for each dataset. Horizontal lines show
median values; error bars represent the standard deviation. Statistical significance determined using a Mann Whitney U test, *p < 0.05, **p < 0.01. (B) Microtissues
cultured with plant-based scaffolds: Tiled brightfield images of differentiated primary (i) rabbit skeletal muscle cells on zein microfiber scaffolds layered with
differentiated primary rabbit adipocytes on soy microcarriers, (ii) differentiated C2C12 skeletal muscle cells on zein microfiber scaffolds layered with differentiated
3T3-L1 adipocytes on soy microcarriers, and (iii) zein microfiber scaffolds layered with soy microcarriers without cells before and after nutating in 1 x PBS at 0 and
18 h timepoints post stacking. Scale, 2 mm. Relative adhesion index of (iv) rabbit myogenic and adipogenic microtissues with plant-based scaffolds, (v) mouse
myogenic and adipogenic microtissues with plant-based scaffolds, and (vi) plant-based scaffolds only. Horizontal lines show median values; error bars represent the

standard deviation. Statistical significance determined using a Mann Whitney U test, *p < 0.05, **p < 0.01. ***p < 0.001, n.s. = not significant, p > 0.05.
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Fig. 5. Multicomponent myogenic-adipogenic tissue constructs. (A) Differentiated C2C12 skeletal muscle cells on aligned gelatin nanofibers layered with differ-
entiated 3T3-L1 adipocytes on gelatin microbeads. DNA (blue, Hoechst), Myh4 (red), intracellular lipids (yellow, LipidTox), PPARy (purple), and microbeads (cyan).
Scale, 100 pm. (B) Composite tissue construct composed of rabbit myogenic and adipose microtissues. Reconstructed 3D images generated from stacks of confocal
images of differentiated skeletal muscle cells on aligned gelatin nanofibers layered with differentiated adipocytes on gelatin microbeads. All images of direct-from-
culture MT samples are acquired using confocal microscopy after 18 h post stacking. DNA (blue, Hoechst), Myh4 (red), intracellular lipids (yellow, LipidTox), and
beads (cyan). Scale, 100 pm. (C) Cryosectioned (i) rabbit multicomponent tissue stained for DNA (blue, Hoechst), intracellular lipids (yellow, Nile Red), and
microbeads (cyan). (iii) Wagyu steak stained for DNA (blue, Hoechst), intracellular lipids (yellow, Nile Red), and protein (green, FITC). False-colored images of (ii)
rabbit multicomponent tissue and (iv) Wagyu beef steak samples to visualize the organization and structure of myogenic (red) and adipogenic (yellow) microtissue

layers. Scale, 500 pm.

tissue construct, we generate cross-sections of the tissue by cry-
osectioning, staining, and imaging via confocal microscopy (Fig. 5Ci).
Images of tissue cross-sections reveal stacked layers of myogenic and
adipogenic microtissue. Within the myogenic component, myotubes are
proximal to the nanofibers of the electrospun scaffold, which span the ~
50 — 100 pm thickness of each myogenic tissue layer. The microbeads
and adipocytes are prominent within the interspersed layers of adipo-
genic microtissue, spanning the ~ 200 pm - 1 mm thickness of each
adipogenic microtissue layer. Based on quantitative image analysis of
this proof-of-concept multicomponent tissue, we estimate the ratio of
myogenic cells to adipogenic cells by volume to range from ~ 1 — 1.5 for
both rabbit and mouse samples. We also estimate the total cell density in
the multicomponent tissues to range from 4 to 8 x 10 cells/cm? for both
mouse and rabbit samples (Supplementary Fig. 6).

To compare the spatial structure of the engineered marbled cultured
meat to conventionally produced meat, we image cryosections of a
Wagyu beef steak as a commercially-relevant structural homolog that
exhibits marbling (Fig. 5Ciii). The Wagyu steak shows intramuscular fat
features that have a length scale ranging from 100 pm to 1 mm in
thickness, which is consistent with previous reports in the literature
(Valenzuela et al., 2020). While the length scale of the myogenic
microtissue in the multicomponent cultured meat is only ~ 50 — 100 pm
compared to the ~ mm muscle component of the conventional Wagyu
steak, the ~ 1 mm length scale of the adipogenic tissue layers in the
marbled cultured meat is comparable to the intramuscular fat of the
Wagyu steak.

10

3.5. Multicomponent tissue exhibits properties of a viscoelastic solid
material

We next characterize the mechanical properties of the myogenic-
adipogenic tissue constructs using a parallel plate rheometer. If the
myogenic and adipogenic microtissues are adhered together into a
cohesive piece of marbled cultured meat, the tissue will exhibit prop-
erties of a solid that resists deformation. By contrast if the individual
tissue components are not fully adhered to each other, the microtissue
layers would slip and the composite tissue would break apart into the
individual myogenic and adipogenic microtissue components. To assess
the resistance of the multicomponent tissue to varying magnitudes of
applied strain, we place the harvested myogenic-adipogenic tissue
construct produced with gelatin scaffolds between the plates of a par-
allel plate rheometer (Fig. 6). We first evaluate direct-from-culture
multicomponent tissue that is placed in the rheometer immediately
after harvesting from culture. We find that the myogenic-adipogenic
tissue resists increasing magnitudes of applied strain elastically up to a
yield strain of y y =~ 0.1, indicating the sample exhibits properties of a
solid material. In conjunction, we find that the small-strain plateau shear
elastic modulus, G, ranges from 0.1 kPa to 0.2 kPa. We also observe a
minor degree of dissipative loss through the loss modulus G*'/G', ~ 0.1
(i.e. the loss tangent) in the linear-response regime; such loss has been
previously observed in the mechanical behavior of viscoelastic biolog-
ical materials, including many foods (Singh et al., 2006). We next
compare the mechanical properties of the multicomponent tissue with a
conventionally produced Wagyu steak. The Wagyu sample shows an
increased G', of 5 to 6 kPa and resistance to applied strain up to y y =
0.01 to 0.02. Since the G, value of the Wagyu is significantly higher than
the multicomponent tissue, we next determine the effects of post-harvest
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Fig. 6. Mechanical characterization of multicomponenttissue (MT) constructs that contain layered murine myogenic and adipogenic microtissues. (A) A parallel
plate rheometer is used to quantify the mechanical properties of MT constructs and Wagyu beef steak. Shown here is a thin slice of Wagyu steak in the rheometer. (B)
Data showing G’ measured across a strain sweep measured at RT. Prior to measurement MT samples are placed on filter paper for 24 h at 4 °C after harvesting from
the culture medium. The direct-from-culture MT sample is measured immediately after harvesting from culture medium. The Wagyu steak is a ~ 1 mm thick slice of
conventionally produced marbled Wagyu beef steak. Three individual datasets are represented with different shades of colors and with different colors for each type
of sample. For all samples, the high-strain power law exponent kappa lies in the range of 1.0 to 1.7 (Supplementary Table 1). (C) Young’s modulus values determined
from G',. Horizontal lines represent average of three independent samples; error bars show standard deviation. p > 0.05 determined by a Wilcoxon Rank-Sum test.
(D) A force measurement system is used to quantify the tensile properties of MT constructs and Wagyu beef steak. All tensile analysis is performed on MT samples that
are placed on filter paper for 24 h at 4 °C after harvesting. (i) Shown here is a strip of multicomponent tissue loaded in the instrument. Stress/strain curves of (ii)
myogenic-adipogenic MT where the myogenic tissue is cultured with aligned nanofiber scaffolds and the tensile stress is applied in the same direction as the fiber
alignment; (iii) myogenic-adipogenic MT where the myogenic tissue is cultured with aligned nanofiber scaffolds and the tensile stress is applied orthogonally to the
fiber alignment; (iv) myogenic-adipogenic MT where the myogenic tissue is cultured with unaligned nanofiber scaffolds; (v) conventionally produced Wagyu steak
where the tensile stress is applied along the direction of the muscle fibers; and (vi) conventionally produced Wagyu steak where the tensile stress is applied
orthogonally to the muscle fibers. Three individual datasets are represented with separate tensile curves. (E) The ultimate tensile strength of each sample is quantified
by measuring the maximum stress at which the sample breaks. Horizontal lines show median values; error bars represent the standard deviation. p > 0.05
determined by a Wilcoxon Rank-Sum test.

processing. Inspired by the post-slaughter processing of beef through processing to modulate the texture of marbled cultured meat.

aging (ljaz et al., 2020), we test if we could achieve cultured multi- To compare the mechanical properties of multicomponent tissues to
component tissue with higher G'; values that are more similar to the conventional meat, we estimate the Young’s modulus of marbled
Wagyu by placing the multicomponent tissue on filter paper for 24 h cultured meat and Wagyu steak using G', (Fig. 6C). Assuming a Poisson’s
prior to the rheological measurements. We observe that after 24 h on ratio of 0.5 as quantified for gelatin (van Otterloo & Cruden, 2016), we
filter paper post-harvest, multicomponent tissue samples exhibit a find the Young’s modulus of murine myogenic-adipogenic tissue is 2 to
higher resistance to increasing magnitudes of applied strain up to y y = 3 kPa. For comparison, we measure the Young’s modulus of a Wagyu
0.32 t0 0.37, and a higher G', ranging from 0.7 kPa to 1 kPa (Fig. 6B). It steak to range from ~ 14 to 18 kPa assuming a Poisson’s ratio of 0.45 as
is important to note that while we find a parallel plate analysis to be determined for bovine skeletal muscle (Kim et al., 2013). By contrast,
most appropriate for flat tissue samples, the strain yield is not uniform the Young’s modulus of the direct-from-culture multicomponent tissue
across the plate and thus represents an average across the tissue. These is 0.3 to 0.6 kPa. These findings are consistent with the scaling of the
initial findings indicate the potential of tuning the post-harvest Young’s modulus of protein network with polymer density (Panteli &
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Patrickios, 2018) given the expected decrease in water content during
the 24 h post-harvest period on filter paper.

We next determine the tensile properties of the multicomponent
tissue, including whether scaffold alignment affects the bulk mechanical
properties of the tissue. Interestingly we observe a similar median tensile
strength of 17 — 23 kPa across both unaligned and aligned samples
regardless of the direction if the tensile stress is applied either in the
same direction or orthogonally to the nanofiber alignment (Fig. 6). We
speculate this may be due to the additional chemical crosslinking of
nanofiber scaffolds before seeding cells, which impacts mechanical
stability both within and between nanofibers in the myogenic micro-
tissue. These findings may also reflect that the mechanical stability of
multicomponent tissue is dominated by cell-cell and cell-matrix in-
teractions. To compare the tensile properties of the marbled cultured
meat to conventional meat, we conduct similar analysis of Wagyu beef
steak samples, either applying tensile stress along the direction of
muscle fibers or orthogonally to the grain. We also do not observe any
significant difference in the stress/strain response of Wagyu steak when
pulled along or against the grain; these results are consistent with a
previous findings (Lepetit & Culioli, 1994). Our findings reveal that the
ultimate tensile strength of multicomponent tissue regardless of the fiber
orientation is ~ 23 + 7 kPa and ~ 9 + 2 kPa for the Wagyu steak;
however, these differences are not statistically significant (Fig. 6).

We next assess MT properties that are important for cultured meat as
a food product, including the protein content and cooking loss. Since
meat is an important source of dietary protein and an essential macro-
nutrient (Willett et al., 2019), protein content will be an important
feature of cultured meat products. We quantify protein content in both
raw rabbit and murine multicomponent tissues using a BCA Protein
Assay Kit. As shown in Fig. 7A, protein content for both rabbit and
murine samples is ~ 4 + 2 g/ 100 g. While the protein content of murine
and mouse MT is lower than the protein content measured in Wagyu
steaks (~9 + 4 g/ 100 g), there is also variability across samples and no
statistical difference between the protein content of rabbit MT versus
Wagyu steak (p = 0.11) (Fig. 7A). It is important to note that these
values are relative to the total sample mass and therefore sensitive to
water content, which may be lower in the Wagyu samples, given that the
majority of beef cuts are typically aged for ~ 21 days post-slaughter
(Ramanathan et al., 2020).

An important determinant of cookability and meat quality—includ-
ing juiciness—is the cooking loss (Aaslyng et al., 2003), which estimates
the loss of aqueous and lipid components in a sample during the cooking
process. To assess cooking loss of the marbled cultured meat, we cook
the cultured meat samples in a clamshell grill. We find that the marbled
cultured meat exhibits signs of browning (Fig. 7Bi), which is charac-
teristic of Maillard reactions (Ellis, 1959). Both rabbit and mouse
marbled cultured meat samples show a median cooking loss of ~ 30 %,
which is higher although not statistically different than the ~ 20 %
cooking loss observed for the Wagyu steak samples (Fig. 7Bii).
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Interestingly, gelatin-only control samples show a trend towards
increased cooking loss and less browning (Supplementary Fig. 7), sug-
gesting that the cellular component of MT may be important for MT
properties during cooking.

4. Discussion

To produce marbled cultured meat with desired palatability, scalable
strategies to integrate engineered adipose tissue into cultured meat will
be critical. Here we show a modular approach to generate marbled
cultured meat with both myogenic and adipogenic components that
spontaneously adhere to form stable tissue constructs with ~ mm- to cm-
scale dimensions. The key innovation in our approach is the engineering
of scaffolds with customized physical properties that provide the foun-
dation for the spontaneous adhesion of myogenic and adipogenic cells
and microtissues into multicomponent 3D tissue constructs without the
use of additional crosslinkers.

4.1. Modular approach to build multicomponent tissues through
spontaneous adhesion enables customization of growth conditions for
different cell types

Using a modular approach to engineer marbled cultured meat en-
ables myocytes and adipocytes to be cultured separately using optimized
media and scaffold conditions; the resultant myogenic and adipogenic
microtissues can then be harvested and assembled into a multicompo-
nent 3D tissue constructs that has properties of a viscoelastic solid ma-
terial. We find that the adhesion of microtissues into an intact tissue
construct occurs on timescales of ~ 6 — 12 h across murine cell lines and
primary rabbit cells on both gelatin and plant-derived scaffolds. Our
findings reveal that cells are required for microtissue adhesion, sug-
gesting that the spontaneous adhesion process may be facilitated by
cell-cell and/or cell-scaffold interactions.

While it can be feasible to co-culture different cell types in an open
bioreactor (Ben-Arye et al., 2020), the use of media and scaffolds that
are customized for individual cell types has potential to accelerate
desired cell phenotypes (Beldjilali-Labro et al., 2018; Choi et al., 2010;
Guex et al., 2012; Syverud, VanDusen, & Larkin, 2016; Yuen et al.,
2023), and ultimately increase the efficiency of cultured meat produc-
tion. For example, the optimal differentiation of myocytes requires low
serum conditions (Ricotti et al., 2012) while adipocytes require high
serum conditions (Zebisch et al., 2012); these contrasting media for-
mulations are a limitation for simultaneously culturing myogenic and
adipogenic components of cultured meat in an open bioreactor system.
The methodology we present here builds on previous approaches to
customize the physical properties of scaffolds for skeletal muscle tissue
engineering (Choi et al., 2008; Engler et al., 2004; MacQueen et al.,
2019). Importantly, we establish the use of scaffolds with customized
physical properties for engineering adipose tissue, which we anticipate

Fig. 7. Protein content and cooking loss of multi-
component tissue. (A) Protein content (g/100 g) of
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will be an important contributor to achieving cultured meat that will be
desired by consumers (Yuen et al., 2023). The modular approach we
describe to build multicomponent tissue has the potential to comple-
ment existing approaches such as cell sheets (Shahin-Shamsabadi &
Selvaganapathy, 2021), hydrogel molds (Zagury et al., 2022), and 3D
printed cell-scaffold constructs (Kang et al., 2021; Li et al., 2022; Zagury
et al., 2022). While 3D printing can be used to deposit individual muscle
and fat tissue components within a multicomponent tissue, mechanical
stabilization is achieved by the addition of crosslinkers such as trans-
glutaminase (Kang et al., 2021) or calcium chloride (Zagury et al.,
2022). Here, we find that the spontaneous adhesion of myogenic and
adipogenic microtissues results in the formation of a mechanically stable
multicomponent tissue that does not require additional crosslinkers or
reagents, and thus has potential to increase process efficiency, especially
when brought to scale. Future work will investigate the molecular
mechanisms underlying the spontaneous adhesion process, which relies
on cell-matrix and cell-cell adhesions and we hypothesize is thus
mediated by integrins, cadherins, and/or dystroglycan (Bachmann et al.,
2019; Moore & Winder, 2010; Sheikh et al., 2022), and can have broader
implications for the layer-by-layer assembly of tissues.

4.2. Potential to circumvent diffusion limitations using the modular
approach to engineer 3D tissue constructs

By relying on the spontaneous adhesion of microtissues to form
intact macroscale 3D tissue constructs, the modular approach we pre-
sent here also has potential to overcome diffusion limitations that
challenge the production of > 100 pm — 1 mm thick tissue in the absence
of vasculature (Rouwkema et al., 2008). We separately culture myogenic
microtissues that are 30 to 50 pm in thickness and adipogenic micro-
tissues that range from 100 to 500 pm in diameter; both the myogenic
and adipogenic microtissues remain within the size range that allows for
the exchange of nutrients and metabolites on timescales of ~ hours
(McMurtrey, 2016); further, culturing microtissues in a bioreactor with
mixing or perfusion may further promote nutrient and metabolite ex-
change. Once the microtissues are stacked, they form a cohesive
multicomponent myogenic-adipogenic tissue construct over ~ 6 — 12 h,
which eliminates the need for prolonged co-culture. To enable the
transport of oxygen and nutrients over longer timescales, the modular
scaffold approach could be easily adapted to increase exchange of oxy-
gen and nutrients, for example by fabricating scaffolds with higher
porosity (Ianovici et al., 2022; Zaszczynska et al., 2021). Other strategies
to enhance mass transport between layers within a tissue construct could
include integrating a third endothelial cell component into the modular
multicomponent tissue (Ben-Arye et al., 2020; Kang et al., 2021).

4.3. Potential to optimize efficiency of cultured meat production using
customized scaffolds

Here we demonstrate how the modular approach to produce multi-
component tissue constructs is compatible with scaffolds that are
customized for myogenic and adipogenic cells. We culture myogenic
microtissues using aligned nanofiber scaffolds, which mimic the native
structure of skeletal muscle (Schiaffino & Reggiani, 2011). We observe
increased alignment and formation of myotubes for both rabbit and
mouse microtissues grown on aligned nanofibers versus unaligned
nanofibers which is consistent with previous findings (Huang et al.,
2006). However, we do not find any significant differences in transcript
levels of myogenic differentiation markers in mouse C2C12 myotubes.
Our observations are consistent with previous findings showing that
despite increased myotube formation there are no significant differences
in mRNA expression of myogenic markers in skeletal muscle cells grown
on unaligned versus aligned scaffolds (Chen et al., 2015), but contrast
other reports that scaffold alignment increases myogenic markers at the
transcript level in skeletal muscle cells (Yeo et al., 2016); these con-
flicting results can likely be attributed to differences in scaffold design
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and culture conditions. Future work will be needed to determine the
relationship between the expression of myogenic markers such as Myh4,
Myog, and Mef2C and the texture and sensory properties of cultured
meat. We speculate that the physical structure of the micro-
tissue—which is determined by the scaffolds and alignment of myotu-
bes—may be a stronger determinant of cultured meat texture and
sensory properties than gene expression patterns alone. Scaffold topol-
ogy and stiffness could also be tuned to accelerate the growth of
microtissues for cultured meat. Cell proliferation is regulated by matrix
stiffness (Wells, 2008), and murine muscle stem cells show increased
expansion on a polyethylene glycol hydrogel with elastic modulus, E ~
12 kPa, compared to stiffer, polystyrene petri dishes (Gilbert et al.,
2010). The physical properties of scaffolds could also be designed to
enhance the overall texture of cultured meat. For example, engineering
myogenic tissue comprised of aligned myotubes and/or scaffolds with
aligned topologies may contribute to the ‘grain’ or anisotropic me-
chanical properties of steak (Bailey, 1972). While our findings here
reveal similar tensile properties across multicomponent tissue generated
with aligned versus unaligned nanofiber scaffolds, the nanofiber scaf-
folds we use here are crosslinked after electrospinning, which results in
mechanical stabilization within and between fibers. We observe similar
tensile properties of Wagyu steak when samples are stretched along or
orthogonally to the direction of the muscle fibers. It is plausible that
cultured meat generated with nanofiber scaffolds that have reduced
crosslinking may better replicate the tensile properties of Wagyu steak.
Future work will examine how the physical properties of scaffolds on the
micron-scale impact the mechanical properties, texture, and mouthfeel
of marbled cultured meat on the macroscale.

To support the growth of adipogenic microtissue, we culture adipo-
genic cells using microbeads with E ~ 4 kPa; mouse 3T3-L1 adipocytes
cultured within hydrogel scaffolds of similar stiffness show increased
lipid accumulation compared to cells grown on stiffer scaffolds (Chan-
dler et al., 2011). We observe similar levels of adipogenic differentiation
markers in mouse adipocytes grown on the compliant ~ 4 kPa
microbeads compared to tissue culture plastic, which has ~ 1 x 10* MPa
stiffness but also has different surface properties than the gelatin
microbeads. The behavior of cells may also differ on the 2D substrate
provided by the tissue culture plastic versus within the 3D microtissues,
which are aggregates of cells and microbeads. In addition, cells in 2D are
cultured in static conditions whereas the 3D microtissues experience
suspension culture conditions that may include fluid shear stresses and
increased mass transport. Future studies will decipher the effects of
microbead stiffness on adipose microtissue growth. In addition, it will be
valuable to determine the effects of microbead stiffness on adipogenesis;
the accumulation of lipids in adipocytes is a desired phenotype as fatty
acids within lipid droplets can affect the flavor and nutritional profile of
cultured meat (Elmore et al., 1999).

4.4. Towards a scalable approach

While the proof-of-concept marbled cultured meat that we present
here is engineered on the laboratory scale, our approach has potential
for scale-up. Nanofiber scaffolds are fabricated using electrospinning, an
approach that is currently being used in pharmaceutical (Omer et al.,
2021) and textile (Persano et al., 2013) industries, although we recog-
nize there may be unique challenges in scaling up electrospinning for
food applications. The hydrogel microbead scaffolds are templated using
water-in-oil emulsions, which are widely used in the food industry and
can be generated on industrial scales (Degner et al., 2014; McClements,
2010). Microbead scaffolds can also support the culture of cells in a
suspension bioreactor (Liu et al., 2022; Norris et al., 2022), which will
be important to facilitate the scale-up required to produce ~ kgs of
cultured meat for food consumption. Harnessing the ability of micro-
tissues to adhere into intact 3D tissue constructs further has potential for
scale-up: the generation of multicomponent tissue relies on the sponta-
neous adhesion of myogenic and adipogenic microtissues that is
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mediated by cells and does not require additional crosslinkers. While we
demonstrate here a manual approach to generating multicomponent
tissue constructs, automated methods for stacking microtissues will need
to be developed to achieve scaled-up production.

Here we show the potential value of scaffolds to seed the growth of
microtissues, which are spontaneously adhering building blocks for
multicomponent tissues, but the use of scaffolds requires additional raw
materials, fabrication processes, and sterilization. Yet there are potential
additional advantages of utilizing scaffolds to support the growth of
cultured meat. Scaffolds can contribute to the volume of cultured meat
and thus reduce the number of cells required for the final product.
Furthermore, scaffolds can provide topographical and mechanical
stimuli that could accelerate microtissue growth, promote the growth of
tissues that mimics the structure and texture of natural muscle, and ul-
timately contribute to the final sensory and nutritional properties of
cultured meat. A comprehensive mapping of the costs and benefits of
scaffolds for cultured meat production at scale will require tech-
noeconomic assessments as well as life cycle analyses.

It is important to note that the proof-of-concept data showing
feasibility of the layer-by-layer assembly of multicomponent tissues uses
scaffolds composed of gelatin, zein, and soy. To generate the customized
scaffolds, we use gelatin, which is a commonly added ingredient to
enhance mouthfeel of meat products (Baziwane & He, 2003) and a
natural ECM-derived component that enables mammalian cell attach-
ment without further need for functionalization. The electrospinning
and emulsion-based methods we use to produce customized scaffolds
can be readily adapted to other edible polymers including but not
limited to microbially-derived gelatin (Baez et al., 2005), agarose
(Nyberg et al., 2017), alginate (Ianovici et al., 2022; Tahir & Floreani,
2022), wheat glutenin (Xiang, Yuen Jr, et al., 2022), and zein (Xiang,
Yao, et al., 2022). We show the spontaneous adhesion approach to
generating multicomponent tissue is translatable to microtissues
cultured on zein and soy scaffolds; plant-based scaffolds are desired to
reduce dependence on livestock agriculture. The modular approach we
present should further be compatible with other types of plant-based
scaffolds, for example, that use food industry byproducts such as
textured soy protein (Ben-Arye et al., 2020). However, additional
chemical processing to functionalize plant-based polymers may be
required to promote animal cell adhesion, which could add complexity
and cost to processing. Adapting the approach for future food applica-
tions will also require testing with serum-free media (Stout et al., 2022)
(Mitic et al., 2023), which will be critical to address the scalability
challenge. In this proof-of-concept study we use standard cell culture
procedures including fetal bovine serum; the spontaneous adhesion
process for generating marbled cultured meat may depend on cell,
scaffold, and media combinations.

4.5. Envisioning delicious marbled cultured meat

A central goal in the field is to mimic the native structure of marbled
meat. Here, we generate cultured meat that has adipose microtissue
features on the ~ 200 pm-1 mm length scale, which is similar to length
scales of intramuscular fat in conventional Wagyu beef steak (Fig. 5C).
Mimicking the length scales of myogenic tissue features in our marbled
cultured meat will require further optimization to tune the dimensions
and ratios of myogenic and adipogenic components. In addition, our
observations show that marbled cultured meat—even when derived
from rabbit and mouse cells—exhibits protein content and cooking loss
that is similar to conventional Wagyu beef. Future work will determine
the extent to which scaffolds contribute to the protein content of the
marbled cultured meat. Identifying how scaffolding materials affect the
taste, mouthfeel, and nutritional content of marbled cultured meat will
also be a valuable direction of future studies.

The mechanical properties of the proof-of-concept marbled cultured
meat that we present here show some similarities to the conventional
Wagyu beef steak, but there are also clear differences. The
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multicomponent tissue constructs generated from mouse cells show
resistance to shear stress, reflecting that the multicomponent tissue has
solid-like properties similar to conventional beef steak. Importantly, we
show that the post-culture processing has marked impacts on the me-
chanical properties of the multicomponent tissue. By placing the
multicomponent tissue on filter paper for 24 h, we achieve an order of
magnitude increase in the Young’s modulus of the tissue construct.
While the Young’s modulus of multicomponent tissue is still an order of
magnitude lower than the Wagyu steak, we envision that the post-
harvest processing steps could be tuned to achieve desired texture of
marbled cultured meat. For example, the harvested tissue construct
could be chilled and stored until consumption—or ‘aged’—akin to
processing steps of meat following animal slaughter (ljaz et al., 2020).
We hypothesize that further aging could reduce the water content of the
tissue, result in less cooking loss, and thereby improve the cookability of
cultured meat. However, simply focusing on generating cultured meat
with an increased Young’s modulus may result in a more rubbery-like
texture (Sinha & Bhargav, 2020). Therefore, it may be important to
also consider engineering cultured meat with a reduced yield strain to
give a more tender mouthfeel similar to a Wagyu steak. The tensile
properties are also important for meat: higher amounts of connective
tissue are associated with increased tensile strengths and inversely
correlated with meat tenderness (Stanley et al., 1972). We find that the
tensile strengths of multicomponent tissue samples are slightly higher
but not statistically different than Wagyu beef steak. Further texture
profile analysis and sensory panels will be needed to assess the texture
and mouthfeel of cultured meat that are relevant for palatability.
Finally, while a major thrust of research focuses on engineered mimics of
steak, there is also exciting potential to engineer novel cultured foods
that surpass the texture, flavor, and nutritional profiles of conventional
products.

5. Conclusion

In summary, we present here a modular approach to build multi-
component tissue using myogenic and adipogenic microtissues as
building blocks. The spontaneous adhesion of microtissues to form
multicomponent tissue constructs should have exciting potential for
scale-up. Utilizing a modular strategy provides the ability to customize
the scaffold physical properties and culture environment for individual
cell types with potential to circumvent diffusion limitations when en-
gineering multicomponent tissue. Our proof-of-concept findings show
the approach can be used to build 3D multicomponent tissue with ~ mm
to ~ cm scale dimensions through the self-adhesion of myogenic and
adipogenic tissue layers. Ultimately the structured integration of adi-
pose tissue into cultured muscle tissues will be critical to engineer de-
licious cultured meat products from marbled steaks to salmon filets and
beyond.
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