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methods to cryopreserve cell suspensions are commonly
utilized, the cryopreservation of tissues has proven more
difficult due to the variability in heat and mass transfer
throughout the tissue.3 Thus, the cryopreservation of 3D
tissues is typically associated with poor cell survival and
significant damages to tissue structure and function.4–7

The ability to overcome these limitations and successfully
cryopreserve functional tissues is of great interest to the
medical community, as it would enable the storage and
shipment of tissues and organs used for medical treatments
and scientific research. However, to improve current strat-
egies for tissue cryopreservation, we also must understand
the many effects of cryopreservation at the tissue level.

In this study, we use engineered skeletal muscle tissue as
a model for the study of the effects of tissue cryopreserva-
tion. This work was motivated by the surprising results of a
previous study, in which we discovered that cryopreserva-
tion of engineered C2C12 muscle ring constructs before
myogenic differentiation led to an increase in force gener-
ation of the mature skeletal muscle tissue.8 SEM imaging
seemed to reveal an apparent thinning of the extracellular
matrix (ECM) coating on the surface of these 3D muscle
rings in response to cryopreservation. However, this coating
appeared to recover as the myoblasts differentiated. These
results prompted us to further examine the effects of cryo-
preservation on skeletal muscle ECM structure and the
mechanism by which these changes may enhance myogenic
differentiation and force generation.

TheECMis known to play an essential role in controlling cell
fate and establishing tissue structure and function.9 At a most
basic level, the ECM serves as a scaffold, providingmechanical
support for the growth and development of cells and tissues.10,11

The ECM also interacts with specific cell receptors, enabling
those cells to change their behavior in response to both the
structure and composition of the surrounding ECM, as well as
the growth factors it sequesters.12 Through these interactions,
the ECM can affect cell proliferation, polarization, migration,
differentiation, survival, and even apoptosis.11 Thus, it is to no
surprise that any change to the ECM microstructure caused by
the process of cryopreservation would alter the development of
engineered skeletal muscle tissues.

In this study, we seek to further understand the mechanism
by which cryopreservation leads to the enhanced differenti-
ation of engineered skeletal muscle tissues. We investigate
the impact of cryopreservation on the structure and stiffness
of the ECM of engineered muscle tissues as they differentiate.
We then use RNA-seq to measure gene expression and de-
termine how these freezing-induced changes to the ECM
impact myogenic differentiation at the molecular level.

Materials and Methods

Seeding of C2C12 myoblast rings

C2C12 murine myoblasts were cultured in growth me-
dium (GM) consisting of Dulbecco’s modified Eagle’s me-
dium with L-glutamine and sodium pyruvate (DMEM;
Corning) supplemented with 10% v/v fetal bovine serum
(FBS; Lonza), 1% v/v L-glutamine (Cellgro Mediatech), and
1% v/v penicillin-streptomycin (Cellgro Mediatech). Upon
reaching *85% confluency, cells were trypsinized and
resuspended at a concentration of 1E7 cells mL-1 within
a matrix mixture of 30% v/v Matrigel (BD Biosciences),

4mg mL-1 fibrinogen (Sigma-Aldrich), and 0.5U mg-
fibrinogen-1 thrombin (Sigma-Aldrich) in GM supplemented
with 1mg mL-1 aminocaproic acid (ACA; Sigma-Aldrich)
(GM+). The cell-matrix suspension (120mL) was pipetted
into a PDMS injection ring mold and incubated at 37�C for
1 h before being immersed in GM+.

Three dimensional printing of PEGDA pillars

The pillar structures used to quantify skeletal muscle force
generation were 3D printed using the Pico 2 (Asiga). The
pillars were fabricated using 20% v/v polyethylene (glycol)
diacrylate (PEGDA), 0.1% w/v lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP; Sigma-Aldrich), and
0.04% w/v sunset yellow (Sigma-Aldrich). After fabrication,
pillars were sterilized in 70% ethanol for 1 h, followed by
overnight storage in phosphate-buffered saline (PBS).

Differentiation of myoblast rings

C2C12 myoblast rings were cultured for 3 days post-
seeding in GM+ (refreshed daily). After 3 days, the myo-
blast rings were lifted from their molds and transferred to
3D pillars, where they were immersed in differentiation
medium consisting of DMEM supplemented with 10% v/v
heat inactivated horse serum (HS; Lonza), 1% v/v
L-glutamine, and 1% v/v penicillin-streptomycin. Differ-
entiation medium (DM) was further supplemented with
1mg mL-1 ACA and 50 ng mL-1 human insulin-like growth
factor-1 (IGF-1, Sigma Aldrich) (DM++). DM++ was re-
freshed daily for 7 days after ring transfer (Fig. 1a).

Freezing and thawing of undifferentiated
myoblast rings

Twenty-four hours postseeding, undifferentiated C2C12
myoblast rings were removed from their molds and placed into
cryogenic freezing tubes containing 1mL warm GM supple-
mented with 5%, 10%, or 15% v/v dimethyl sulfoxide
(DMSO; Fisher). Freezing tubes were placed in alcohol-free
freezing containers (CoolCell; Corning) and stored in the
-80�C freezer, where they were slowly frozen at a rate of 1�C
min-1. After 24 h in the freezer, the cryogenic freezing tubes
were placed in a warm 37�C water bath for *3min until
completely thawed. The rings were then removed from the
tubes, rinsed in PBS, and returned to their original ring molds
to incubate for 48 h at 37�C. GM+was refreshed daily. On day
4 postseeding, myoblast rings were transferred to 3D printed
pillars and differentiated for 7 days in DM++ (Fig. 1b).

Force analysis

Upon the initiation of myogenic differentiation (day 3),
muscle rings were transferred from ring molds to 3D printed
PEGDA pillars (Fig. 1c, d). The muscle rings were placed in
a dish with warm, serum-free DMEM. Two platinum elec-
trodes were aligned parallel to the biobot to stimulate the
muscle with 20V, 50ms pulses at 1Hz. Videos of muscle
contraction were used to calculate force through motion
tracking with the video analysis software, Tracker (https://
physlets.org/tracker). The distance between the two pillars
was tracked over the course of 100 frames (*15 s de-
pending on frame rate) to determine the force, calculated by
the equation below. E represents the elastic modulus of the
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pillars (269 kPa), I is the moment of inertia of the pillars, d
is the deflection of the pillars, a is the distance from surface
to muscle, and L is the pillar height.

F¼ 6EId
a2(3L� a)

Porosity measurement

To assess tissue porosity, samples were fixed, embedded
in OCT solution, and sliced at a thickness of 20 mm using the
cryostat. Slices were imaged using a bright field microscope.
Porosity was measured using ImageJ thresholded images.
Pore size was calculated using the average feret diameter of
the pores, and porosity was calculated using the percentage
of total area covered by pores.

Elastic modulus measurement

The Piuma Nanoindenter (Optics11 Life) was used to
measure the elastic modulus of live engineered skeletal muscle
samples within contact solution liquid. Skeletal muscle rings
were cut, laid flat, and held in place on the surface of the dish
beneath ametal guard andmagnets (Fig. 4a). The probe used to
indent samples had a stiffness of 0.47N/m with a tip radius of
51.5mm. An approach and retraction speed of 2000nm/s was
used to indent the sample up to 2000nm (Fig. 4b). To measure
effective elastic modulus from the load indentation curve, a
single fit Hertzian contact model with a Pmax of 80% was
used, with a minimum R value of 0.95. Undifferentiated
samples were analyzed*2 h after being thawed, or on day 1 in
the case of the unfrozen samples. Differentiated samples were
analyzed after 7 days of differentiation.

Cell density measurement

Engineered muscle tissues were fixed and cryosectioned
to a thickness of 20mm after 7 days of differentiation.
Samples were permeabilized, blocked, and stained for DAPI
(1:5000). Images were collected using the Zeiss Axioscan.
Relative cell density between frozen and unfrozen samples
was compared by measuring the percentage of fluorescent
area using ImageJ.

MTS cell viability assay

Frozen and unfrozen muscle rings were collected after 7
days of differentiation. MTS solution (CellTiter 96 AQu-
eous One Solution Cell Proliferation Assay; Promega) was
thawed in a 37�C water bath and combined with warm
DMEM (without phenol red) in a 1:5 volume ratio to form a
working reagent. Muscle rings were rinsed in PBS, placed in
individual wells of a 24-well plate, and immersed in MTS
working reagent. The reaction was allowed to proceed in the
dark for 4 h at 37�C. A microplate reader (Synergy HT;
BioTek) was used to measure absorbance at 490 nm, which
was then used to calculate relative viability between control
and experimental samples.

RNA-seq gene expression analysis

Frozen and unfrozen muscle rings were analyzed both
before and after differentiation. Frozen rings were collected

24 h after thawing (day 3) as well as after 7 days of dif-
ferentiation (day 11). Unfrozen muscle rings were collected
24 h earlier for both time points (days 2 and 10). All muscle
rings were snap frozen and stored at -80�C. Upon thawing,
rings were homogenized by vortexing in RLT buffer (Qia-
gen) with 10 mL mL-1 B-mercaptoethanol and centrifuged
using the QIAshredder (Qiagen) column. RNA was ex-
tracted using the RNeasy Plus RNA isolation kit (Qiagen)
according to manufacturer’s instructions.

RNAseq libraries were prepared with Kapa Hyper
Stranded mRNA library kit (Roche). The libraries were
pooled; quantitated by qPCR and sequenced on one SP lane
for 101 cycles from one end of the fragments on a NovaSeq
6000. Fastq files were generated and demultiplexed with
with the bcl2fastq v2.20 Conversion Software (Illumina).
Average per-base read quality scores were over 30 in all
samples and no adapter sequences were found, indicating
that trimming was unnecessary.

The Mus musculus transcriptome file ‘‘GCF_
000001635.27_GRCm39_rna.fna.gz’’ from Annotation 109
from NCBI was used for quasi-mapping and count genera-
tion. Salmon version 1.5.2 was used to quasi-map reads to
the transcriptome and quantify the abundance of each tran-
script. The transcriptome was first indexed using the decoy-
aware method in Salmon with the entire genome file
‘‘GCF_000001635.27_GRCm39_genomic.fna.gz’’ as the de-
coy sequence. Then quasi-mappingwas performed tomap reads
to transcriptome with additional arguments—seqBias and—
gcBias to correct sequence-specific and GC content biases,—
numBootstraps= 30 to compute bootstrap transcript abundance
estimates and—validateMappings and—recoverOrphans to
help improve the accuracy of mappings. Gene-level counts
were then estimated based on transcript-level counts using the
‘‘lengthScaledTPM’’ method from the tximport package.

Percentage of reads mapped to the transcriptome ranged
from 45.1% to 85.4% (Supplementary Fig. S1). The un-
mapped reads based on Salmon were discarded and the
number of remaining reads (range: 15–51.2 million per
sample) were kept for further analysis (Supplementary
Fig. S2). STAR and featureCounts showed that samples with
a lower percentage of reads mapping to the transcriptome
tended especially to have more reads not mapping within a
gene, and to a lesser extent more reads multimapped or
unmapped (Supplementary Fig. S3).13,14

When comparing expression levels, the numbers of reads
per gene need to be normalized not only because of the dif-
ferences in total number of reads, but because there could be
differences in RNA composition such that the total number of
reads would not be expected to be the same. The TMM
(trimmed mean of M values) normalization in the edgeR
package uses the assumption that most genes do not change
to calculate a normalization factor for each sample to adjust
for such biases in RNA composition (Supplementary Fig.
S4).15,16 While the NCBI GRCm39 Annotation 109 gene
models have a total of 39,253 genes, many of these might not
have detectable expression in these samples. Therefore, we
set the detection threshold at 0.5 cpm (counts per million) in
at least three samples, which resulted in 23,875 genes being
filtered out, leaving 15,378 genes to be analyzed for differ-
ential expression that contain 99.95% of the reads.

After filtering, TMM normalization was performed again
and normalized log2-based count per million values
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(logCPM) were calculated using edgeR’s cpm() function
with prior.count= 2 to help stabilize fold changes of ex-
tremely low-expression genes.17

Multidimensional scaling in the limma package was used
as a sample QC step to check for outliers or batch effects
(Supplementary Figs. S5 and S6).18 Differential gene ex-
pression (DE) analysis was performed using the limma-trend
method.19 Gene expression was regressed against experi-
mental group (treatment by timepoint), and the following
contrasts were examined:

� Unfrozen_dif - Unfrozen_undif: Normal differentiation
of skeletal muscle rings

� Frozen_undif - Unfrozen_undif: Difference between
frozen and unfrozen myoblast rings before differentia-
tion

� Frozen_dif - Frozen_undif: Differentiation of muscle
rings after freezing

� Frozen_dif - Unfrozen_dif: Difference between frozen
and unfrozen muscle rings after differentiation

� (Frozen_dif - Frozen_undif) - (Unfrozen_dif - Un-
frozen_undif): How differentiation progresses differ-
ently in cells that were frozen versus not

The limma package estimates a p-value and FDR-adjusted
p-value for each gene and each contrast.20 In addition, because
multiple contrasts were examined, we calculated a ‘‘global’’
FDR-adjusted p-value for each gene and contrast, based on the
distribution of p-values across all four contrasts; this increased
the number of significant hits for the interaction and for com-
parisons of frozen to unfrozen muscle rings, and decreased the
number of significant hits for comparisons of the two time-

points. Table 3.1 shows the number of significantly up- and
downregulated genes for each contrast at global FDR <0.05.
Gene set enrichment analysis was performedwith the goana and
kegga functions from the limma R package, with trend=TRUE
to adjust for gene abundance and a local FDR cutoff of 0.05.

Statistical Analysis

In all bar graphs, data are represented as the mean –
standard deviation. The Student’s t test was used to deter-
mine significance, with p< 0.05*, p < 0.01**, p < 0.001***.
In box charts, data within the box represents the interquartile
range (25th–75th percentile), with the center line re-
presenting the median and point representing the mean. The
whiskers extend from the 5th–95th percentile.

Results

Cryopreservation leads to increased force production
of engineered muscle

In a previous study, we used optogenetic C2C12 myo-
blasts (ChR2-C2C12) to form a 3D muscle ring surrounding
a 3D printed locomotive ‘‘biobot’’ structure. This en-
gineered skeletal muscle ‘‘biobot’’ served as a model to
optimize a protocol for the cryopreservation of engineered
skeletal muscle tissue.8 We cryopreserved muscle rings at
two time points: before and after myogenic differentiation
and compared outcomes. Upon maturation, we found that
those engineered muscle tissues which had previously been
frozen while undifferentiated generated forces three-fold
higher than the unfrozen control, while muscle tissues which

FIG. 1. Timeline for skeletal muscle ring fabrication for unfrozen control (a) and cryopreserved muscle rings (b). Skeletal
muscle rings are seeded on day 0 using a previously published protocol [21]. Rings are frozen on day 1 for a period of 24 h,
then returned to culture after a rapid thaw. Unfrozen control myoblast rings are transferred to pillar structures and switched
to differentiation medium on day 3, and eventually analyzed on day 10, when differentiation is complete. The timeline for
frozen muscle differentiation is shifted by 1 day due to the ‘‘null time’’ while frozen. This protocol is consistent with that
previously published. (c) CAD design of 3D printed pillars used to quantify skeletal muscle ring force production. (d) Top-
view image of skeletal muscle ring wrapped around 3D printed PEGDA pillars. (e) Force generation of muscle calculated
through quantification of pillar deflection under electrical stimulation of muscle (N = 4, **p < 0.01, standard deviation).
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had been frozen after undergoing myogenic differentiation
showed significantly impaired force generation. Based on
these results, we developed an optimized protocol (Fig. 1),
in which myoblast rings are frozen in growth media con-
taining 10% DMSO 24 h after tissue seeding. The next day,
rings are thawed and returned to cell culture, where they are
allowed to recover and are eventually induced to differen-
tiate into mature muscle.

In this current work, we chose to study only these en-
gineered muscle tissues which were frozen while undifferen-
tiated, as cryopreservation at this time point led to enhanced
force generation of the mature muscle. We sought to replicate
the results of our previous study by forming muscle rings with
wild-type C2C12 myoblast cells and using fixed pillars ad-
hered to a glass slide to track tissue force generation, as op-
posed to the locomotive biobot structure (Fig. 1). Consistent
with prior results, we observed significant 2.5-fold increase in
force generation of the frozen tissues (196– 34mN) vs the
unfrozen control (79– 20mN) (Fig. 1e). These results dem-
onstrate a consistent positive effect of cryopreservation on
engineered skeletal muscle development and function.

Cryopreservation increases ECM pore size

In our prior work, SEM imaging suggested a change in
ECM thickness in response to the cryopreservation of
myoblast rings. ECM microstructure is known to play an
important role in cell growth and differentiation. Thus, to
elucidate the mechanism by which cryopreservation leads to
enhanced force generation of skeletal muscle, we began by
assessing the effects of cryopreservation on ECM micro-
structure. We sought to uncover how the freeze-thaw process
alters ECM microstructure, as well as how the tissue micro-
structure changes throughout differentiation. We compared
images of cross-sectional slices of frozen and unfrozen
muscle rings both immediately after freezing as well as after
the tissues had differentiated (Fig. 2a). Frozen, undifferenti-
ated myoblast rings had a significantly larger average pore
size than the unfrozen, undifferentiated control (46– 4mm
and 35– 5mm Feret diameter, respectively) (Fig. 2b).

After differentiation, however, the difference in pore size
between frozen and unfrozen tissues was not significant
(47 – 2mm and 49 – 3mm, respectively) (Fig. 2b). These
results show that cryopreservation causes an immediate in-

crease in ECM pore size, which does not significantly
change as the frozen myoblast ring differentiates. Unfrozen
control myoblast rings, however, do exhibit an increase in
pore size (35mm to 49 mm) as they differentiate. Interest-
ingly, the increase in pore size caused by cryopreservation is
similar to that which naturally occurs throughout differen-
tiation of the unfrozen tissue, resulting in similar pore sizes
between the frozen and unfrozen tissues by the time they
fully differentiate (Fig. 2b).

Cryopreservation does not affect cell density
of differentiated muscle rings

To elucidate the mechanism by which cryopreservation
and the resulting changes to ECM microstructure leads to
enhanced force generation of differentiated muscle, we began
by assessing the effect of cryopreservation on cell number.
We believed that the increase in ECM porosity could po-
tentially lead to enhanced nutrient and waste perfusion
throughout the 3D construct, resulting in better cell survival
or proliferation. An increase in cell number, as a result of
cryopreservation, could explain the increase in force gener-
ation. To assess cell number, we imaged differentiated mus-
cle cross-sections stained with DAPI to label cell nuclei and
compared the percent area of the fluorescent DAPI signal
(Fig. 3a, b). These images showed no apparent difference in
cell number throughout the cross-sectional area of frozen and
unfrozen tissues (3.4– 0.7mm and 2.9– 0.5mm) (Fig. 3c).

In addition to measuring the DAPI signal, we used an
MTS assay to measure the metabolic activity of cells within
frozen and unfrozen differentiated tissues. This signal can
be used to compare the relative cell viability between
groups. Again, we observed no significant difference in the
number of viable cells between frozen and unfrozen dif-
ferentiated tissues (0.96 – 0.04 AU and 0.95 – 0.03 AU ab-
sorbance at 490 nm) (Fig. 3d). These results indicate that the
resulting increase in force generation of frozen tissues is not
caused by an increase in cell density.

Cryopreservation causes decrease in elastic modulus
of myoblast rings

The microstructure of a given material is closely related
to its mechanical properties. The elastic modulus of fibrin, a
major component of our skeletal muscle rings, for instance,

FIG. 2. Porosity of frozen
versus unfrozen muscle rings
both before and after differ-
entiation. (a) 10mm cross-
sectional slices were imaged
using a bright field micro-
scope to assess tissue poros-
ity. (b) Pore size was
determined by measuring the
average feret diameter of
pores (N= 8, ***p< 0.001,
n.s.= not significant).
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has been shown to increase as the pore size of the matrix is
decreased.21 Furthermore, the elastic modulus of various
substrate materials has been consistently shown to impact
the differentiation of many cell types, including skeletal
muscle.22 We used the Piuma nanoindenter to measure the
elastic modulus of frozen and unfrozen muscle rings both
before and after differentiation, to evaluate how cryopres-
ervation impacts elastic modulus (Fig. 4). Cryopreservation
led to a significant decrease in elastic modulus of frozen
myoblast rings compared to the unfrozen, undifferentiated
control (0.55 – 0.12 kPa and 2.44 – 1.83 kPa, respectively)
(Fig. 4d).

By the time these rings had differentiated, however,
the difference in elastic modulus between frozen and
unfrozen tissues was insignificant (1.37 – 0.96 kPa and
1.77 – 0.27 kPa). When we look at the change in elastic
modulus as muscle rings differentiate, we see no significant
change in the elastic modulus of unfrozen rings, despite an
increase in ECM pore size. In the case of frozen muscle
rings, however, we observe a significant increase in elastic
modulus, despite no change in ECM pore size as the myo-
blasts differentiate (Fig. 4d). From these results, we con-
clude that the process of cryopreservation not only impacts
ECM pore size, but also elastic modulus of the engineered
muscle ring.

Relationship between pore size and elastic modulus
of the muscle ring

When we examine together the changes in pore size of the
ECM and elastic modulus of the muscle ring throughout
differentiation, we see that relative increases in pore size of
the ECM are generally associated with decreases in elastic
modulus (Fig. 4e). In the case of the unfrozen muscle, as

differentiation occurs, elastic modulus decreases while ECM
pore size increases (Supplementary Fig. S7a). As a result of
cryopreservation, we initially observe a relative decrease in
elastic modulus and increase in ECM pore size compared to
the unfrozen, undifferentiated control (Supplementary
Fig. S7b). However, as differentiation occurs, elastic modulus
increases, despite pore size remaining constant (Fig. 4e). This
seems to suggest that changes to the composition of the ECM
itself, as opposed to the porosity, are driving the increase in
elastic modulus throughout differentiation.

Cryopreservation alters RNA expression
throughout differentiation

To better understand the molecular mechanisms at play
during the response to cryopreservation, RNA expression of
frozen and unfrozen skeletal muscle rings was compared
both before and after differentiation. Frozen, undifferenti-
ated myoblast rings were allowed to recover for 24 h in
culture upon thawing before samples were collected for
RNA-seq analysis. Differentiated muscle rings were col-
lected once the muscle had differentiated for 7 days. Sam-
ples were compared using five contrasts, as indicated in
Figure 5b. An F-test was performed to identify genes with
significant variance in expression, and a total of 10,244
genes were found to be significant at FDR <0.05. A heatmap
of these genes is shown in Figure 5a.

An interaction test comparing the change in gene ex-
pression of frozen vs unfrozen muscle rings as they differ-
entiated indicated a significant downregulation of 604 genes,
and a significant upregulation of 962 genes, with 13,812
genes being unaffected (Fig. 5b). This indicates that the
freezing process alters the relative change in gene expres-
sion throughout myogenic differentiation. Gene set

FIG. 3. Quantification of cell num-
ber in frozen versus unfrozen skeletal
muscle rings. Images of tissue cross
sections were taken for both unfrozen
(a) and frozen (b) differentiated mus-
cle tissue samples. (c) DAPI fluores-
cent area is compared between frozen
and unfrozen muscle as a means to
compare cell density in tissue cross
sections. (N = 9, p= 0.12, standard de-
viation) (d) An MTS cell viability
assay was performed to quantify the
relative cell number in unfrozen and
frozen live muscle rings (N = 3,
p = 0.84, standard deviation). No sig-
nificant difference was observed be-
tween groups.
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FIG. 4. Elastic modulus measurements of muscle rings. (a) Piuma Nanoindenter setup used to quantify elastic modulus of
muscle rings. (i) Image showing placement of dish filled with contact solution beneath indentation probe. Skeletal muscle
ring fixed to the bottom of the dish using a metal grid held by a magnet. (b) Schematic showing Piuma nanoindenter
positioning on muscle ring pre- and postloading. When the spherical probe touches the tissue, the cantilever bends and
displacement are detected by an optical fiber. (ii) Close-up image showing muscle ring exposed through metal grid. (c)
Example of load indentation curve used to quantify effective elastic modulus. Top curve represents loading, while bottom
curve represents unloading of the probe on the sample. (d) Effective elastic modulus of frozen and unfrozen tissues while
undifferentiated and differentiated (N = 27, ***p < 0.001, *p< 0.05, n.s. = not significant). (e) Pore size and elastic modulus
of unfrozen and frozen samples relative to unfrozen undifferentiated samples (Pore Size N= 8, Elastic Modulus N= 27).

FIG. 5. RNA-seq analysis of gene expression. (a) Heatmap of 10,244 significant genes from ANOVA. (b) Number of
genes significantly up- and downregulated in each contrast at global FDR <0.05. (c) Gene ontology results for biological
processes significantly altered in frozen samples throughout differentiation compared to unfrozen samples, (Frozen dif.–
Frozen undif.) – (Unfrozen dif.–Unfrozen undif.).
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enrichment analysis was performed to determine the gene
ontology biological process to which the significantly reg-
ulated genes belonged. Selected processes with p< 1e-5
were compiled in Figure 5c, each of which showed a sig-
nificant change in the expression of genes in these pathways
throughout the differentiation of frozen muscle rings, com-
pared to unfrozen rings. As would be expected based on
force data, we see a significant upregulation of genes related
to striated muscle cell development, skeletal muscle con-
traction, and actomyosin structure organization.

We also see significant upregulation of genes in processes
related to ECM organization and cell-matrix adhesion,
which is unsurprising given the observed changes to the
ECM microstructure and mechanical properties of frozen
muscle rings throughout differentiation, compared to the
unfrozen control. Finally, we also notice significant changes
in genes related to cell migration, indicating enhanced cell
motility in the frozen vs unfrozen muscle rings as they
differentiate.

We next compared the expression of specific genes in
frozen vs. unfrozen differentiated muscle rings. Selected
genes are categorically reported in Figure 6a and plotted in
Figure 6b. ECM proteins upregulated in differentiated
frozen muscle rings compared to the unfrozen control in-
clude fibronectin, laminin, collagen (I, IV, XI, XV, XIV,
VIII), dermatopontin, and fibromodulin. Collagen XII,
however, is downregulated in frozen muscle. Integrins
alpha 8, alpha 1, and beta-like 1 are upregulated in fro-
zen muscle rings. Proteases cathepsin C, matrix metallo-
peptidases (MMPs) 8 and 10 are also upregulated, while
MMP 13 is downregulated.

These results suggest that frozen muscle rings not only
secrete but organize and interact with ECM in an altered
manner in response to cryopreservation. RNA seq analysis
also showed increased expression of many late-stage myo-
genic markers, including myogenic factor 6, tropomyosin
and myosin proteins, as well as insulin-like growth factor 1,
indicating relative tissue maturity as well as superior force
generation capability. Likewise, myogenic factor 5, an
early-stage myogenic marker, is downregulated in frozen
muscle rings, indicating a lower abundance of undifferen-
tiated myoblasts.

The results of this study allowed us to develop a proposed
mechanism by which cryopreservation leads to increased
force generation of engineered muscle tissues (Fig. 7). We
hypothesize that extracellular ice crystals form during the
cryopreservation process, and the formation of these ice
crystals leads to the observed increase in ECM pore size.
This increased pore size is associated with a temporary
decrease in the measured elastic modulus of the muscle ring,
and appears to stimulate significant increases in ECM, in-
tegrin, and protease expression, as observed by RNA-seq
analysis. Variation in the expression levels of specific ECM
proteins, integrins, and proteases work synergistically to
drive further changes in the expression levels and activity of
these proteins.

ECM expression increases the elastic modulus of the
muscle ring, resulting in mechanical signaling that can en-
hance differentiation. ECM expression in combination with
integrin sensing results in chemical signaling that can also
direct muscle differentiation. Furthermore, integrin sensing
of the ECM in combination with protease degradation of the

FIG. 6. (a) Genes with significantly altered expression levels in frozen differentiated samples compared to unfrozen
differentiated samples. (b) Plots of differentially expressed genes listed in part a. (i) ECM components, (ii) Integrins, (iii)
Proteases, and (iv) Myogenic markers (N = 3, standard deviation). ECM, extracellular matrix.
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ECM can enable cell migration, which is essential for
myoblast fusion, a critical step in muscle differentiation.
Finally, this enhanced differentiation of myoblasts into more
mature myotubes with increased expression of proteins in-
volved in muscle contraction leads to an overall increase in
the force of the engineered muscle tissue (Fig. 7). The re-
sults of this work are summarized in Figure 7, which out-
lines the proposed mechanism by which cryopreservation
leads to a gain of function in engineered muscle tissues.

Discussion

Ice crystal formation is a major contributor to cell death
during the cryopreservation process. Intracellular ice crystal
formation is thought to be particularly lethal, as it can lead
to mechanical damage to organelles and the cell mem-
brane.23 To prevent intracellular ice crystal formation, many
cryopreservation methods involve a relatively slow freezing
rate, which allows water to flow out of the cells before the
crystallization process.24 Cell-permeating cryoprotectants
such as DMSO reduce ice crystal formation by lowering the
freezing point and disrupting ice crystal growth both inside
and outside the cell.25 However, due to the cytotoxicity of
cryoprotectants such as DMSO, their concentration must be
limited, and there exists a balance between acceptable ice
crystal formation and cryoprotectant concentration.

Extracellular ice crystal formation has been shown to
increase the pore size of 3D scaffolds such as gelatin during
cryopreservation, with a correlation to DMSO cryoprotec-
tant concentration.26 Although DMSO can reduce the size of
ice crystals that form, at nonlethal concentrations and slow
cooling rates, DMSO cannot entirely prevent ice crystal
formation. In this study, we examined the impact of extra-
cellular ice crystal formation on pore size by imaging frozen
and control muscle ring cross sections both before and after
myogenic differentiation. As would be expected, cryopres-
ervation led to a significant increase in ECM pore size.

Pore size has long been considered an important param-
eter for the engineering of 3D cell scaffolds. Sufficient ECM
pore size is essential for cell growth, migration, and nutrient
flow. However, smaller pore sizes correspond to higher
ECM surface area, which is essential for cell adhesion and

the cell-ECM signaling that guides proliferation, migration,
and differentiation.27 We recognized that this increase in
ECM pore size could potentially impact myoblast health and
behavior in myriad ways, leading to the enhanced func-
tionality we observe in frozen muscle rings. We first ex-
amined the viability of cells throughout the differentiated
muscle ring, as enlarged pore size could potentially increase
nutrient perfusion and waste removal, leading to greater
proliferation and cell survival.28

An increase in myotube density throughout the muscle
ring would likely lead to an increase in overall force gen-
eration. However, MTS viability assays as well as cell
counting proved that the observed increase in force gener-
ation of frozen muscle rings could not be explained by an
increase in cell number. These results indicated that the
force production of individual myotubes must have in-
creased as a result of the cryopreservation process.

The elastic modulus of a cell substrate is widely known to
impact cell differentiation. Skeletal muscle myoblasts have
been found to differentiate most optimally on substrates
with tissue-like stiffness of *12 kPa.22 When we measured
the compressive elastic modulus of frozen myoblast rings,
however, we found that the cryopreservation process lowers
elastic modulus to a level further from that of native muscle
tissue. Furthermore, the stiffness of frozen rings is increased
throughout differentiation such that it is no longer different
from that of the unfrozen control, indicating that the en-
hanced performance of these frozen muscle rings most
likely cannot be explained by an optimization of substrate
stiffness.

Although elastic modulus is typically inversely correlated
with pore size, we found that when frozen muscle rings
differentiated, an increase in elastic modulus was observed
independent of a change in pore size. This suggests that the
composition of the ECM, rather than its microstructure, is
likely changing as the engineered muscle matures.

The ECM interacts with cells to provide important in-
formation about the microenvironment through both bio-
chemical and mechanical signaling.9 This signaling is
essential in the control of cell behavior and development.
Cells sense the ECM through surface receptors, and through
this interaction, processes, including cell proliferation,

FIG. 7. (a) Timeline of engineered skeletal muscle tissue seeding, cryopreservation, and differentiation. (b) Schematic
outlining the proposed model by which cryopreservation leads to enhanced function when engineered muscle tissues are
frozen before differentiation.
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polarization, migration, differentiation, and apoptosis, are
controlled.11 These processes are also impacted by the
protease degradation of ECM, which releases ECM-bound
growth factors and enables them to bind to cell surface
receptors.

Changes in ECM pore size have been shown to cause
changes in cell secretion of ECM proteins.29 This stimula-
tion of ECM secretion could provide more optimal chemical
and mechanical signaling for myogenic differentiation,
leading to enhanced skeletal muscle function. Through RNA
seq analysis, we found that frozen muscle rings differen-
tially expressed many ECM proteins, including dermato-
pontin, a protein known to promote myoblast differentiation
in C2C12s, as well as fibromodulin, which is positively
regulated with dermatopontin and suppresses myostatin, an
inhibitor to muscle growth.30 Laminin, a basal lamina pro-
tein known to promote the expression and activation of in-
tegrins as well as the proliferation, differentiation, and
adhesion of muscle cells, is upregulated, in addition to fi-
bronectin, which also promotes differentiation and facili-
tates the fusion and linear alignment of myotubes during
differentiation.31

Finally, several subtypes of collagen, the most abundant
ECM component of skeletal muscle, are differentially ex-
pressed as well. This includes upregulation of collagen type
IV, which is one of the main components of the basal lamina
and promotes IGF-1-mediated migration, differentiation,
and fusion of myoblasts.31 Collagen type I, which has been
shown to promote C2C12 myoblast migration and differ-
entiation, is also upregulated.32 Fibrillar collagens such as
type 1 have also been shown to increase skeletal muscle
stiffness, protecting smaller muscle fibers from damage.31

This increase in fibrillar concentration likely helps to ex-
plain the relative increase in elastic modulus of the frozen
muscle ring throughout differentiation. In addition to the
differential expression of ECM proteins, frozen muscle rings
also express higher levels of integrins, which tether the
cytoskeleton to ECM, enabling cells to sense their external
microenvironment.

Integrins regulate the adhesion, proliferation, migration,
and differentiation of myoblasts, as well as force transmis-
sion within the engineered muscle.31 Cryopreservation also
increases expression of proteases, including cathepsin C and
several MMPs, which aid in the degradation and remodeling
of the ECM.33 This is essential for myoblast migration and
differentiation, as it serves to eliminate the intercalating
ECM between myoblasts and allow cell fusion.33 It is worth
noting that native skeletal muscle tissue consists of addi-
tional cell types, including endothelial and fibro-adipogenic
progenitor cells, which also contribute to ECM composi-
tion, and whose presence may impact changes in ECM
secretion in response to cryopreservation. Unsurprisingly,
RNA seq also revealed increased expression of key pro-
teins for muscle force generation, including tropomyosin
and myosin, as well as IGF-1, which stimulates muscle
hypertrophy.34–36

Conclusion

Cryopreservation of engineered skeletal muscle tissues
before differentiation has been shown to facilitate an in-
crease in force generation of the mature muscle. In this

study, we found that cryopreservation increases the pore size
of engineered muscle tissue and stimulates the expression of
various ECM proteins, integrins, and proteases. Together,
these changes to ECM structure and composition enhance
myoblast migration and differentiation, leading to the up-
regulation of proteins essential for muscle contraction and a
functional improvement in cryopreserved muscle. In the
future, we can use the knowledge gained from this study to
modify our approach to engineering skeletal muscle tissues
to achieve larger pore size, as well as provide key ECM
proteins shown to be associated with enhanced muscle dif-
ferentiation and force production, to engineer stronger
skeletal muscle tissues.

Furthermore, this study highlights a greater need to un-
derstand the effects of cryopreservation on the ECM of other
tissue types, to develop tissue-specific cryopreservation
protocols which best maintain tissue health and function.
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