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A B S T R A C T   

It is projected that by the year 2050, there will be insufficient land suitable for agriculture to feed the world. 
Cellular agriculture has the potential to produce meat that replicates the structure of traditionally produced meat 
while minimizing the land needed. There is a need for an edible scaffold suitable for the growth of animal muscle. 
This study showed that decellularizing spinach leaves produced an edible scaffold that has a vascular network 
that could potentially maintain the viability of primary bovine satellite cells as they develop into meat. Primary 
bovine satellite cells were cultured on the surface of decellularized spinach leaves and gelatin coated glass for 7 
and 14 days. After 14 days, primary bovine satellite cells seeded on the decellularized leaf scaffold maintained 
~99% viability; and ~25% of the cells showed expression of myosin heavy-chain. Cell alignment varied between 
animals from which the cells were acquired. Areas of alignment were observed showing an average kappa value 
for cytoskeletal alignment of 0.71 ± 0.1 after 14 days in culture. There was no statistical significance in each 
category between cells cultured on gelatin coated glass and decellularized spinach leaves. These results suggested 
that decellularized spinach is a cost-efficient and environmentally friendly scaffold, that can potentially accel-
erate the development of laboratory-grown meat by providing an edible substrate for bovine satellite cells.   

1. Introduction 

The future of Earth depends on the exploration of methods to reduce 
activities that result in destructive environmental changes. Developing a 
sustainable method of meat production is becoming a challenge facing 
modern society. The land allocated for the cultivation of grazing live-
stock is equivalent to 26% of Earth’s ice-free land (Ellis et al., 2010). 
Future projections show that a growing population and demand for meat 
poses a risk of insufficient land to feed the world by the year 2050 using 
current methods of livestock cultivation (Aiking, 2011; Ray et al., 2013). 
The need for land to raise livestock has resulted in deforestation around 
the world, causing damage to the Amazon rainforest and threatening 
much of its endemic wildlife (Hasan et al., 2019). Advocates for elimi-
nating meat from American diets have stressed the need for dietary 
reformation, yet only 5% of Americans are vegetarian (Shapiro, 2018). 

Tissue engineering techniques can be used to create meat in vitro by 
expanding cells acquired from small samples of muscle tissue. This 
process may eliminate some of the need for large livestock herds and has 
the potential to reduce greenhouse gas emissions and land requirements 
(Burton et al., 2000). Meeting this need would require replicating the 
structure of traditional meat. Producing structured meat, like steaks, 

presents challenges in oxygen diffusion (Novosel et al., 2011). Due to the 
limitations of oxygen diffusion, a cell must be within 200 μm of a 
nutrient source to remain viable (Novosel et al., 2011). In vivo, thick 
tissues have a complex network of vasculature that provides cells with 
constant access to oxygen and nutrients. There is currently no definitive 
tissue engineered solution for vascularized 3D cultures in vitro. Previous 
studies have shown that decellularized spinach leaves can serve as a 
vascularized scaffold which supports various mammalian cell types 
(Fontana et al., 2017; Gershlak et al., 2017). In addition to its vascula-
ture, decellularized spinach has many characteristics that make it an 
ideal biomaterial for developing meat. Spinach leaves are cost-efficient, 
environmentally friendly, edible, and void of animal-derived compo-
nents found in other common biomaterial scaffolds such as gelatin. This 
study expands upon the results of previous studies to evaluate the effi-
cacy of decellularized spinach in laboratory-grown meat applications by 
evaluating viability, differentiation potential, and local alignment of 
seeded bovine primary satellite cells. 
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2. Materials and methods 

2.1. Experiment design 

The following experiments measured viability, differentiation, and 
alignment. Each experiment was done with three biological replicates 
with cells isolated from three different live cows (2-yr-old male Hol-
steins raised for meat without growth stimulants) grown on decellular-
ized spinach. These biological replicates were referred to as cow 1, cow 
2, and cow 3. The three animals used were all sourced from a local 
slaughter facility (Adams Farm, Athol, MA, USA) and slaughtered using 
electrical stunning. Tissue samples were collected from the shank area of 
the front legs. Each biological replicate had three technical replicates for 
a total sample size of 9. Studies have shown that collagen, in the form of 
gelatin, shows promise for cell growing food applications (Datar & Betti, 
2010). Therefore, cells grown on decellularized spinach were compared 
to a control group of isolated satellite cells grown on glass slides coated 
with gelatin. Each experiment was completed at two time points: 7 and 
14 days. At the end of each time point, the samples were fixed in 4% 
paraformaldehyde for 10 min. 

2.1.1. Imaging and analysis 
Unless specified otherwise, samples were imaged using a Leica SP5 

point scanning confocal microscope (Leica Microsystems, Wetzlar, 
Germany) at 20X. Five images were taken in total. One image was taken 
from the center of the scaffold and from 4 locations around the edges of 
the seeded area. 

2.1.2. Statistical analysis 
All statistical analysis was done using GraphPad Prism 9.0.0_121 

(Graphpad, San Diego, CA, USA). Unless specified otherwise, all the data 
is expressed as mean ± standard deviation. All comparisons were made 
with either an ordinary one-way ANOVA or Welch’s t-test. A p value of 
<0.05 was used as the threshold of statistical significance. 

2.2. Spinach leaf decellularization and scaffold preparation 

The immersion method of plant decellularization (Fontana et al., 
2017) was used in lieu of the original perfusion method of plant decel-
lularization (Gershlak et al., 2017). This is because the perfusion method 
requires that each leaf be cannulated individually, a time intensive 
process. 

Triple washed packaged baby spinach leaves (Olivia’s Organics, 
Chelsea, MA, USA) were acquired from a local food store. Spinach cu-
ticles were removed by agitating the leaves in 98% hexane (VWR, 
Radnor, PA, USA) for 3 min followed by 1x phosphate buffered saline 
(PBS) (137 mM NaCl, 112.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 
KH2PO4in deionized water) for 3 min. The deionized water used in all 
solutions was generated using the Ultrapure Direct-Q water system 
(MilliporeSigma, Burlington, MA, USA). Cuticle removal was achieved 
after three cycles of hexanes and PBS treatment. After complete cuticle 
removal, spinach leaves were placed in 50 ml conical tubes and sub-
merged in 1% sodium dodecyl sulfate (SDS) (Sigma-Aldrich, St. Louis, 
MO, USA) in deionized water for 5 days, refreshing the solution every 
24 hr. After the initial 5 days, the SDS solution was replaced with 0.1% 
Triton X-100 (Sigma-Aldrich) and 10% concentrated bleach (The Clorox 
Co., Oakland, CA, USA) in deionized water for 48 hr, refreshing the 
solution after 24 hr. The spinach leaves were then rinsed in deionized 
water for 24 hr. After rinsing, the leaves were placed in 10 mM tris buffer 
(Sigma-Aldrich) for 24 hr. The leaves were stored at − 20◦C overnight. 
Lyophilization (FreeZone Triad 74000 series, Labconco Corp., Kansas 
City, MO, USA) was done at − 25◦C and 0.210 Torr over 24 hr. Decel-
lularized spinach scaffolds were stored at room temperature until 
needed for a maximum of two wk. The ambient temperature in the room 
was not monitored. 

2.2.1. DNA analysis of decellularized leaf scaffolds 
Samples were first prepared by taking 12.7 mm diameter circular 

biopsy punches from each lyophilized decellularized leaf. DNA content 
was quantified to confirm complete decellularization. Samples were 
then cut (1 x 1 mm) and added to a 1.5 ml microcentrifuge tube 
(Eppendorf, Hamburg, Germany). Samples were flash-frozen in liquid 
nitrogen and immediately pulverized using a mortar and pestle to 
further reduce the size of the samples. The DNA content of the samples 
was measured using a CYQUANT® DNA assay kit (Thermo Fisher Sci-
entific, Waltham, MA, USA), a fluorescence-based DNA quantification 
method. To release the DNA present in the sample, the pulverized 
samples were each combined with 100 μl of the lysis buffer included in 
the CYQUANT® DNA assay kit. The released DNA was then fluo-
rescently labeled by adding 100 μl of the CYQUANT® GR dye. Decel-
lularized leaf samples were compared to a standard curve created by 
serial dilution of a DNA standard and non-decellularized leaf samples as 
a control. Fluorescence intensity was measured using a PerkinElmer 
Victor3 spectrophotometer (PerkinElmer, Waltham, MA, USA) with an 
excitation wavelength of 480 nm and a emission wavelength of 530 nm. 
The fluorescence intensity value is then converted to DNA content 
through a linear regression of the standard curve values. 

2.3. Primary satellite cell isolation and culture conditions 

2.3.1. Primary satellite cell isolation 
The muscle samples were kept in separate containers on ice for 30 

min during transportation from the slaughter facility to the laboratory. 
Satellite cell isolation began immediately upon arrival (Fig. 1). The 
entire isolation was completed inside a laminar flow hood. All in-
struments and dishes were sterilized in a Tuttnauer EZ9-PLUS Steam 
Sterilizer (Tuttnauer NY, Huappauge, NY, USA) prior to isolation. The 
muscle tissue was placed onto a sterile dish and soaked in rinse medium 
(Ham’s Dulbecco’s modified Eagle’s medium (DMEM/F12) (Thermo 
Fisher Scientific), 1% each of penicillin/streptomycin (P/S) (Thermo 
Fisher Scientific) for 10 min. 

Exposure of inner tissue was done by making a shallow horizontal cut 
through the center of the muscle. The muscle tissue on either side of this 
cut was excised away with a set of sterile tools to complete further 
exposure of the interior tissue. Samples were taken from the exposed 
interior muscle and dissected into ~1 mm3 pieces. The samples were 
then placed in a sterile dish containing digestion medium (Ham’s 
DMEM/F12, 1% P/S, 10% recombinant collagenase sourced from Clos-
tridium histolyticum (Worthington, Lakewood, NJ, USA) and incubated at 
37◦C for 1 hr, periodically swirling the dish every 15 min. The content of 
the dish was transferred to a 50 ml conical tube and allowed to settle to 
the bottom. The supernatant was removed and filtered using a 100 μm 
sterile cell strainer (VWR) into a 50 ml conical tube and centrifuged at 
300×g at room temperature for 5 min. The tissue pellet was resuspended 
in 25 ml of sterile rinse medium (Ham’s DMEM/F12, 1% P/S). Filtration 
was completed using three 70 μm and three 40 μm cell strainers (Thermo 
Fisher Scientific), centrifuging as stated above, and resuspending the 
pellet after each filtration. After the final filtration, the pellet was 
resuspended in 12 ml of growth medium (Ham’s DMEM/F12, 10% heat- 
inactivated fetal bovine serum (FBS) Thermo Fisher Scientific, 1% P/S, 
4 ng/ml recombinant human fibroblast growth factor – 2 (FGF2), 2.5 
ng/ml recombinant human hepatocyte growth factor (HGF), 10 ng/ml 
recombinant human epidermal growth factor (EGF), and 5 ng/ml re-
combinant human insulin-like growth factor – 1 (IGF)). The isolated 
cells were incubated overnight at 37◦C and 5% CO2 with a HERAcell 
150i CO2 incubator (Thermo Fisher Scientific) to allow cell attachment. 

Due to the inherent heterogeneity of the isolated population, it was 
necessary to enrich the population of satellite cells. Previous studies 
have shown that the satellite cell population can be enriched using 
differential adhesion pre-plating (Eberli et al., 2009). This was done by 
plating the cell suspension on non-tissue culture polystyrene Petri dishes 
(Thermo Fisher Scientific) and incubating at 37◦C and 5% CO2 for 30 
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min to remove unwanted cells from the population prior to subculturing. 

2.4. Seeding primary satellite cells 

2.4.1. Decellularized spinach scaffold preparation 
A 12 mm diameter circular punch was used to create scaffolds of 

uniform size. Scaffolds were then rehydrated using 10 mM tris buffer pH 
adjusted to 9.0 for 15 min at room temperature. Scaffolds were sterilized 
by incubating them in 70% ethanol for 30 min in a sterile dish inside of a 
laminar flow cabinet. After sterilization, scaffolds were rinsed three 
times with sterile PBS, waiting 5 min between rinses. Cell seeding was 
facilitated in a polydimethylsiloxane (PDMS) (Dow Chemical, Midland, 
MI, USA) coated polystyrene12-well plate (Thermo Fisher Scientific). 
The PDMS was formed by mixing the base elastomer and the curing 
agent at a ratio of 10:1 and degassed with a Bel-Art benchtop poly-
carbonate vacuum desiccator (Bel-Art Products, South Wayne, NJ, USA) 
for 1 hr to remove air bubbles. Approximately 1.5 ml of PDMS was 
poured into each well of the 12- well plate. The hydrophobic nature of 
the PDMS is used to prevent the cell suspension from spilling over onto 
the surface of the well. This also prevents cells from adhering to the 
surface of the plate. The hydrophobicity ensures that most of the cell 
suspension remains over the scaffold in the initial seeding period and 
that non-adhered cells can be washed away (Fig. 1). Sterile forceps were 
used to move each leaf scaffold to a well of the PDMS coated plate. Ten 
mm diameter (8 mm inner diameter) cloning wells (Corning Life Sci-
ences, Tewksbury, MA, USA) were placed over the scaffolds to further 
confine the cell suspension to a specific area of the scaffold. The cloning 
wells remained in place for the duration of cell seeding. 

2.4.2. Seeding cells on decellularized scaffolds 
A 20 μl sample was removed from the cell suspension. A hemocy-

tometer (Hausser Scientific, Horsham, PA, USA) was used to count the 
number of cells present in the sample and used to estimate the number of 
cells present in the total cell population. Approximately 200,000 cells 
were deposited directly onto the surface of the scaffold within the 

cloning well. After a 24 hr cell seeding period, cells that had not adhered 
were removed by gently rinsing the surface of the leaf with sterile PBS. 
The growth media inside of the cloning well was replaced, and an 
additional 1 ml of cell growth media was placed outside of the cloning 
well to entirely submerge the decellularized leaf (Fig. 1). 

2.5. Viability assessment of seeded satellite cells 

After seeding, cells were cultured in growth media. The growth 
media was replaced every 48 hr. The cells were studied at 7 and 14 days. 
At the end of each time point, the samples were stained using a LIVE/ 
DEAD® staining kit (Thermo Fisher Scientific), a fluorescence-based 
viability stain composed of calcein AM and ethidium homodimer-1, 
and fixed in 4% paraformaldehyde for 10 min. Calcein AM is a fluo-
rescent dye with an excitation wavelength of 494 nm and an emission 
wavelength of 517 nm used to label the body of live cells. Ethidium 
homodimer-1 is a fluorescent dye with an excitation wavelength of 517 
nm and an emission wavelength of 617 nm used to label the nucleus of 
dead cells. Cells incubated in 70% ethanol for 30 min were used as a 
dead control. Samples were also stained with Hoechst 33342 (Thermo 
Fisher Scientific), a stain for DNA, used to confirm the presence of a cell 
nucleus. The viability percentage was calculated using the FIJI-ImageJ 
1.8.0_172 (National Institutes of Health (NIH), Rockville, MD, USA) 
image processing program, downloaded from https://imagej.net/Fiji, to 
count dead cells and live cells present in each image (Kothari et al., 
2009; Schindelin et al., 2012). A cell was considered dead if the 
ethidium homodimer-1 marker coincided with the nucleus of the cell. 
Cells lacking the dead marker were considered viable. The average of 
these images was used to represent the overall viability. 

2.6. Assessment of differentiation potential 

Cells were maintained in growth media for 2 days. The specimens 
were then changed to differentiation media containing only 2% heat- 
inactivated FBS with all other components unchanged. Differentiation 

Fig. 1. | Diagram of isolation and seeding of primary bovine satellite cells on decellularized spinach scaffold. Tissue samples are acquired from 2 yr old 
Holstein bulls, then satellite cells are isolated and expanded. Cells are then cultured on decellularized spinach scaffolds and differentiated. 
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was measured at 5 and 12 days after exposure to the differentiation 
media (corresponding to 7 and 14 days after seeding). Specimens were 
fixed in 4% paraformaldehyde and stained for myosin heavy-chain 
(MyHC) using MF20 primary antibody (Developmental Studies Hy-
bridoma Bank, Iowa City, IA, USA) and Alexa fluor 488 secondary 
antibody (Thermo Fisher Scientific). The specimen was stained with 
Hoechst 33342 to mark the presence of cell nuclei. Differentiation per-
centage was calculated using FIJI-ImageJ 1.8.0_172 software to count 
nuclei present in each image. A cell was determined to be differentiated 
if the nucleus coincided with the fluorescent signal of the secondary 
antibody of the MyHC antibody. All other nuclei were determined to be 
non-differentiated cells. The average of these images was used to 
represent the overall differentiation percentage for that sample. 

2.7. Assessment of cell alignment 

Alignment was measured at 5 and 12 days after exposure to the 
differentiation media. At the end of each time point, the specimens were 
fixed in 4% paraformaldehyde, and stained for F-actin using Phalloidin 
488 (Life Technologies, Carlsbad, CA, USA) and Hoechst 33342. 

Samples were imaged using a Leica SP5 point scanning confocal 
microscope (Leica Microsystems) at 40x. The alignment was determined 
by measuring the orientation of the cell nuclei and the cytoskeleton. The 
orientation of the nuclei was measured using the FIJI-ImageJ 1.8.0_172 
image processing program by fitting an ellipse to each nucleus and 
measuring the angle of the maximum diameter relative to the horizontal 
axis of the image. The OrientationJ plug-in, downloaded from http://big 
www.epfl.ch/demo/orientation/, for FIJI-ImageJ 1.8.0_172 was used to 
measure the orientation of each microfilament in the image (Püspöki 
et al., 2016; Rezakhaniha et al., 2012). OrientationJ was also used to 
generate a color survey of each image to help visualize the orientation of 
each microfilament. The angle distribution of both the nuclei and the 
cytoskeleton were each obtained from this data. Relative alignment can 
be quantified by comparing the kurtosis, an index of the variability of 
the distribution of the measured variable, of each distribution to 
another. However, as directional data was being measured, directional 
statistics, mean vector angle and kappa, were used to study the distri-
butions (Mardia, 1975). 

The directional data from these images were imported into MATLAB 
(MathWorks, Natick, MA, USA) and processed using the CircStat toolbox 
(Berens, 2009). The circstat toolbox was used to calculate the mean 
vector length, angular standard deviation, and the kappa of the distri-
bution. Kappa represents the concentration of angle values in the dis-
tribution (Dunn & Brown, 1986; Mardia, 1975), with a value that ranges 
from 0 to 1. A value of 0 indicates a distribution that lacks any 
discernable alignment, whereas a value of 1 indicates perfect and 
evident alignment. Alignment was measured for the cell nuclei and cy-
toskeletons independently. The average kappa value of each image was 
used to represent the overall alignment percentage of that sample. 

3. Results 

3.1. DNA quantification of decellularized leaf scaffolds 

DNA quantification of the decellularized samples showed that 
decellularization removed most of the plant DNA from the leaf 
compared to non-decellularized leaf material of the same mass. Decel-
lularized samples had an average DNA content of 73 ± 8 ng/mg. 
whereas non-decellularized leaf samples had an average DNA content of 
720 ± 80 ng/mg. 

3.2. Viability measurement of seeded satellite cells 

After 7 days of incubation in growth media, the control group 
cultured on gelatin showed an average of 100% viability. This was also 
the case for all groups cultured on decellularized leaf scaffolds. After 14 

days of incubation in growth media, the control group (Fig. 2a) main-
tained an average of 100% viability. Samples cultured on decellularized 
leaf scaffolds also showed strong evidence of overall cell viability 
(Fig. 2b). When compared to the control, all samples grown on the 
decellularized spinach scaffold showed comparable cell viability 
(Fig. 2c). A comparison using Welch’s t-test suggested that there was no 
statistically significant difference in viability between cells grown on 
gelatin and the decellularized leaf scaffolds. Additionally, a one-way 
ANOVA test suggested that there was no significant difference in inter- 
animal viability among cells from all cows. 

3.3. Measurement of differentiation potential 

After 7 days of differentiation, 7.8 ± 1% of the control population 
grown on gelatin were positive for MyHC. Cells from all cows grown on 
decellularized spinach were positive for MyHC at 3.3 ± 1, 0.48 ± 0.48, 
and 0%, respectively, of the population. After 14 days of the differen-
tiation protocol, a Welch’s t-test used to compare cells grown on gelatin 
and decellularized leaf scaffolds suggested no significant differences 
(Fig. 3). In addition, one-way ANOVA testing suggested that there was 
no significant difference in differentiation among cells from Cows 1, 2, 
and 3 at both 7 and 14 days. However, a t-test between 7 and 14 days 
suggested statistical significance between timepoints and differentiation 
percentages, suggesting a significant increase in cell differentiation over 
time. 

3.4. Measurement of cell alignment 

Upon inspection of the color surveys produced using the orientation 
plugin, cells differentiated on gelatin for 7 days showed signs of align-
ment within the images, but no indications of alignment throughout the 
seeding region. The cell population from Cow 1 grown on the decellu-
larized leaf scaffolds showed relative alignment across all technical 
replicates. However, these results were not shared with the other bio-
logical replicates. Cells grown on decellularized leaf scaffolds from Cows 
2 and 3 qualitatively showed inconsistent alignment (Fig. 4a). 

Similar to samples grown for 7 days, control cells differentiated for 
14 days showed signs of local alignment within regions of the images, 
but no definitive alignment across the entire image. Cells from Cow 1 
grown at 14 days on decellularized leaf scaffolds showed strong signs of 
alignment across entire images in all technical replicates. Cow 2 showed 
similar alignment in some images, but alignment was inconsistent be-
tween technical replicates. Cow 3, on the other hand, showed little signs 
of alignment between technical replicates. 

Kappa values were used to quantitatively assess nuclear and cyto-
skeleton microfilament alignment within images of each sample. Sam-
ples differentiated for 7 days on gelatin had a relatively flat distributions 
with distinct peaks (Fig. 4b). Cells from Cow 1 that were cultured on the 
decellularized leaf scaffolds showed marginally better cytoskeleton 
alignment and significantly better nuclear alignment. Cytoskeletal and 
nuclear alignment for Cow 1 were 0.64 ± 0.05 and 0.37 ± 0.09, 
respectively. The average cytoskeleton and nuclear kappa values were 
0.13 ± 0.2 and 0.15 ± 0.05 for Cow 2, and 0.17 ± 0.3 and 0.011 ± 0.2 
for Cow 3. Cytoskeletal alignment for Cows 2 and 3 on leaf scaffolds 
were lower than that of their gelatin controls with cytoskeletal and 
nuclear kappa values of 0.45 ± 0.1 and 0.091 ± 0.1. 

After 14 days of differentiation, cells grown on gelatin showed little 
change in alignment compared to 7 days. The average kappa values for 
cytoskeletal and nuclear alignment of the control group were measured 
as 0.39 ± 0.09 and 0.21 ± 0.13, respectively (Fig. 4c). Similarly, all 
samples grown on the decellularized leaf scaffolds for 14 days showed 
comparable alignment to that observed after 7 days. Cytoskeletal and 
nuclear alignment for Cow 1 grown for 14 days were measured as 0.71 
± 0.09 and 0.36 ± 0.01, respectively. The average cytoskeleton and 
nuclear kappa values were 0.47 ± 0.2 and 0.20 ± 0.03 for Cow 2 and 
0.032 ± 0.087 and 0.05 ± 0.04 for Cow 3. Based on a Welch’s t-test, 
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there was no statistically significant difference in local alignment be-
tween cells grown on gelatin and on decellularized leaf scaffolds for both 
cytoskeletal and nuclear alignment. A one-way ANOVA test suggested 
that there was no statistical significance in relative alignment among 
cells from Cows 1 and 2 at both time points. However, a comparison of 
Cows 1 and 3 suggested that there was a significant difference in relative 
alignment between the groups. 

4. Discussion 

The animal agriculture industry has long been a primary producer of 
food for Americans and many other countries. However, food produc-
tion using conventional agriculture accounts for one of the highest 
contributors to environmental impact and resource usage both domes-
tically and globally (EPA, 2019). When pondering ways to eliminate the 
detrimental effects that human activity has on the environment, 
reforming meat production methods should be considered. Cellular 
agriculture, the biomanufacturing of animal meat products, presents an 
alternative to conventional meat production. 

The use of spinach as a substrate to grow bovine cells was studied. 
Previous studies have shown that various cell types can remain viable on 
decellularized plant scaffolds (Fontana et al., 2017; Gershlak et al., 
2017). However, for production on a larger scale, a less time intensive 
method was developed. This method showed that decellularized spinach 
leaf samples had an average DNA content of 72 ± 8 ng/mg. Although 
this value falls short of the commonly accepted threshold of ≤50 ng/mg 
for sufficiently decellularized tissue (Crapo et al., 2011), it is not 
necessary to meet such a high standard for cultured meat application. 
The standard accepted DNA threshold was established to minimize 
adverse host reaction of xenogeneic DNA from implanted decellularized 

tissues. In this application, decellularized spinach leaves will be used for 
consumption, not implantation. Spinach is typically consumed whole, 
and its DNA has no known danger. Any adverse effects stemming from 
the presence of xenogeneic DNA will likely be observed in the viability 
assessment of cells seeded on the surface of this tissue. 

Although previous studies have shown that various cell types can 
remain viable on decellularized plant scaffolds (Fontana et al., 2017; 
Gershlak et al., 2017), it was necessary to confirm that primary bovine 
satellite cells would survive for extended periods of time on spinach 
scaffolds. Results showed that all cells had an average viability of ≥98% 
after 14 days of culture. This shows that primary bovine satellite cells 
can remain viable on the surface of decellularized spinach scaffolds for 
extended periods of time with negligible cytotoxic effect. 

Should the decellularization process need to be refined for com-
mercial use in food processing, better results may be attained by 
increasing the concentration of detergents used and the duration of 
exposure. The decellularization process will also need to be optimized to 
ensure that all remnants of the detergents have been removed from the 
tissue. The US Food and Drug Administration (FDA) has established that 
bleach is safe for use in food products as long as the final concentration 
of available Cl is ˂200 ppm (FDA, 2013). Triton X-100 is not “General-
ly-Recognized-As-Safe” (GRAS). Polysorbate 60, a potential alternative 
to triton X-100, is approved by the FDA for direct addition to foods (FDA, 
2021) In addition to being optimized to reduce the concentrations of 
remaining detergents in the leaf tissue after decellularization, the 
decellularization process may also need to be characterized and opti-
mized to minimize adverse effects of the integrity of the surface, 
vascular network, and overall mechanical properties. 

Previous studies have carried out preliminary characterization of 
decellularized plants including decellularized spinach (Fontana et al., 

Fig. 2. | Primary bovine satellite cells remain viable after being cultured on decellularized spinach scaffold for 14 days. a) Live (green)/Dead (red) staining 
and Hoechst 33342 staining of nuclei (blue) of primary bovine satellite cells cultured on gelatin-coated glass (control) for 14 days. b) Live (green)/Dead (red) staining 
and Hoechst staining of nuclei (blue) of primary bovine satellite cells cultured on decellularized spinach scaffold for 14 days. c) Average cell viability of primary 
bovine satellite cells cultured on gelatin-coated glass (control) compared to decellularized spinach scaffold. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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2017; Gershlak et al., 2017). Scanning electron microscopy (SEM) has 
been used to characterize the surface of decellularized leaves (Fontana 
et al., 2017). This showed different topographical patterns and a highly 
porous structure, with pore sizes in decellularized plants ranging from 
<50 to ~300 μm (Fontana et al., 2017). Mechanical testing has shown 
that decellularized leaves have some similar mechanical properties to 
cardiac muscle. Decellularized spinach leaves were observed to have a 
maximum tangent modulus, a measure of elasticity, ranging from 0.2 – 
0.5 MPa (Gershlak et al., 2017). Future studies may compare the me-
chanical properties of decellularized leaves to bovine skeletal muscle 
and other muscle tissues that comprise other meat products. These 
properties may influence the differentiation and alignment of cells 
cultured on the surface (Engler et al., 2004). The mechanical properties 
may also contribute to the overall texture of meat grown on decellu-
larized plants. This study has also shown that muscle tissue could be 
formed on decellularized spinach from primary bovine satellite cells. At 
7 days post-seeding, the differentiation efficiency was significantly 
higher among the control group when compared to the cells cultured on 
decellularized spinach scaffolds. However, at 14 days post-seeding, 
differentiation efficiency improved on decellularized spinach. The 
cause of the low differentiation efficiency on the scaffolds at 7 days is not 
known, but delayed differentiation could potentially suggest an increase 
in myoblast proliferation and self-renewal (Riederer et al., 2012). This 
can be explored in the future using flow cytometry to quantify the 
population of cells that are expressing PAX7 and Ki67 over time. 

While these results showed that primary bovine satellite cells can 
differentiate on the surface of decellularized spinach, for commercial 
use it will be necessary to optimize the differentiation conditions to 
increase the number of differentiated cells in the tissue. Such refinement 
may include further purification of the satellite cells population with the 
use of cell sorting tools such as fluorescence activated cell sorting (FACS) 
and magnetic activated cell sorting (Eberli et al., 2009) to isolate PAX7+

cells. Vascular cell adhesion molecules have been shown to be a useful 
surface marker for achieving pure populations of PAX7+ satellite cells 

using FACS (Riaz et al., 2016). Differentiation efficiency may also be 
improved by modifying the media formulation of satellite cells grown on 
tissue culture plastic. Such changes may include elimination of growth 
factors and significant reduction or elimination of animal derived serum. 
Further studies can be done to assess the maturity and function of 
differentiated cells by staining for additional markers such as desmin 
and sarcomeric α-actinin. In addition to the composition of the tissue, 
the arrangement of cells within the tissue is important. To replicate the 
structure of muscle tissue in vivo, cells must be aligned with one another 
to form muscle fibers. 

Measurements of cellular alignment suggested that primary satellite 
cells do not spontaneously align on the surface of the scaffold. However, 
on many samples there were examples of high alignment across entire 
regions. It is possible that the local surface topography may have had 
some influence on how cells arranged themselves. Fontana et al. (2017) 
showed various surface topography in different plant species, which 
varied depending on location within the leaf. They also showed that cells 
aligned to topographical cues, suggesting that these features may be able 
to direct cell alignment and differentiation. For example, regions of the 
leaf that coincide with large vasculature channels have crevasses 
directly above them. Cells that are seeded onto the leaf in these regions 
will settle into these crevasses. It is possible that local alignment is 
encouraged along the axis of the channel. Whereas regions that do not 
coincide with a vascular channel may lack these topographical cues. To 
assess the impact that surface topography may have on alignment, 
future studies can compare local alignment of cells grown on various 
regions of the leaf as this may be advantageous to create organized 
muscle structures. Additionally, alternative plant leaves with grooved 
topographical features can be explored. 

Another important factor in cell alignment could be the specific 
animal source used to acquire primary cells. To minimize biological 
variation, muscle samples were taken from the same region of cows of 
similar age, same sex, and same breed. However, there is still the pos-
sibility that the animals may have been raised in separate herds. This 

Fig. 3. | Primary bovine satellite cells differentiate on decellularized spinach scaffold after 14 days. A) MyHC staining (green) and Hoechst 33342 staining of 
nuclei (blue) of primary bovine satellite cells cultured on gelatin coated glass (control) for 14 days. b) Cells cultured on decellularized spinach scaffold for 14 days. C) 
Average percent differentiation of primary satellite cells cultured on gelatin coated glass (control) compared to decellularized spinach scaffold (N = 3 scaffolds, n = 3 
biological replicates, p = 0.20). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. | Alignment was showed on several samples but remains inconsistent between samples. a) Directional analysis color survey indicates the direction of primary bovine satellite cell cytoskeletal (micro-
filament) cultured on gelatin coated glass (control) and decellularized spinach scaffold at 7 and 14 days. Each color represents a different alignment angle. b) Cytoskeleton microfilament orientation histograms of 
primary bovine satellite cells cultured on gelatin coated glass (control) and decellularized spinach scaffold for 7 and 14 days. c) Average cytoskeleton microfilament alignment of primary satellite cells cultured on gelatin 
coated glass (control) vs. decellularized spinach scaffold (N = 3 scaffolds, n = 3 biological replicates, p = 0.30). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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may have contributed to the significant variation observed in alignment. 
cells isolated from one cow consistently showed cellular alignment, 
whereas one cow consistently showed minimal alignment. Potential 
sources of variation should be investigated to optimize cell alignment by 
sourcing tissues from different cow herds with different environmental 
factors. 

This study has shown the potential use of decellularized spinach 
leaves for the development of laboratory-grown meat. There is still 
significant work needed before this technology can be used commer-
cially. One of the challenges is acquiring a sufficiently large and ho-
mogeneous satellite cell population (Zhang et al., 2020). This will 
require immense bioreactor systems to facilitate satellite cell prolifera-
tion and differentiation (Zhang et al., 2020). Satellite cell are 
anchorage-dependent, meaning such bioreactors would need to incor-
porate microcarriers or some form of substrate for the cells to adhere to 
(Verbruggen et al., 2018). Lastly, the shear stresses within the bioreactor 
also need to be optimized to prevent cell death. In addition to longer 
term cell growth studies, the nutritional content of this biomanufactured 
cell-based meat needs to be quantified. Additional cell types, for 
example adipose cells, should also be included in the final product. 
Samples of meat with a thickness larger than 200 μm may be obtained 
from stacking cell-seeded leaves, however, the diffusion of nutrients into 
the meat (and the removal of metabolites) must still be characterized. 

5. Conclusions 

Nature has solved the problem of oxygen diffusion by developing 
complex vascular networks to bring oxygen deep within the tissue. 
Decellularization exploits this for numerous tissue engineering appli-
cations (Guyette et al., 2016). The appeal of using decellularized spinach 
for meat developments lies not only in its natural vascular network, but 
also in its edibility and commonality. Using non-edible synthetic mate-
rials requires further processing to thoroughly remove the scaffold from 
the cultured tissue before consumption. An edible material would 
eliminate the need to separate the scaffold from the tissue as they will 
both be consumed (Enrione et al., 2017). Furthermore, spinach is cheap, 
accessible, and well-known to consumers. These qualities are important 
for commercialization and will simplify the process of scaling up 
production. 
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