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Abstract

Cultured meat has potential to diversify methods for protein production, but innovations in 

production efficiency will be required to make cultured meat a feasible protein alternative. 

Microcarriers provide a strategy to culture sufficient volumes of adherent cells in a bioreactor 

that are required for meat products. However, cell culture on inedible microcarriers involves 

extra downstream processing to dissociate cells prior to consumption. Here, we present edible 

microcarriers that can support the expansion and differentiation of myogenic cells in a single 

bioreactor system. To fabricate edible microcarriers with a scalable process, we used water-in-oil 

emulsions as templates for gelatin microparticles. We also developed a novel embossing technique 

to imprint edible microcarriers with grooved topology in order to test if microcarriers with 
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striated surface texture can promote myoblast proliferation and differentiation in suspension 

culture. In this proof-of-concept demonstration, we showed that edible microcarriers with both 

smooth and grooved surface topologies supported the proliferation and differentiation of mouse 

myogenic C2C12 cells in a suspension culture. The grooved edible microcarriers showed a modest 

increase in the proliferation and alignment of myogenic cells compared to cells cultured on 

smooth, spherical microcarriers. During the expansion phase, we also observed the formation 

of cell-microcarrier aggregates or ‘microtissues’ for cells cultured on both smooth and grooved 

microcarriers. Myogenic microtissues cultured with smooth and grooved microcarriers showed 

similar characteristics in terms of myotube length, myotube volume fraction, and expression of 

myogenic markers. To establish feasibility of edible microcarriers for cultured meat, we showed 

that edible microcarriers supported the production of myogenic microtissue from C2C12 or bovine 

satellite muscle cells, which we harvested by centrifugation into a cookable meat patty that 

maintained its shape and exhibited browning during cooking. These findings demonstrate the 

potential of edible microcarriers for the scalable production of cultured meat in a single bioreactor.

Keywords

Cellular agriculture; Mechanobiology; Tissue engineered skeletal muscle; Hydrogel; Scaffold

1. Introduction

Diversifying methods for protein production will be critical for the future of food systems. 

Livestock provide a major source of dietary protein, but with the world’s growing population 

and susceptibility to climate variability [1], innovative protein production systems will 

be critical to meet human consumption and nutritional needs into the future. Reducing 

industrial-scale meat production could decrease greenhouse gas emissions and animal waste 

runoff, and thereby improve environment and human health [2–5]. Alternative methods for 

meat production could also protect against supply chain disruptions during epidemics and 

natural disasters [6]. Plant-based meats provide protein alternatives that have experienced 

rapid growth and market demand but the majority of consumers still want to eat real meat 

[7,8]. The rapidly developing field of cultured meat—which addresses the challenge of 

growing muscle ex vivo by culturing precursor cells harvested from animals in a bioreactor

—could provide a complementary method for meat production. Life cycle assessments 

(LCA) have shown that cultured meat production has potential to achieve significant 

reductions in greenhouse gas emissions and land use compared to industrial meat production 

[9–11]. However, it will be critical to produce cultured meat with desired sensory and 

nutrient qualities that consumers crave [12].

The generation of skeletal muscle tissue in vitro at the laboratory scale has been enabled 

by tissue engineering and biomaterial approaches for decades [13–15], such as 3D printed 

scaffolds [16,17] or nanofiber sheets [18]; these developments have provided a foundation 

for the rapid emergence of cultured meat technologies. To produce cultured meat as a food 

source, however, requires ~1011 cells for a single kg of animal meat [19]. One approach 

is to adapt cells to grow in suspension in a bioreactor, but in vivo, cells in muscle tissue 

(including precursor myoblasts, satellite muscle cells, and myotubes) are attached to the 
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extracellular matrix (ECM). The ECM plays an important role in the development of 

skeletal muscle [20,21]. For example, the ECM localizes growth factors that influence the 

proliferation and differentiation of muscle satellite cells [22]. Substrate surface topology 

has been shown through in vitro experiments to impact C2C12 cell proliferation and 

differentiation [23]. Substrate stiffness regulates both the differentiation of myoblasts [24] 

and skeletal muscle stem cell expansion [25]. Initial demonstrations of suspension culture 

of bovine myoblasts in a spinner flask bioreactor used inert microcarriers such as dextran 

(Cytodex) beads [26], which have been established as a growth surface to support the 

proliferation and differentiation of various types of animal cells [27, 28]. However, the 

required dissociation of cells from inedible microcarriers for cultured meat applications 

adds complexity to downstream processing [19,29]. To increase process efficiency—which 

is especially important for large scale cultures [26]—edible scaffolds provide a promising 

approach [30–32]. Scaffolds made of natural materials with inherent porous structure, such 

as textured soy protein, can support the growth and differentiation of myoblasts [33]. 

Scaffolds can also be engineered from edible materials to have a fibrous structure that 

mimics the native striated architecture of skeletal muscle [34]. Importantly, proof-of-concept 

demonstrations establish that centimeter-scale pieces of cultured meat can be generated 

using edible scaffolds and cooked to achieve desired sensory properties [33,34]. Specific 

spatial patterns in engineered tissues comprised of cells and edible scaffolds can also be 

achieved using 3D printing [35]. For maximum scale-up potential, however, scaffolds need 

to be compatible with bioreactors. One way to improve efficiency of cultured meat in a 

bioreactor would be to culture myoblasts on edible microcarriers with tunable physical 

properties to effectively drive their proliferation and differentiation into myotubes.

In this study, we aimed to develop edible microcarriers with tunable mechanics and 

surface topology for cultured meat applications. To establish proof-of-concept for this 

approach, we fabricated microcarriers using gelatin and the food-grade crosslinking enzyme, 

microbial transglutaminase (MTG). Importantly, our process does not require the use of 

any synthetic polymers, additional small molecule chemical crosslinking agents, or chemical 

modification of the protein side groups. We developed a scalable process to generate edible 

microcarriers using water-in-oil emulsions, which enabled us to readily fabricate hydrogel 

microparticles with a spherical shape and smooth surface. Based on previous findings that 

striated substrates promote myoblast proliferation [23] and myotube formation [23,36], 

we also developed an embossing method to imprint grooved surface topology on edible 

microcarriers to determine if microcarrier surface topology enhances myogenesis. The main 

goal of the study was to test the utility of the smooth and spherical as well as grooved edible 

microcarriers to support the culture of myogenic tissue for cooking applications.

2. Materials and methods

2.1. Fabrication of edible spherical gelatin microcarriers

To fabricate edible spherical microcarriers (sMCs), we adapted previously established 

techniques for creating gelatin particles using water-in-oil emulsions [37–39]. To produce 

microcarriers with varying stiffness, we generated prepolymer solutions of gelatin derived 

from bovine skin (Sigma, Type B) and microbial transglutaminase (MTG) powder (Activia 
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TI, Aginomoto) in MilliQ water with final concentrations of 3, 4, 5, 6, 9, or 12 w/w% gelatin 

and 4 w/w% transglutaminase powder, where the MTG enzyme chemically crosslinks and 

further stabilizes the gelatin particles (see Table 1 for exact compositions). The prepolymer 

solution (1 mL) was then immediately deposited into a beaker of 9 g light mineral oil 

(Fisher) containing 1 w/w% of Span 80 (TCI America) as an emulsifying agent. The 

emulsion was placed in a dish of 55 °C water to keep the gelatin particles in the liquid 

state during initial mixing, then agitated with a magnetic stir bar for 24 h, and allowed 

to reach room temperature. To generate emulsions with consistent droplet sizes across the 

range of gelatin concentrations, we used higher stir rates for prepolymer solutions with 

higher gelatin concentration due to the increased viscosity of the emulsion (see Table 

1). To retrieve the gelatin microcarriers, we removed the oil phase by washing 5 × with 

isopropyl alcohol (IPA, Fisher) with centrifugation (1000 relative centrifugal force (RCF) 

for 10 min), followed by resuspension in 20 mL of 1 × phosphate-buffered saline (PBS) 

(Mediatech) with 0.1% Tween 80 (Fisher). To evaporate any residual solvent and inactivate 

any remaining transglutaminase, we placed microcarriers in an 80 °C water bath for 10 min. 

The microcarrier suspensions were again washed three times with 20 mL of 1 × PBS with 

0.1% Tween 80, and the microcarriers were incubated overnight at 4 °C after the third wash. 

To obtain microcarriers within a defined size range, microcarriers were sequentially sieved 

through a series of filters with 150, 100, 60, and 20 μm pore sizes (PluriSelect USA) and 

stored in 1 × PBS with 0.1% Tween 80 at 4 °C. To ensure microcarriers were fully swollen, 

microcarriers were incubated overnight at 4 °C before use.

2.2. Fabrication of edible grooved gelatin microcarriers

To produce edible microcarriers with aligned surface topography, or ‘grooved microcarriers’ 

(gMCs), we developed an embossing technique where we use polydimethylsiloxane (PDMS) 

slabs with micropatterned channels as stamps to imprint aligned grooves into hydrogel 

microcarriers. To fabricate the gMCs, we produced a set of elastomeric PDMS stamps using 

standard soft lithography techniques as previously described by our lab and others [40,41]. 

To generate the stamps, PDMS (10:1 w/w base:curing agent) (Sylgard™ 184 kit, Dow) 

was poured over the surface of silicon wafers with parallel 10 μm wide, 3 μm high stripes 

separated by 10 μm wide channels made from SU-8 as previously described [42], degassed 

for 1 h under vacuum, cured for 2 h at 65 °C, and then carefully peeled off the silicon wafer.

To produce gMCs, we used a similar process as sMC fabrication to generate a water-in-oil 

emulsion where the aqueous phase containing the prepolymer solution with 9 w/w% gelatin 

and 1.5 w/w% MTG were mixed and 1 mL of the solution was immediately deposited 

into a beaker of 9 g light mineral oil containing 1 w/w% of Span 80 as an emulsifying 

agent. Because the embossing process can result in fusion of emulsion droplets, we partially 

crosslinked the gelatin by mixing at 270 RPM in a 55 °C water bath for 20 min, cooling 

for 5 min on an ice bath, and filtering through a 400 μm filter (PluriSelect) to remove 

large aggregates before pipetting the emulsion between two PDMS stamps separated by 

a polycarbonate membrane with 16 μm thickness (Isopore™ membrane filters, Millipore 

Sigma). To ensure contact between microcarriers and the grooved stamps required for 

embossing, we placed a 400 g acrylic block (cut to 115.0 × 115.0 × 25.4 mm, McMaster 

Carr)—which was pre-warmed in a 65 °C oven—on top of the PDMS stamps for 1 h. 
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We then placed the entire sandwich in a humidified 37 °C incubator to finish crosslinking 

(see Table 1 for crosslinking times). The PDMS stamps were then peeled apart and the 

microcarriers were released from the stamps by washing with a pressurized stream of 

water and collected with a 100 μm filter (PluriSelect). Excess oil was washed away during 

filtration. The collected gMCs were suspended in 1 × PBS with 0.1% Tween 80, and placed 

in an 80 °C water bath for 10 min to inactivate any remaining transglutaminase. The gMCs 

were then washed three times with 1 × PBS with 0.1% Tween 80 and incubated overnight to 

ensure complete swelling before use.

2.3. Characterization of microcarriers by atomic force microscopy (AFM)

The Young’s modulus and topology of the gelatin microcarriers were measured in 1 × PBS 

with 0.1% Tween 80 using a JPK Nanowizard 4a BioScience AFM in force spectroscopy 

mode. The microcarriers were adhered to a poly-lysine coated slide (Epredia) and indented 

with a SAA-SPH-5UM probe (Bruker) with a 10 μm diameter spherical tip. The spring 

constants of the probes were individually calibrated by the manufacturer. Single indentations 

were performed with a total force of 4.0 nN. Since an oblique contact between the spherical 

AFM probe and the microcarrier surface can result in inaccurate force curve fitting, 

indentations were performed on the top surface of the microcarriers (the top of the ridges of 

the gMCs or the apex of the sMCs). Young’s modulus values were determined by averaging 

over 5 unique indentations for sMCs and over at least 15 unique indentations along the top 

of multiple parallel ridges for gMCs. All force curve analysis was performed using the JPK 

Data Processing software. The Young’s modulus was calculated by using a Hertz/Sneddon 

spherical fit with a Poisson’s ratio of ν = 0.5 [43].

2.4. Preparation of microcarriers for cell culture

Prior to cell culture, microcarriers were sterilized in 70% ethanol for 10 min, then washed 

three times with sterile 1 × PBS with 0.1% Tween 80. Cytodex 1 microcarriers (Sigma) were 

prepared according the manufacturer’s instructions. To maintain a consistent ratio of cells 

to microcarrier surface area, we first determined the microcarrier surface area per culture 

volume by quantitative image analysis. Fluorescent images of a suspension of a defined 10 

μL volume of microcarriers tagged with fluorescein-5-Isothiocyanate (FITC, ThermoFisher) 

were acquired using multi-tile image acquisition. Images of microcarriers were segmented 

using a deep learning segmentation algorithm (Cellpose [44]). To determine the size of the 

spherical sMC and Cytodex microcarriers, as well as the flattened gMC disc microcarriers, 

we analyzed the segmented images using a custom algorithm (MATLAB); the measured 

radii were used to calculate the surface area (A) of the microcarriers for spherical (A = 

4πr2) and disc geometries (A = 2 × πr2, where the extra factor of two accounts for both 

sides of the discs). With our goal to determine the available microcarrier surface area 

for cell attachment, we considered only the projected surface area of both sides of the 

gMC disc. We did not include the extra surface area from the edges of the gMCs or the 

vertical sidewalls of the grooves, as we assumed these do not contribute substantially to the 

effective cell-detectable surface area; this assumption is consistent with observations that 

the strongest attachment of cells occurs on the horizontal regions of grooves [45]. We then 

determined the total microcarrier surface area per culture volume in units of cm2/mL by 

measuring the total number and surface area of all microcarriers in a 10 μL aliquot. For the 
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sMCs and gMCs, stock suspensions typically had a surface area concentration of ~10–50 

cm2/mL. For the Cytodex 1 microcarriers, we prepared a stock solution with 10 mg dry 

Cytodex per mL stock suspension, which corresponds to a surface area concentration of 42 

cm2/mL. For all experiments, we used a seeding density of ~11,400 cells/cm2 (8.8 cm2/mL 

of microcarriers and 100, 000 cells/mL), which is recommended by the manufacturer of 

the Cytodex microcarriers [27] and similar to seeding densities used in previous studies to 

generate 3D tissue constructs [46,47].

2.5. Cell culture

Mouse myoblasts (C2C12, ATCC CRL-1772) were 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) and 1 × antibiotic-antimycotic (Gibco). 

We confirmed cell line identity by STR profiling. To induce differentiation of C2C12 cells 

into myotubes, we cultured cells in differentiation induction medium consisting of DMEM 

with 2% donor horse serum (HS, Gemini GemCell™) and 1 × antibiotic-antimycotic 

(Gibco). C2C12 cells were cultured for ≤10 passages at 37 °C and 5% CO2. Bovine satellite 

muscle cells (BSMCs, a gift from the lab of David Kaplan, Tufts University) were cultured 

in DMEM high glucose, GlutaMAX™ (Gibco, 4.5 g/L glucose, L-alanine-L-glutamine, 110 

mg/L sodium pyruvate) with 20% FBS, 1 ng/mL recombinant bovine basic fibroblast growth 

factor (bFGF2, Novus Biologicals) and 1 × antibiotic-antimycotic. To induce differentiation 

of BSMCs into myotubes, cells were cultured in proliferation media for one week without 

media changes. BSMCs were cultured for <6 passages at 37 °C and 5% CO2.

For suspension culture of C2C12 cells and microcarriers during expansion and 

differentiation experiments, cultures were placed in siliconized scintillation vials (20 mL, 

DWK Life Science) on a nutating mixer (Clay Adams, 24 RPM). Motivated by previous 

findings on the optimal matrix stiffness for C2C12 differentiation into myotubes [24], we 

used gelatin microcarriers with ~14 kPa stiffness: 9 wt% and 24 h crosslinking for the 

sMCs; and 9 wt% and 8 h crosslinking for the gMCs (see Table 1 for composition details). 

To promote cell adhesion to the microcarriers, cells were inoculated into ~1/3 of the final 

culture volume and intermittently stirred for 1 min every 45 min for 3 h, after which the 

culture was diluted to the final volume and stirred continuously [27]. Approximately 50% 

of the volume of cell culture media was replaced daily with fresh media. For larger-scale 

cultured bovine meat experiments, we cultured bovine skeletal muscle cells in a 25 mL or 

100 mL stirrer flask (Bellco Glass) agitated using a magnetic stirrer at 60 RPM; these stirrer 

flasks have features similar to larger scale bioreactors and are commonly used for laboratory 

scale studies [48].

2.6. Cell proliferation assay

To quantify the growth of cells on microcarriers, we used a Qubit dsDNA BR assay 

(Invitrogen) to measure genomic DNA as a function of culture time. We found that 

the microtissues did not consistently dissociate into individual cells by application of 

trypsin, and edible microcarriers and microtissue aggregates tended to clog the orifice of 

nucleocounter devices. Therefore we used a method to lyse the entire cell-microcarrier 

aggregates and measure genomic DNA as described previously to quantify the growth 
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of muscle satellite cells on microcarriers [26]. DNA was quantified according to the 

manufacturer’s instructions with slight optimization. We initiated cultures by placing 3.3 

× 105 cells in scintillation vials with a total of 3.3 mL cell culture media and microcarriers 

with total 29.0 cm2 surface area to give 11,400 cells/cm2 for all three types of microcarriers. 

To quantify cells over the 8-day proliferation period, we removed 300 μL aliquots from 

the cell-microcarrier suspensions at days 0, 2, 4, 6, and 8. At each time point, the cell-

microcarrier suspension was pelleted, lysed (RTL buffer, Qiagen), and heated in a 55 °C 

water bath for 10 min with intermittent vortexing. The mixture was centrifuged at 10,000 

RCF for 5 min and the supernatant was mixed with the Qubit working solution. The 

fluorescence intensity of the mixtures was measured with excitation = 485 nm and emission 

= 530 nm with a Spectramax M2 plate reader (Molecular Devices). The amount of DNA 

was quantified against a standard curve and the number of cells was quantified assuming 6.6 

pg of DNA per cell [49]. While each aliquot that we removed for cell quantification should 

theoretically contain an equivalent amount of surface area across all three microcarrier types, 

we observed that cells grew into the interstitial spaces between microcarriers within the 

aggregates, and were not always attached to a microcarrier surface; therefore we report the 

cell concentration in cells per mL of culture volume.

2.7. Imaging cell-microcarrier microtissues

To visualize cells and myotubes in microtissues, we adapted a protocol that was developed 

to fix tissue samples with ~1 mm thickness [50]. In brief, cell-microcarrier constructs or 

“microtissues” were fixed with 4% paraformaldehyde (Fisher) in 1 × PBS for 24 h at 4 

°C. Samples were then permeabilized and treated with a blocking solution of 0.1% Triton 

X-100 (Amresco) and 1% bovine serum albumin (BSA) (Fisher) in PBS for 24 h before 

labeling for myosin heavy chain (MF20, eBioscience™, Invitrogen and Alexa-Fluor 594 

goat anti-mouse, Invitrogen), F-actin (Alexa 633-conjugated phalloidin, Invitrogen), and 

DNA (Hoechst 33342, trihydrochloride trihydrate, Life Technologies) for an additional 24 h. 

Labeled samples were mounted using Fluoromount-G (Invitrogen) and imaged using a laser 

scanning confocal microscope (Zeiss LSM880) equipped with a 10 × /0.45 NA or 20 × /0.8 

NA objective, and using a pinhole of 1 AU. All widefield images were acquired with a Zeiss 

Observer Z1 using a 5 × /0.13 NA, 10 × /0.31 NA, or 20 × /0.5 NA objective.

Images were processed with Zen (Zeiss), Fiji, and Imaris (Bitplane) software. To 

characterize cell morphology during the expansion phase, cells and nuclei were segmented 

using Cellpose. Using a custom MATLAB program, individual cell bodies and nuclei were 

fit to an ellipse that has the same normalized second central moments as the segmented 

region. Using the same algorithm, the cell spread area was determined. We used the major 

and minor axis of the fitted ellipse to determine the cellular length and width, respectively. 

For cells on the gMCs, we quantified alignment of the cell major axis with the groove 

direction by determining the orientation angle (θ) of cells and nuclei, which is the angle 

between the major axis of the fitted ellipse and the gMC groove direction. The orientation 

angle (θ) of cells on sMCs and Cytodex microcarriers was measured as the relative angle 

between the major axis of the fitted ellipse and the average major cell axis direction.
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To determine the volume fraction of myotubes and cellular matter, individual voxels were 

classified as either gelatin, nucleus, myotubes, F-actin, or empty space using a machine 

learning software (Ilastik [51]). The fraction of cellular material was determined as the 

number of voxels occupied by cell material (nucleus, myotube, F-actin) divided by the 

total number of voxels in the microtissue (including microcarriers). Voxels were classified 

based on their fluorescence color and intensity as well as the shape and size of the objects 

being classified. To determine the volume fraction of myotubes, the number of differentiated 

muscle cell voxels was divided by the total number of voxels in the microtissue belonging 

to cell material. To quantify the length of the myotubes, we manually traced the path of the 

myotubes in the 3D confocal images for all three microcarrier types. To quantify the total 

number of nuclei per volume of tissue, Cellpose [44] was used to delineate nuclei in 3D 

stacks of confocal images. The total number of nuclei identified was divided by the total 

volume of tissue analyzed; cells on the edge of the imaging volume were excluded.

To quantify the degree of F-actin alignment across length scales from 1 to 100 μm, we 

applied a Fourier transform (FT) image analysis technique to extract an ‘orientation index’ 

(OI) [52]. Details on the calculation of the orientation index and code for the calculations 

have been described previously [53]. Briefly, a custom MATLAB program was written that 

randomly selected square regions of dimensions 1.60–128 μm in length within the F-actin 

stained images, with the requirement that all pixels comprised cellular matter. The absolute 

value of the shifted FT was converted into polar coordinates (r,φ) to produce the FT power 

spectrum. Here, the strength of the different angle bands within the FT is an indicator of 

fiber alignment. The magnitude of the FT was calculated as a function of φ by integrating 

across r to give the FT power spectrum line average IFT(φ), which was shifted such that the 

maximum of IFT(φ) was located at φ = 0. The OI was calculated using the equation [54]:

OI = 2 cos2φ − 1 × 100%,

where

cos2φ =
∫−π/2

π/2 IFT(φ)cos2φdφ
∫−π/2

π/2 IFT(φ)dφ
.

The orientation index spans from 0 to 100, where an index of 0 indicates an isotropic 

distribution of actin with no directionality and an index of 100 indicates perfectly aligned 

actin fibers across the length scale of interest.

2.8. Real-time quantitative polymerase chain reaction (RT-qPCR)

To measure the extent of C2C12 myogenic differentiation on microcarriers, we performed 

RT-qPCR. We conducted whole-cell RNA extraction using TRIzol® reagent (Invitrogen) 

according to the manufacturer’s protocol. Total RNA was further purified using the 

PureLink™ RNA Mini Kit (Invitrogen). Reverse transcriptase was performed to obtain 

cDNA using the SuperScript™ IV First-Strand Synthesis System (Invitrogen). RT-qPCR 

was performed using the QuantStudio™ 5 Real-Time PCR System (Applied Biosystems) 
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and PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) with the gene-specific 

primers as given in Table 2. Cells in the undifferentiated control group were cultured for 

24 h in growth media prior to RNA extraction. Cells in the differentiated group were 

cultured for 7 days in growth media, after which the media was exchanged for differentiation 

media and cells were cultured for an additional 7 days before extraction. Changes in gene 

expression were quantified using the delta delta cycle time method (ΔΔCt) with Gapdh as 

an endogenous control. Transcript levels were normalized to a control of undifferentiated 

C2C12 cells on tissue culture plastic (TCP) after 1 day in culture.

2.9. Harvesting and cooking cultured meat

We harvested microtissues from stirred-flaks bioreactors by centrifuging the suspension at 

1000 RCF for 10 min. To promote fusion of microtissues into a cohesive piece of cultured 

meat, excess culture media was removed and the microtissues were mixed with a solution 

of 3 w/w % gelatin and 4 w/w% MTG powder and allowed to incubate for 12 h at 37 °C. 

To cook the cultured meat, we placed the meat in a Teflon pan that was placed on top of a 

hotplate with a surface temperature of 195 °C. The cultured meat was cooked in olive oil 

until brown. As a control, a piece of 3 w/w% gelatin crosslinked with 4 w/w% MTG powder 

was cooked under the same conditions.

2.10. Statistical analysis

All statistical analysis was performed in Origin(Pro), OriginLab Corporation. All plots 

were made in Origin(Pro), Adobe Illustrator, and ChemDraw. To determine statistical 

significance, we applied a one-way or two-way ANOVA test, as specified throughout for 

each dataset. For each pair of samples, p values were calculated (Tukey method). Box plots 

were drawn with the boxes representing the 25th and 75th percent quartiles, the statistical 

median as the horizontal line in the box, and the mean as a square symbol; the whiskers 

extend to the farthest points that are not outliers.

3. Results

3.1. Edible microcarrier fabrication and characterization

In this work, our goal was to produce scalable, edible microcarriers that supported the 

differentiation of myoblasts into myotubes. Since myoblast proliferation and differentiation 

are sensitive to physical and mechanical cues [18,23–25], we sought to fabricate 

microcarriers with tunable stiffness and topology. For this proof-of-concept demonstration, 

we used gelatin as a material which enables the microcarriers to be incorporated into 

a final food product. Gelatin is partially hydrolyzed collagen and contributes to the 

desired texture and mouthfeel of meat products [55]. Importantly, gelatin hydrogels can 

be molded to have micron-scale surface features [36], and the gel stiffness can be tuned 

by modulating the polymer concentration or the degree of crosslinking [56]. To maintain 

microcarrier structure under culture conditions, we enzymatically crosslinked the gelatin 

using food-grade microbial transglutaminase (MTG) [57], which catalyzes the formation of 

an isopeptide bond between the γ-carboxamide groups of glutamine side chains and the 

ε-amino groups of lysine side chains (Fig. 1B).
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To ensure that these edible microcarriers could support the production of cultured meat, we 

developed a scalable fabrication strategy. We produced gelatin microparticles by generating 

droplets of a water-in-oil emulsion (Fig. 1A), where the dispersed phase was a gelatin 

solution and the continuous phase was mineral oil with Span 80 as the surfactant. The 

resultant gelatin microparticles were the basis for the two types of edible microcarriers used 

in this study: spherical microcarriers (sMCs) with a spherical shape and smooth surface 

topology; and grooved microcarriers (gMCs) with a disc-like shape and a grooved surface 

topology (Fig. 1). The stiffness of the sMCs was controlled by modulating the concentration 

of gelatin in the aqueous phase. After crosslinking, microcarriers were separated from the 

continuous phase by gradually solubilizing the oil mixture in isopropanol (Fig. 1C). After 

retrieving sMCs from the oil phase and fully hydrating, we observed a slight ~10% increase 

in diameter due to swelling (Figs. S1A and B). To obtain microcarriers with dimensions 

that could support suspension culture of cells in a bioreactor [27], we used a step-wise 

filtration process to generate three distinct populations of sMCs with median diameters of 

39 ± 13, 87 ± 18, and 121 ± 27 μm achieved by filtration between 20 and 60, 60–100, and 

100–150 μm porous membranes, respectively (Figs. 1D and Fig. 2A–C, E); this resulted in 

three sMC populations with median surface areas per microcarrier of 5000 ± 3,500, 23,900 

± 9,100, and 46, 600 ± 16,600 μm2 (Fig. 2G). For cellular studies, we used sMCs with 

~24,000 μm2 surface area (~87 μm median diameter) (Fig. 2B, E); these sMCs have a radius 

of curvature similar to scaffolds used in previous tissue engineering applications [58,59]. 

We also chose this size of sMCs to ensure multiple cells per microcarrier—the spread area 

of C2C12 cells on flat substrates is ~1000 μm2/cell [60]—for maximal growth efficiency 

while minimizing the total volume of gelatin in the final food product. For comparison, 

the commercially available Cytodex 1 microcarriers, which we used as a control and 

were previously characterized for bovine satellite muscle cell culture [26], have a median 

diameter of 186 ± 26 μm and median surface area of 109,000 ± 28,800 μm2 (Fig. S1D).

Since scaffolds with grooved topology have been shown to promote myoblast proliferation, 

as well as myotube alignment and myogenesis [18,23], we sought to test if microcarriers 

with striated surface topology could enhance myoblast proliferation and myotube formation. 

To address this question, we developed a novel embossing technique to generate surface 

texture on the microcarriers, where a gelatin-in-oil emulsion was placed between two PDMS 

stamps during the crosslinking process (Fig. 1E–G). To establish proof-of-concept, we 

patterned striations with 10 μm wide, 3 μm deep grooves separated by 10 μm wide gaps, 

which are dimensions that induce cell alignment and nuclear elongation along the groove 

direction [42]. Specifically, 10 μm wide grooves have been shown to promote the formation 

of aligned myotubes [36]. To produce edible microcarriers with similar grooved topologies, 

we used an embossing process where the gelatin-in-oil emulsion droplets were placed in 

between two PDMS stamps that serve as grooved templates. A key innovation in this process 

was a partial crosslinking step prior to embossing. We empirically determined a crosslinking 

time that was sufficient to maintain individual microcarriers, while still enabling them to 

be embossed with a grooved topology. We found that when no pre-crosslinking occurred 

or the time of partial crosslinking was <5 min, the gelatin solution between molds showed 

liquid-like behavior and the droplets tended to fuse to each another, which resulted in 

embossed microcarriers with irregular shapes and sizes consistently larger than 1 mm in 
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diameter. If the time of crosslinking prior to embossing was too long, the gelatin particles 

became too stiff and did not emboss with defined 10 μm × 3 μm grooves. Given these 

criteria, we found that 20 min of partial pre-crosslinking was optimal for gMC fabrication. 

After the partial crosslinking period, the emulsion was cooled in an ice bath to slow 

the enzymatic crosslinking reaction and promote physical crosslinking of the gelatin; the 

solidified microparticles were then filtered through a 400 μm filter prior to embossing (see 

Fig. S1C for the size distribution of these filtered droplets prior to embossing). The cooled 

emulsion was pipetted between two PDMS stamps (Fig. 1E) that were pressed together by 

placing a warm (65 °C) acrylic block on top of the PDMS-emulsion-PDMS sandwich (Fig. 

1F); this block provided a source of heat and physical force to ensure that the droplets 

softened, pressed into the stamps, and conformed to the grooves (Fig. 1G). After a set 

crosslinking time, the resultant disc-shape gMCs were released from the stamps with a 

pressurized stream of water. The gMCs were collected onto a 100 μm mesh to filter out 

smaller particles (Fig. 2D), which resulted in disc-shaped microcarriers with a median 

diameter of 191 ± 333 μm (Fig. 2F) and median surface area of 57,300 ± 598,000 μm2 (Fig. 

2H). While the largest fraction of gMC microcarriers have ≲ 250 μm diameter (Fig. S1E), 

the bulk of the total gMC surface area is derived from gMCs with diameter ~500–1000 

μm or surface area ~400,000–1, 600,000 μm2 (Fig. S1F). We confirmed with atomic force 

microscopy (AFM) and confocal microscopy that the grooved topology of the PDMS stamp 

was successfully replicated in the gMCs with 13.4 ± 0.8 μm wide and 2.3 ± 0.2 μm deep 

parallel ridges and grooves (Fig. 2I). By comparing the groove dimensions of the PDMS 

stamps used to mold the gMCs, we estimated that the gMCs swell by ~30% once fully 

hydrated. Analysis of confocal microscopy images also revealed that gMCs had an average 

thickness of 20.9 ± 6.7 μm (Fig. 2I.iii, 2I.v).

The expansion and differentiation of precursor muscle cells is also sensitive to scaffold 

stiffness [24,25]. Since ~8–16 kPa substrate stiffness has been shown to be optimal for 

the myogenesis of mouse C2C12 cells [24], we sought to fabricate microcarriers with 

stiffness in this range. To control the stiffness of the edible microcarriers, we varied the 

gelatin concentration and crosslinking time. We then characterized the mechanical properties 

of the microcarriers using AFM. For the sMCs, we found that the Young’s modulus (E) 

increased monotonically with gelatin concentration (Fig. 2J); these findings are consistent 

with previous reports that increasing the concentration of gelatin crosslinked with MTG 

results in increased hydrogel stiffness [61]. To control the stiffness of the gMCs, we 

tuned the crosslinking time, which we found to be a more consistent way to control gMC 

stiffness than changing the gelatin concentration (Fig. S2); the origins of this inconsistency 

are not fully understood, but could be due to dehydration of the gMCs in the PDMS 

molds that effectively changes the gelatin concentration of the gMCs. For the same 9 wt% 

gelatin formulation as the sMCs, we found that gMC stiffness increased monotonically 

with crosslinking time (Fig. 2J). Increasing the crosslinking time by ~ hours resulted in 

statistically significant increases in the Young’s modulus of the gMCs. Due to the tunability 

of the gelatin microcarriers, we were able to produce sets of sMCs and gMCs with similar 

stiffnesses (Fig. 2J, Table 1). A full set of the conditions that we established to achieve 

microcarriers with a range of Young’s moduli from ~0.5 to 22 kPa are displayed in Table 

1. For our subsequent investigations of myoblast proliferation and differentiation, we used 
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sMCs with E = 14.9 kPa (9 wt% gelatin crosslinked for 24 h) and gMCs with E = 14.1 kPa 

(9 wt% gelatin and crosslinked for 8 h). As a control, the commercially available Cytodex 1 

microcarriers were used; these have a Young’s modulus of 50 kPa [62].

3.2. Cell expansion on microcarriers

To investigate the potential of edible microcarriers to support the growth of myogenic tissue, 

we first analyzed the proliferation of mouse myogenic C2C12 cells on sMCs and gMCs. 

C2C12 cells provide a valuable model system to characterize myoblast differentiation into 

myotubes [63,64], and can thus be instructive for cultured meat applications. To evaluate the 

potential of sMCs and gMCs to support cell proliferation in suspension culture, cells were 

seeded onto microcarriers and cultured over 7 days (Fig. 3A–C). For comparison, we seeded 

cells on Cytodex 1 microcarriers. To ensure that the available microcarrier surface area in the 

cell culture volume was consistent across experiments with different types of microcarriers, 

we seeded cells at 11,400 cells/cm2 microcarrier in 1 mL of culture. We confirmed that cells 

were attached to all types of microcarriers at 1, 4, and 7 days after seeding using widefield 

and confocal microscopy (Fig. 4A–I, Figs. S3A–I). After 1 day in culture, we found that 

C2C12 cells exhibited a spread morphology as indicated by the average projected spread 

area of cells (Fig. S3J), which is consistent with the spread area of C2C12s on flat substrates 

[60].

After 1 day in culture, cells on the gMCs aligned along the direction of the gMC grooves 

(Fig. 4B). To quantify cell alignment on gMCs, we determined the orientation angle (θ) 

of cells with respect to the gMC groove direction (Fig. 4J); this data revealed that θ < 

30°, indicating that cells tended to align along the grooves after 1 day in culture, which is 

consistent with the contact guidance phenomenon that has been observed for various types 

of cells on grooved surfaces, including C2C12s [36]. Similarly, cell nuclei were aligned with 

the groove direction after 1 day in culture and maintained alignment after 7 days (Fig. S3K). 

By contrast, we observed random orientation of both cells and nuclei on sMCs and Cytodex 

microcarriers after 1 day and 7 days in culture (Fig. 4J; S3K).

To quantify the growth of cells on the microcarriers, we measured genomic DNA[26] (Fig. 

4K). Since cells were observed to grow into the interstitial spaces between microcarriers, 

and may not always have been attached to a microcarrier surface, we report the cell 

concentration in cells/mL of bioreactor culture volume. For sMCs and gMCs, the cell 

density was significantly higher after 8 days of culture (p = 5.5 × 10−4 for sMCs and p 

= 6.9 × 10−5 for gMCs, d0 vs. d8 one-way ANOVA), showing that edible microcarriers 

supported cell proliferation (Fig. 4K). While the number of cells on the gMCs and sMCs 

was not significantly different at day 8 (one-way ANOVA, p = 0.46), there was an increased 

number of cells on gMCs compared to sMCs at days 4 and 6 (p = 0.016 at day 4, p = 

0.010 at day 6, one-way ANOVA). Overall, gMCs supported a larger number of cells than 

sMCs (p = 2.9 × 10−5), and sMCs supported more cells than Cytodex microcarriers (p = 

3.1 × 10−5) as revealed by two-way ANOVA post-hoc multiple comparisons, suggesting 

that gMCs may provide an advantage for cell growth. The differences in cell proliferation 

on the edible microcarrier types compared to Cytodex 1 may be attributed to differences 

in microcarrier porosity, surface chemistry, and stiffness; all of these parameters can affect 
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cell growth [65]. In addition, cells on sMCs and gMCs tended to occupy volume between 

microcarriers over the time course of cell expansion (Fig. 4D, E, G, H); this could allow for 

increased cell growth compared to cells on Cytodex microcarriers (Fig. 4F, I, Figs. S3F and 

I). Taken together, these results show that edible microcarriers can support cell expansion in 

a suspension culture.

During the expansion phase, we also observed the formation of aggregates containing cells 

and microcarriers (Figs. 3D & Fig. 4L–N). After 1 day in culture, cells were attached 

between carriers in regions where microcarriers were in proximity to one another (Fig. 

4A–C, Figs. S3A–C). By day 4, cells remained attached and were observed to fill in the 

interstitial spaces between microcarriers (Fig. 4D–F). After 7 days in culture, aggregates 

containing cells and sMCs had an average diameter of 755 ± 257 and aggregates with cells 

and gMCs were 601 ± 169 μm in diameter (Fig. 4O). The aggregates did not break apart 

after vigorous pipetting, suggesting that cells attached to both microcarriers and other cells. 

By contrast, cells grown on Cytodex carriers formed smaller, aggregates with 485 ± 172 μm 

average diameter (Fig. 4N and O).

3.3. Cell differentiation on microcarriers

A major goal of cultured meat production is to generate skeletal muscle that has features 

of native tissue. We next explored the ability of our edible microcarriers to support the 

differentiation of precursor myoblasts into myotubes. To induce C2C12 myotube formation, 

we replaced the growth medium with differentiation induction media after 7 days of 

expansion. To confirm myoblast differentiation, we visualized DNA, F-actin, and the 

myogenic marker myosin heavy chain 4 (Myh4) in microtissues by confocal microscopy. 

Consistent with skeletal muscle formation [66], we observed increased fluorescence 

intensity of immunolabeled Myh4, indicating increased expression at the protein level (Fig. 

5A–C). Widefield imaging revealed that cells maintained coverage over the sMCs and gMCs 

during the 7 day differentiation time course (Fig. 5A.i, B.i, Figs. S4A–F). Reconstructed 

3D confocal images of the sMC (Fig. 5A.ii and A.iii) and gMC (Fig. 5B.ii and B.iii) 

microtissues revealed prominent, elongated, multinucleated myotubes that were interwoven 

throughout the microtissues, spanning multiple microcarriers and showing strong Myh4 

expression. We observed myotubes that spanned across the surface (Fig. 5A.iv and B.iv) 

and into the interior (Fig. 5A.v and B.v) of the sMC and gMC microtissues, a characteristic 

that was not observed on Cytodex microcarriers (Fig. 5C.iv-v). By contrast, Myh4-positive, 

multinucleated structures were more rounded and did not span across multiple Cytodex 

microcarriers (Fig. 5C.ii and C. iii). In addition, we observed that many of the Cytodex 1 

microcarriers were free of cells with the cells aggregated together and Cytodex microcarriers 

on the periphery (Fig. 5C.i and C.ii, Figs. S4G–I), which has been observed previously 

for mesenchymal cells on Cytodex 1 microcarriers [67]. Similar cell detachment leaving 

denuded regions of glass and cellulose microcarriers has also been observed after the initial 

growth of C2C12 cells [28,68]. While myotubes have been shown to form and bridge across 

multiple Cytodex 3 microcarriers—similar to our observations of myotubes in sMC and 

gMC microtissues—Cytodex 3 microcarriers are coated with gelatin and have a different 

surface chemistry than Cytodex 1, suggesting that myotube formation may be sensitive to 

the type of microcarrier.
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Because myofibrils are a prominent feature of skeletal muscle, myotubes are considered 

a desired component of cultured meat. We thus next quantified the length and density of 

myotubes in the microtissues. We found that within the 3D volume of the microtissues, 

the average length of myotubes was 118 ± 63 μm (sMC), 126 ± 58 μm (gMC), and 32 ± 

19 μm (Cytodex) (Fig. 5D). The myotube lengths in sMC and gMC microtissues were not 

significantly different (p = 0.65) but were longer than myotubes on Cytodex microcarriers 

(p < 10−3). To quantify the volume fraction of different components of the microtissues, 

we applied a machine learning technique that classified the 3D confocal images on a voxel-

by-voxel basis into one of five categories: nucleus, gelatin microcarrier, myotube, F-actin, 

and background; we then calculated the volume fraction that was occupied by myotubes. 

We found that myotubes accounted for 39 ± 13% (sMCs), 33 ± 7% (gMCs), and 7 ± 6% 

(Cytodex) of the cellular volume component of microtissues (Fig. 5E), showing that edible 

microcarriers supported a significantly higher myotube fraction than the Cytodex carriers (p 

< 10−3). We observed no statistical difference in the myotube fraction between sMC and 

gMC microtissues (p = 0.50), indicating that both microcarrier types equivalently support 

myotube production.

To quantify cellular alignment in microtissues, which is another important feature of skeletal 

muscle, we examined the alignment of F-actin in microtissues (Fig. S5). At length scales 

of a single cell, F-actin alignment can be an indicator of cellular elongation or stress fiber 

formation [53,54], and at length scales of myotubes, F-actin alignment correlates with 

myotube alignment [69], which is a key feature of skeletal muscle. To quantify F-actin 

alignment, we calculated a parameter termed the orientation index (OI) that is derived from 

the Fourier transform power spectrum of images to quantify actin alignment at different 

length scales: as actin alignment increases, OI → 100; as the fiber network becomes more 

diffuse and randomly oriented, OI → 0. At subcellular length scales (1.60–3.51 μm) we 

found that there was no significant difference in the F-actin alignment between the three 

microcarrier types (Fig. 5F). However, at length scales from ~7 μm, which is on the length 

scale of a single cell, up to ~64 μm which approaches the length scale of myotubes, there 

is significantly increased alignment of actin in cells grown on sMCs and gMCs rather than 

Cytodex, which is consistent with increased myotube production in edible microtissues 

(1-way ANOVA: p < 10−3 at both 6.71 and 64.0 μm length scales) (Fig. 5F). For images of 

the cells on Cytodex microcarriers, the OI could not be quantified for regions >65 μm since 

the aggregates were not consistently large enough (Fig. 5C.i and C.ii).

To further characterize the microtissues, we assessed nuclear shape by determining the 

nuclear major-to-minor axis ratio (Fig. S6A). The nuclear major-to-minor axis ratio is 

sensitive to cellular morphology, external strain, and intracellular tension, with more 

elongated nuclei reflecting increased cellular tension and/or elongation [70,71]. Our findings 

reveal that cells on gMCs and sMCs had a larger major-to-minor axis ratio, as they were 

more elliptical, which is also consistent with the elongation of cells and/or increased cellular 

tension on gMCs and sMCs. By contrast, cells on Cytodex microcarriers had a smaller 

major-to-minor axis ratio, which may suggest they were that they are under less anisotropic 

strain or experiencing less cellular tension.
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Another major goal in cultured meat production is to generate tissues with cell densities 

of ~108 cells/cm3, which have been shown to be optimal for generating functional human 

skeletal muscle [17]. To measure the density of cells in the microtissues we applied an 

object classification algorithm to analyze the confocal images. Because myotubes tended 

to be larger than the imaging window, we reported the density of nuclei in microtissues 

as a metric for the density of cellular matter. This analysis revealed on the order of 108 

nuclei/cm3 within both sMC and gMC microtissues (Fig. 5G), which is slightly higher 

than the density of nuclei in murine muscle fibers of ~2–7 × 107 nuclei/cm3 [72]. For 

mononucleated cells, the same density of 108 nuclei/cm3 that we observed in sMC and gMC 

microtissues translates to a cell density of 108 cells/cm3, which is slightly lower than typical 

animal tissue (~1–3 × 109 cells/cm3) [73] and other 3D tissue constructs and spheroids 

composed of mononucleated cells (~1–8 × 109 cells/cm3) [74,75]. To compare the density of 

nuclei in the sMC and gMC microtissues to cells on the inedible Cytodex microcarriers, we 

also quantified the nuclear density within the cell matter-only component of the microtissues 

(cell volume excluding microcarriers) (Fig. S6B). We found that microcarrier type did not 

significantly impact the density of nuclei in the microtissue cellular matter component. 

Since microcarrier scaffolds could impact the texture of the final meat product, we also 

quantified the microtissue volume that was occupied with edible microcarrier. We found 

that the microcarriers comprised 46 ± 13 vol% of the sMC and 35 ± 18 vol% of the gMC 

microtissues, with the rest being filled by cellular matter (nuclei, cell body, myotubes) (Fig. 

5H). Microcarrier volume estimates were not performed for the Cytodex microcarriers since 

they were not integrated within the microtissue but rather at the periphery of the cellular 

aggregate. Since the efficiency of myotube differentiation on Cytodex microcarriers was 

poor, we focused subsequent analyses on edible sMC and gMC myogenic microtissues.

To further characterize edible myogenic microtissues, we measured Myh4 and myocyte-

specific enhancer factor 2C (Mef2c) transcripts in differentiated C2C12 microtissues using 

RT-qPCR after culturing in differentiation induction media for 7 days. Cells on both types 

of edible microcarriers showed equivalent ~102-104-fold increases in Mef2c and Myh4 
expression over undifferentiated cells grown on tissue culture plastic (p < 0.0001) (Fig. 

6); this increase was statistically similar to cells differentiated on tissue culture plastic. 

These findings indicate that both sMC and gMC edible microcarriers support myoblast 

differentiation as sufficiently as typical C2C12 differentiation conditions.

3.4. Edible microcarriers support proof-of-concept cultured bovine meat

To investigate the ability of the edible microcarriers to support the generation of cultured 

meat, we cultured bovine satellite muscle cells (BSMCs) on sMCs in a 100 mL spinner flask 

(Fig. 7A), which is commonly used to test the scale-up of cell culture [27]. Since sMCs 

can be readily fabricated at larger quantities and had similar microtissue characteristics to 

gMCs (Fig. 5), we focused this proof-of-concept scale-up on BSMCs cultured on sMCs. 

Cells were expanded on sMCs for 7 days before inducing differentiation for an additional 7 

days. Consistent with our observations of C2C12 cells cultured with edible microcarriers in 

smaller volume suspension cultures, we found that BSMCs and microcarriers spontaneously 

formed into microtissues (Fig. 7B, Fig. S7A). To harvest the microtissues and form a 

consolidated cultured meat patty, microtissues were centrifuged and mixed with gelatin (3 
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wt %) and MTG powder (4 wt%), which promoted the formation of a cohesive piece of 

cultured meat (Fig. 7C and D, Supp Figs. S7B and C). To evaluate cookability, we placed the 

cultured meat on a ~195 °C hot plate with olive oil until browned (Fig. 7E, Figs. S7D–F). 

Upon heating, the cultured meat patty retained its shape (Fig. 7E); by contrast, the control 

gelatin samples melted and lost their form, consistent with the phase behavior of gelatin 

hydrogels (Figs. S6G–I, Video S1). The BSMC-cultured meat also exhibited browning, 

characteristic of Maillard reactions (See Fig. 7E). After cooking, the patty could be cut 

into pieces, which also held their form, reflecting the solid-like properties of the microtissue-

based meat (Video S2). These proof-of-concept findings show that edible microcarriers 

support BSMC culture in a stirred-flask bioreactor and the generation of cookable bovine 

cultured meat. In this proof-of-concept demonstration using 100 mL spinner flask and a 

microcarrier density of 8.8 cm2/mL, we were able to produce 2.9 g of cultured meat. 

Assuming a linear scaling with culture volume, a back-of-the-envelope calculation estimates 

that 1 kg of meat could be produced in a ~40 L bioreactor. We note that the concentration 

of microcarriers could be tripled in optimized conditions and additional media feed or gas 

exchange could improve cell growth efficiency [27].

Supplementary video related to this article can be found at https://doi.org/10.1016/

j.biomaterials.2022.121669.

4. Discussion

Cultured meat has potential to provide a complementary approach for animal protein 

production, but strategies to scale up cultured meat production will be critical. To increase 

the efficiency of cultured meat growth, edible scaffolds [32]—including fibrous gelatin [34] 

and textured soy protein [33]—have promise, but need to be compatible with larger scale 

suspension culture in a bioreactor for maximum impact. Here we show a scalable approach 

to generate edible microcarriers that support the production of myogenic microtissues in a 

single stirred-flask bioreactor. After differentiation, the microtissues could be harvested into 

a cookable cultured meat patty.

In defining a process to fabricate edible microcarriers that are optimized for myoblast 

culture and differentiation, we used gelatin as a microcarrier material based on the following 

rationale: 1) the mechanical properties of gelatin microcarriers can be easily tuned; 2) 

gelatin microcarriers can be embossed by crosslinking the hydrogels in a predefined mold; 

3) gelatin promotes cell attachment as it derives from the common ECM protein collagen 

and inherently contains cell binding domains so no further chemical modifications with 

tailored peptides are required; 4) production of gelatin microcarriers can be achieved using 

existing food-grade materials; and 5) gelatin contributes to positive sensory attributes of 

meat including taste, mouthfeel, and texture, as well as nutritional properties [55]. While 

we demonstrate this proof-of-concept methodology using gelatin, edible microcarriers could 

be fabricated using other plant-based scaffolding materials [31] or non-animal sources 

of gelatin [76], which may be desired for cultured meat applications. The fabrication of 

alginate, agarose, and pectin microbeads using emulsions as templates has been previously 

described in the literature by our group and others [41,77–80] and is similar to the process 

we describe here to produce edible microcarriers. Since materials used for scaffolds can 
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positively contribute to sensory attributes of processed meat products [81], it will be 

interesting in future work to explore how modulating scaffold texture—either by altering 

the polymer type, concentration, or crosslink density—could enhance final meat texture.

We envision that the embossing technique that we developed to produce gMCs with aligned 

surface topology gMCs can be modified to further advance fundamental research of edible 

microcarriers for cultured meat production. The microcarrier groove width and height can 

be easily tuned using standard approaches in soft lithography. The microcarrier thickness 

can be modulated by using spacers with different thickness, and the size of the gMCs 

can be modified by filtering the emulsion prior to embossing. Modulating gMC size and 

shape could impact their dispersion and sedimentation in a suspension culture. For example, 

microcarriers with a smaller size sediment more slowly [27], and microcarrier shape and 

aspect ratio could be tuned to modulate their dispersion and sedimentation in solution 

[82]. Further experiments and mathematical modeling will need to be performed to fully 

understand how differently shaped microcarriers disperse in solution and aggregate during 

cell expansion in a bioreactor context.

While our study of microcarriers with grooved topology was motivated to test if grooved 

topologies could promote myoblast proliferation and myotube formation in a bioreactor 

context, we found that both sMC and gMC edible microcarriers support the attachment, 

proliferation, and myotube formation of C2C12 cells. While the number of cells on gMCs 

and sMCs was similar after 8 days, we found that the overall expansion on gMCs was 

modestly higher on gMCs than on sMCs. We observed a slight increase in proliferation 

for C2C12 cells on gMCs compared to sMCs at initial time points; an observation which 

is consistent with findings that C2C12 growth is faster on topologically aligned surfaces 

[23]. Since any reductions in culture time could have major impact on cost and production 

efficiency, strategies to optimize the doubling time and expansion potential of muscle 

satellite cells are currently an intense focus in the field [83]. Future studies should more 

fully explore the effects of microcarrier surface topology on cell expansion.

While myotube formation is dependent on the physical and mechanical properties of the 

surrounding microenvironment [24], we found that both sMC and gMC edible microcarriers 

supported myogenic differentiation and the formation of myotubes that were ~102 μm in 

length. We observed alignment of myoblasts with the gMC grooves during the expansion 

phase, but the myotubes that formed with differentiation did not tend to follow the original 

grooved striations of the gMCs but rather spanned across the interstitial spaces between 

microcarriers; the alignment of F-actin after differentiation was also equivalent for sMC 

and gMC microtissues. In addition, we did not find any significant advantages of the gMC 

over the sMC microtissues in terms of myotube volume fraction, myotube length, expression 

of myogenic markers, or density of nuclei in microtissues. To further characterize muscle 

development on edible microcarriers at different stages of differentiation, other proteins such 

as desmin, MyoD, and myogenin could be targeted [84]. Taken together, these findings 

demonstrate the potential of both sMC and gMC edible microcarriers to support the scalable 

production of myotubes—which are the basis of skeletal muscle tissue—from naturally 

adherent myoblasts in a bioreactor. These results will also be important to guide future 

strategies in cultured meat production, since aligned nanofiber sheets and scaffolds with 
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striated texture have been considered top contenders to produce cultured meat due to their 

demonstrated effects on increasing myogenic potential [85]. Beyond the scope of this paper, 

elucidating the biological mechanisms underlying the effects of microcarrier stiffness and 

surface topology on the proliferation and differentiation of myogenic cells in suspension 

culture will be an important topic of future investigations, for example, to map the effects 

of physical and mechanical scaffold cues on cell behaviors in the presence of additional 

physical forces due to fluid flow.

Considering how production of sMCs can be scaled simply by increasing vessel size, sMCs 

have strong potential as an efficient approach for scaling up muscle microtissue production. 

By contrast, the laboratory-scale fabrication method for gMCs that we present here requires 

roughly an order of magnitude more time to prepare an equivalent yield of sMCs and we 

found that microcarriers with grooved topologies do not provide significant advantages over 

sMCs for C2C12 cell expansion or myogenesis. While we did observe a modest increase 

in proliferation for cells on gMCs in the initial days of expansion, the potential benefits of 

microcarrier surface texture for cell proliferation could be explored more efficiently with 

production of microcarriers with defined surface topology using industrial-scale methods 

[86]; this may alter the cost-benefit analysis of culturing meat using grooved microcarriers. 

Microcarriers with micron-scale surface texture could also be generated using methods 

including extrusion, photopatterning, microfluidics, or random surface wrinkling [87–94]. In 

addition, edible microcarriers with grooved topology could benefit other desired phenotypes 

for cultured meat applications. For example, textured scaffolds have been shown to increase 

lipid accumulation in adipocytes [95] and could therefore have potential to accelerate 

adipose tissue production for enhanced flavor and sensory properties of cultured meat. 

Grooved microcarriers could also positively impact the final textural and sensory properties 

of cultured meat; the higher surface area to volume ratio of these microcarriers could 

accelerate their enzymatic degradation. Beyond cultured meat, microcarriers with tunable 

topology and stiffness could have applications for other systems where large-scale cultured 

of cells is needed, including but not limited to cell culture for immunotherapies [96], neural 

engineering [97], and fibroblast reprogramming for regenerative medicine applications [42].

The scalable fabrication strategy that we developed to produce edible microcarriers 

is compatible with ingredients and processes already used in food production. Since 

common reagents to chemically crosslink protein-based hydrogels, such as glutaraldehyde 

and 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide (EDC) [98], are not appropriate for 

food products, we focused on developing edible microcarriers using reagents that are 

already accepted in the food industry. To generate edible microcarriers, we produced 

hydrogel microparticles using droplets of a water-in-oil emulsions, which is a scalable 

technique already used in industrial applications, including in the food space [99–102]. 

Investigating the long-term storage of edible microcarriers will be important for future 

commercial applications. While gelatin-based hydrogels can be dehydrated after production 

and rehydrated before use, additional experiments need to be performed to determine how 

dehydration conditions affect microcarrier size, surface roughness, mechanical properties, 

and density, which are important characteristics that can regulate cellular behaviors that are 

important for cultured meat, including proliferation and differentiation.
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The scale-up of edible microtissue production in a bioreactor will also require additional 

optimization. While the viability of cells in edible microtissue aggregates with diameter 

>500 μm could be impacted due to diffusion-limited exchange of nutrients and oxygen 

between cells and media—estimates of the maximum thickness of viable tissue that can be 

maintained by media diffusion are comparable to the size of our microtissue aggregates—

these estimates are for static conditions [12, 103] and media exchange is enhanced by fluid 

flow in a bioreactor context [104]. Furthermore, some studies have suggested that hypoxic 

conditions can accelerate myoblast proliferation and do not negatively impact differentiation 

[105,106]. Still, microcarrier aggregation can be countered by using strategies such as 

increasing bioreactor spin speeds or decreasing the initial seeding density during inoculation 

[27]. Considering that microtissue size and impact on cell viability will ultimately depend 

on various factors including bioreactor geometry, fluid flow rates, porosity of edible 

microcarriers, and the metabolic rate of cells [27], further studies will be necessary to 

evaluate media exchange in the context of scaled-up cultured meat production.

The formation of edible microtissues that we observed during the expansion phase have 

potential to support many desired features of cultured meat. Since the cells within the 

edible microtissues occupy the interstitial spaces between microcarriers, we achieved 

densities of nuclei in microtissue that are consistent with cell density goals of cultured 

meat (~107-108 cells/cm3) [17,19,29]. While the nuclear density in muscle tissue cannot be 

directly comparable to cell density given that muscle cells are multinucleated, our findings 

are in the range of previous reports of ~2–7 × 107 nuclei per cm3 of murine muscle fibers 

[72] and ~2 × 105 muscle fibers per cm3 of muscle [72]. We also found that the microcarrier 

volume fraction of the microtissues was ~35–45 vol%, with the remaining volume filled 

by cellular matter including myotubes and undifferentiated myoblasts (55–65 vol% cellular 

matter); by comparison, muscle fibers comprise ~60–70% of bovine muscle tissue [107]. 

In future iterations of this work, we expect that increasing the surface area-to-volume ratio 

of the microcarriers could enable us to achieve higher cell densities in the microtissues. 

Alternatively, we could explore increasing the enzymatic or hydrolytic degradation rate of 

the microcarriers with the goal of accelerating decomposition of the microcarriers, hence, 

decreasing the fraction of the microtissues occupied by microcarrier and increasing the 

volume fraction of myotubes. Understanding the degradation behavior of gelatin-based 

microcarriers and ECM remodeling in the context of bidirectional mechanical feedback 

between cells and the matrix will also be important especially with respect to the final 

texture of the cultured meat [108].

Microtissues with edible microcarriers have several attractive features in the context of 

cultured meat, but there are still many challenges to tackle before cultured meat can be 

a delicious and sustainable protein alternative. While we found that edible microcarriers 

supported greater alignment of myotubes compared to Cytodex microcarriers, the alignment 

of myotubes in edible microtissues still does not approach the striking alignment of muscle 

fibers in skeletal muscle [109]. The edible myogenic microtissues showed myotubes with 

lengths ~100 μm; by comparison, typical muscle fiber length in mice is 4–6 mm [72]. 

Varying culture conditions could be explored to achieve microtissues that better mimic 

real skeletal muscle, but it will be important to first determine how myotubes and the 

degree of myotube alignment contribute to cultured meat texture and flavor [110]. This 
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proof-of-concept demonstration shows that microtissues formed with edible microcarriers 

can be harvested into a cultured meat patty that evokes a product similar to ground meat. 

We demonstrate that edible microcarriers support the generation of murine and bovine 

myogenic microtissues, indicating that the approach is translatable to edible cell types. 

While our initial observations show the promise of edible microcarriers to support a 

cookable cultured bovine meat product that exhibits browning, future studies will be needed 

to fully assess the sensory and nutritional properties of cultured meat produced with edible 

microcarriers. Since animal proteins provide a complete profile of essential amino acids 

as well as high bioavailability and digestibility [111], we anticipate that cultured meat has 

potential to provide similar nutritional qualities. The taste and texture of cultured meat 

are key concerns of future consumers [12], and will be a major focus of future efforts in 

developing cultured meat production methods to tune flavor molecules that are known to be 

important contributors to meat flavor including 2-nonenal (grassy), 2, 4-decadienal (fatty), 

trans-4,5-epoxy-(E)-2-decenal (metallic), 1-octen-3-one (metallic), as well as myoglobin 

and hemoglobin [112]. The cost of cultured meat is another major focus of research 

efforts across the industry. In this study we cultured cells using animal serum, which is 

a major contributor to the cost of cultured meat production and therefore a major target for 

innovations to scale up production of cultured meat. Since cell proliferation and adhesion are 

sensitive to growth factors contained in serum, future work should evaluate combinations of 

edible microcarriers with serum-free media, which could further optimize process efficiency. 

Functionalizing the surface of the microcarriers with specific growth factors or signaling 

compounds could be explored to further increase muscle growth efficiency. Ultimately, 

microtissues with edible microcarriers could provide the basis for a delicious cultured steak, 

which has the longer-range structure that could be achieved by patterning muscle and 

adipose microtissues.

5. Conclusions

In summary, we present here edible microcarriers that can support the generation of bovine 

and murine myogenic microtissues in suspension culture. While we explored the grooved 

topology of edible microcarriers as a strategy to promote myogenic microtissue production, 

we found largely equivalent effects of sMCs and gMCs on cell growth, differentiation. 

The scalable approach that we describe to generate edible microcarriers and the resultant 

muscle microtissues has potential to contribute to efficient, cost-effective cultured meat 

production, which could provide a complementary alternative for animal protein production 

that ultimately could help to increase the resilience of future food systems.
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Fig. 1. 
Fabrication strategies for edible microcarriers. (A) An emulsion was formed by adding 

gelatin and MTG to a mineral oil bath with 1% Span 80. (B) Chemical crosslinking of 

gelatin occurred through an enzymatic reaction that binds glutamine and lysine side chains. 

(C) After breaking the emulsion, spherical microcarriers (sMCs) were suspended in PBS, 

and (D) the microcarriers were size filtered before use. To make grooved microcarriers 

(gMCs), (E) the emulsion was placed onto a grooved PDMS stamp after partial crosslinking 

and (F, G) confined between two PDMS stamps during crosslinking. (H) The microcarriers 

with grooved topology were released from the stamps and excess oil was removed before 

resuspending in PBS.
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Fig. 2. 
Characterization of edible microcarriers. Phase contrast images of (A-C) spherical 

microcarriers (sMCs) with 9 wt% gelatin polymerized for 24 h after collecting between 

filters with pore sizes of (A) 20–60 μm, (B) 60–100 μm, and (C) 100–150 μm. Scale, 200 

μm. (D) Grooved microcarriers (gMCs) with 9 wt% gelatin crosslinked for 8 h. Scale, 200 

μm. Example histograms showing the (E, F) diameter and (G, H) surface area per particle 

of collected sMCs and gMCs. sMCs are collected between filters of different pore sizes, 

and gMCs are collected on top of a 100 μm filter to remove smaller objects. Histograms 
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represent the microcarrier diameter and surface area distributions of an entire 10 μL aliquot. 

(I) Atomic force microscopy (AFM) and cross-sectional confocal microscopy of gMCs: 

(i) schematic of AFM probe scanning gMC surface; (ii) phase contrast image of AFM 

set up. Scale, 100 μm; (iii) confocal image showing cross-section of a gMC. Scale. 50 

μm; (iv) AFM topology map of gMC surface. Scale, 25 μm; (v) measured gMC thickness 

from confocal images, as shown in (iii) (n = 9 individual gMCs, horizontal line denotes 

mean ± SD); (vi) example plot of microcarrier surface topology measured using AFM, 

which corresponds to the dashed line shown in (iv). (J) Young’s modulus of the sMCs with 

increasing wt% gelatin and gMCs with increasing crosslinking time (mean ± SD). Statistical 

significance determined using 1-way ANOVA. (n.s. not significantly different, *p < 0.05, ** 

<0.01, *** <0.001, **** <0.0001; gMCs n = 5; sMCs n = 9 individual microcarriers).
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Fig. 3. 
Schematic of process flow from cells and edible microcarriers to cultured meat. (A-C) 

Cells were seeded onto edible microcarriers with tunable mechanics and surface topology. 

(D) Edible microcarriers supported myoblast expansion and differentiation and formation 

of cell-microcarrier structures or “microtissues.” (E) The microtissues were harvested by 

centrifugation to form (F) a cookable cultured meat product.
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Fig. 4. 
Edible microcarriers support cell expansion. C2C12 cells were cultured on (A-C) spherical 

microcarriers (sMCs), (D-F) grooved microcarriers (gMCs), or (G-I) Cytodex microcarriers. 

Widefield (left) and confocal (right) images were acquired at (A, D, G) 1 day, (B, E, 

H) 4 days, and (C, F, I) 7 days after cell seeding. (J) To quantify alignment, cells on 

gMCs were segmented and an ellipse was fitted to the cell body. The orientation angle (θ) 

between the major axis of the fitted ellipse and gMC groove direction was plotted against 

the length/width ratio for each cell in polar coordinates. For cells on sMCs and Cytodex 
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microcarriers, θ was determined relative to the mean cell major axis direction in the imaging 

window; n > 100 cells on 6 separate microcarrier clusters, 2 independent experiments. (K) 

The cell concentration in the bioreactor (cells/mL of culture volume) was measured by 

quantifying DNA over the course of 8 days, where 1 mL cell suspension contained 8.8 

cm2/mL microcarrier surface area. We report here cell concentrations assuming 6.6 pg DNA/

cell (mean ± SD) averaged over three independent experiments. Live microtissue aggregates 

observed for (L) sMCs, (M) gMCs, and (N) Cytodex microcarriers. (O) Distribution 

of microtissue aggregate diameters for each microcarrier type; n = 118 aggregates, 2 

independent experiments. Statistical significance determined using 1-way ANOVA. n.s. 

not significantly different, *p < 0.05, ** <0.01, *** <0.001, **** <0.0001. Scale, (A-I) 

widefield: 500 μm, confocal: 200 μm, (L-N) 1000 μm.
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Fig. 5. 
Edible microcarriers support myotube formation. C2C12 cells were expanded and 

differentiated on (A) spherical microcarriers (sMCs), (B) grooved microcarriers (gMCs), and 

(C) Cytodex 1 microcarriers. Images show gelatin (FITC, yellow), DNA (Hoechst, cyan), 

myosin heavy chain (Myh4, magenta), and F-actin (phalloidin, gray). (i) Widefield images 

of the labeled microtissues. Scale, 1000 μm. (ii-vi) Z-stacks were acquired with a confocal 

microscope. (ii) Projection of the 3D images reconstructed from the confocal slices. Scale, 

200 μm. (iii-vi) Higher magnification images. Scale, 100 μm. (iii) Montages of maximum 

intensity projections of the z-stacks. Single z-slice images of regions on the (iv) outside 

surface and (v) interior of the microtissues. (vi) 3D-rendered images of showing myotubes 

and microcarriers only. (D) Length of myotubes within the imaging window. (E) Fraction of 
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the cellular volume that is comprised of myotubes, where cellular volume is the microtissue 

volume excluding microcarriers. (F) The orientation index of F-actin across different length 

scales; higher values indicate increased F-actin alignment. Bar graphs show comparisons 

of the orientation index at 6.70 and 64.1 μm. Values represent the mean orientation index 

across confocal stacks and error bars represent standard deviation. (G) Densities of nuclei 

within the microtissues formed from sMCs and gMCS. (H) Microcarrier volume fraction 

within the microtissues. n ≥ 6 microtissues per condition across 2 independent experiments, 

mean ± SD. Statistical significance determined using 1-way ANOVA. n.s. not significantly 

different, *p < 0.05, ** <0.01, *** <0.001, **** <0.0001.
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Fig. 6. 
Levels of Myh4 and Mef2c transcripts of C2C12 cells grown on tissue culture plastic 

(TCP), spherical microcarriers (sMCs), and grooved microcarriers (gMCs), as measured by 

RT-qPCR using the delta delta cycle time method (ΔΔCt) with Gapdh as an endogenous 

control. Differentiated samples (diff) were grown for 7 days in growth media, followed by 

7 days in differentiation media. Data is normalized to a control (Ctrl) of undifferentiated 

(undiff) C2C12 cells on tissue culture plastic (TCP) after 1 day in culture. n = 3 

independent experiments per condition, mean ± SD. Statistical significance determined 

using one-way ANOVA. n.s. not significantly different, **** <0.0001. Asterisks show 

statistical significance of transcript levels normalized to the control.
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Fig. 7. 
Harvesting and cooking cultured bovine meat. Bovine satellite muscle cells (BSMCs) were 

cultured with sMCs. (A) Cells were expanded in a 100 mL spinner flask for 7 days before 

inducing differentiation for another 7 days and (B) self-assembled into microtissues during 

culture. (C, D) The resultant microtissues were harvested by centrifugation, formed into a 

cohesive meat product, and (E) cooked on a hot 195 °C griddle in olive oil after 8 min 45 s.
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Table 2

Primers used for RT-qPCR methods.

Primer name Sequence

Gapdh forward 5’-TGAACGGATTTGGCCGTATT-3’

Gapdh reverse 5’-CTGGAACATGTAGACCATGTAGTT-3’

Myh4 forward 5’-TCTACACTTACTCAGGCCTCTT-3’

Myh4 reverse 5’-CTGGTAGGCGTTATCAGAGATG-3’

Mef2C forward 5’-CTGGCAGCTCTACACCATTG -3’

Mef2C reverse 5’-AAGCCTTCTTCATCAATCCAAA -3’
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