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Drug screening and disease modelling for skeletal muscle related pathologies would strongly benefit
from the integration of myogenic cells derived from human pluripotent stem cells within miniaturized
cell culture devices, such as microfluidic platform. Here, we identified the optimal culture conditions that

allow direct differentiation of human pluripotent stem cells in myogenic cells within microfluidic de-
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vices. Myogenic cells are efficiently derived from both human embryonic (hESC) or induced pluripotent
stem cells (hiPSC) in eleven days by combining small molecules and non-integrating modified mRNA
(mmRNA) encoding for the master myogenic transcription factor MYOD. Our work opens new
perspective for the development of patient-specific platforms in which a one-step myogenic differen-

tiation could be used to generate skeletal muscle on-a-chip.

© 2021 Published by Elsevier Inc.

1. Introduction

Human organ-on-chip are being developed as a tool with useful
applications in drug development and screening, as well as in
disease modelling [1]. The availability of skeletal muscle on-chip
models would benefit muscular-related disease research, helping
in finding treatments for genetic disorders, such as dystrophies, in a
cost- and time-effective manner. Significant advances have been
made in the field of microfluidics and skeletal muscle models in the
last years, which also included the use of multiple cell types and the
application of mechanical or electrical stimulation [2].

Primary myoblasts are the most common cell type used for
mimicking in vitro human skeletal muscle [2] although they have
limited availability due to the need for donors, a remarkable batch
to batch variation and the rapid senescence occurring in vitro
restrict their use [3]. Both human embryonic and induced plurip-
otent stem cells (hESCs and hiPSCs) also offer a unique possibility of
developing patient-specific in vitro models. This approach has a
great potential for personalized medicine investigations like
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pharmacological testing, disease predisposition and modelling, as
well as the development of optimized in vitro preclinical trials
based on the genetic background of the specific patient [3].

A huge effort has been made in the last years for identifying
protocols able to drive myogenic commitment and differentiation
of hPSCs [4—11]. Protocols that start with mesoderm induction
from hPSCs [5,7—11], revealed how this step is of primary impor-
tance and must be forced on hPSCs for reaching the myogenic
commitment. Indeed, the chromatin state of hPSC is not permissive
for myogenic transcription factors [12—14]. Alternative strategies
for promoting myocyte derivation form hPSCs include the direct
programming of the cells through the forced expression of key
myogenic transcription factors (i.e. PAX3, PAX7 and MYOD) with
both integrating [ 15—20] and non-integrating [21,22] programming
methods. Despite the integrating programming systems show high
efficiency of myogenic conversion, the risk of random insertional
mutagenesis is a remarkable limitation [23]. Integration-free ap-
proaches for skeletal muscle differentiation can be achieved by
using modified mRNAs (mmRNAs). Warren and colleagues pro-
vided the proof of concept that MYOD mmRNA was able to promote
the programming of hiPSCs toward the myogenic lineage [21].
Despite the simplicity, controllability and non-mutagenic charac-
teristics, this method is limited by the low efficiency of hPSC
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programming and the requirement of multiple transfections of the
mmRNAs for a sustained expression of MYOD protein [22]. hPSCs
have already been directly differentiated on-chip to multiple line-
ages such as cardiac [24,25], hepatic [25] and endothelial [26]. As
regards the skeletal muscle, hPSCs-derived myocytes entirely
developed on-chip has not yet been reported.

2. Material and methods

In this work, we aim at developing a strategy to efficiently
differentiate human skeletal myocytes on-chip from hESCs and
hiPSCs using microfluidic technology. In order to reach this goal, we
combined the small molecules approach with a mmRNA technique.
We initially established a protocol in which we successfully
downscaled in microfluidic devices (pF) the conditions that induce
hPSCs towards the mesendoderm lineage. Then, we transfected the
mesendoderm-like cells with MYOD mmRNA for seven consecutive
days. Moreover, upon the stimulation of terminal differentiation,
hPSC-derived myocytes were competent to fuse together, forming
multinucleated myotubes.

H9 hESCs line was obtained from WiCell Research Institute, USA.
hiPSCs line was created in our laboratory through reprogramming
of human fibroblasts from a healthy donor [33]. Microfluidic plat-
form were fabricated as previously reported [25]. Mesoderm opti-
mization experiments were performed in 96-well plates and in
microfluidic platforms. Mesoderm-like cells were transfected with
MYOD mmRNA (Stemgent) and nGFP (Miltenyi Biotec) once per
day, for seven consecutive days starting from day 2 of
differentiation.

Detailed material and methods are reported in the supple-
mentary section.

3. Results

As first attempt, we tested whether MYOD mmRNA transfection
could directly induce hPSCs differentiation toward the myogenic
lineage. In this condition, only a very small amount of DESMIN-
positive cells was detected inside the microfluidic channels
(Suppl. Fig. STA). Our results were in accordance with other studies,
which showed that the forced exit of hPSCs from the pluripotent
state and their priming toward paraxial mesoderm (premyogenic
lineage) is of primary importance [12—14]. Hence, an initial com-
parison between multiwell (MW) and pF was performed to verify if
in the two culture devices mesoderm induction was comparably
effective after two days of mesoderm induction. HESCs showed
different morphology in the two culture devices: in pF colonies
were still easily distinguishable with compact centers but loose
borders, whereas in MW the colony borders were broken, and cells
spread out from them (Fig. 1A). Despite in both MW and in pF
mesoderm induction allowed the production of BrachyuryT (T),
immunofluorescence analysis also revealed that residual expres-
sion of the pluripotent marker OCT4 was particularly evident in puF,
when compared to cells cultured in MW (Fig. 1B). Analysis of mRNA
expression for the pluripotency markers POUF5 (coding for OCT4)
and NANOG confirmed an increased maintenance of pluripotent
state in uF compared to MW. Mesodermal markers showed variable
expression patterns, with T upregulated and TBX6 downregulated
in pF, compared to MW culture condition. MSGN1 showed no
significative difference in the two devices (Fig. 1C). These data not
only demonstrate the importance of the initial mesoderm stimu-
lation on the downstream myogenic differentiation efficacy, but
also indicate the need of adjusting such initial step to our micro-
fluidic setting in order to achieve the most permissive conditions
able to promote myogenic programming through the subsequent
MYOD mmRNA transfections. With the aim of optimizing this initial
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stimulation step and at the same time reducing the residual plu-
ripotency in hESC-derived mesoderm-like cells in pF, culture con-
ditions were modified considering two parameters: cell seeding
density and CHIR concentration. A series of decreasing cell densities
was investigated: 400, 200, 100 and 50 cells/mm?. Two CHIR con-
centrations, 3 uM or 10 pM, were tested for each cell density (Fig. 1D
and E). The morphological changes occurring after small-molecules
treatment, in terms of colonies breaking and scattered cells, were
noticeably different when considering the two CHIR concentra-
tions. When 3 uM CHIR was used, cells from all the seeding den-
sities remained in compact colonies. Instead, when 10 uM CHIR was
used, morphologies comparable to those observed in MW were
evident only on densities lower than 400 cells/mm2 (Fig. 1D). In
almost all the four cell seeding densities the mRNA levels of the
well-known developmental regulator T at day 2 of induction were
significantly higher for 10 uM CHIR treatment, compared to 3 pM
CHIR. However, a remarkable decrease in residual pluripotency was
detected by the quantification of mRNA levels of the pluripotency
marker NANOG, which was downregulated in 10 uM CHIR treat-
ment for cells seeded lower than 400 cells/mm? (Fig. 1E). In such
culture conditions the mRNA levels of a key presomite marker,
MSGNT1, were significantly upregulated indicating a more successful
paraxial mesoderm stimulation (Suppl. Fig. S1B). Overall, the qRT-
PCR data corroborate on the molecular level the cell identity shift
reflected by morphological changes. Furthermore, they emphasize
the crucial role of cell density when inducing paraxial mesoderm
in vitro. Given these results, 100 and 50 cells/mm? cell seeding
densities were chosen, in combination with 10 uM CHIR, as the
most effective early paraxial mesoderm inducing conditions in
microfluidics.

We examined the mesoderm induction efficiency of CHIR
treatment alone in comparison with CHIR + LDN on the optimized
cell densities at D3. High efficiency was observed for both treat-
ments in terms of percentage of cells expressing T at the protein
level, independently from the initial cell density (Fig. 1F). However,
CHIR + LDN treatment led to a significantly increased number of T-
positive cells compared to 50 cells/mm? treated with CHIR alone
(CHIR + LDN 100 cells/mm? = 98.73 + 0.64%, CHIR + LDN 50 cells/
mm? = 97.16 + 2.47%, CHIR 50 cellsjmm2 = 86.7 + 2.32%, CHIR
100 cellsymm2 = 92.56 + 6.56%; Fig. 1G). Moreover, this was
accompanied by a significative downregulation of the residual
pluripotency monitored with POUF5 (also known as OCT4) with
CHIR + LDN and for all the cell seeding densities (Fig. 1H). Given the
almost totality of T-positive cells and the lower levels of POUF5, the
combination of CHIR and LDN was selected as the optimal treat-
ment for the initial step of our myogenic differentiation protocol.
The subsequent transfections with MYOD mmRNA were therefore
performed on a mesendoderm-like cell population that had a
reducing risk of residual pluripotency.

Previous to transfections on hPSCs, we ensured the efficacious
translation and functionality of MYOD mmRNA. Human fibroblasts
were the ideal cell type for such verification, given their chromatin
state naturally permissive for MYOD without any prior mesoderm
commitment requirement [28,29]. Exogenous MYOD was detected
after a single transfection, confirming the presence of the protein
and its correct nuclear localization (Suppl. Fig. S2A). Importantly,
the resultant MYOD was also functional, as seen by the upregula-
tion at mRNA level of its target gene Myogenin (MYOG) detectable
12 and 24 h after the transfection (Suppl. Fig. S2B).

We then investigated the effect of multiple MYOD mmRNA
transfections on hESCs-derived mesendoderm-like cells obtained
with our protocol optimized for microfluidics. Dramatic morpho-
logical changes occurred during the myogenic programming and
the most striking differences emerged between transfected and
non-transfected microfluidic channels, the latter used as control.
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Fig. 1. Optimization of mesoderm induction in microfluidics. A. Bright field of hESCs seeded in multiwell and in microfluidic channels monitoring the cell morphology changes after

the administration of CHIR for 48 h. B. Expression of the early mesendoderm marker

T and the pluripotency marker OCT4 in both culture conditions at day 2. C. Relative mRNA

expression of pluripotency and mesodermal markers in microfluidics compared to multiwell, at day 2. D. Different cellular morphologies depending on cell seeding number and
CHIR concentration after 48 h of treatment. E. Expression of Tand NANOG observed in correlation to initial cell seeding density and CHIR concentration. F. Inmunofluorescence for T
in hESCs seeded at 50 and 100 cell/mm? and treated with CHIR and CHIR + LDN. G. Quantification of T+ cells for each condition. H. qPCR analysis of POUF5 for each condition.

* = p < 0.05; **

p < 0.01; *** = p < 0.001.

Transfected cells started to show elongation at day 8 of differenti-
ation (last day of transfection), becoming fully elongated at day 11,
resembling the shape of myogenic cells. On the contrary, non-
transfected controls showed no elongation throughout the differ-
entiation (Fig. 2A). Such elongated myogenic-like morphology was
therefore linked to MYOD mmRNA delivery and likely due to the
MYOD-driven boost of the myogenic differentiation. Of note, cell
morphology transition was similar for both the cell seeding den-
sities considered. Modified mRNA encoding nucleus-targeted green
fluorescent protein (nGFP) was included in the transfection mix
with MYOD mmRNA and used to track the efficiency of the trans-
fections. With this method transfections course can be monitored
day by day for all their duration. The presence of GFP-positive cells

confirmed successful mmRNA administrations (Suppl. Fig. 2C) and
revealed a transfection efficiency ranging between 30% and 50%,
independently from the initial cell density (Fig. 2B). Myogenic
markers expression was analyzed at day 11. Such timepoint corre-
sponds to 72 h after the last transfection, when any residual
exogenous MYOD expression should result undetectable [21],
indicating successful conversion of hPSCs to myogenic-like cells.
When cells were screened for the presence of myogenic mRNAs, not
only a significant upregulation of endogenous MYOD but also of
MYOG and MYHC3 (embryonic isoform) was documented in
transfected cells at both cell density compared to controls
(Suppl. Fig. S2D). However, when transfected channels were
compared, MYOD and MYOG mRNA levels were significatively
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Fig. 2. MYOD mmRNA programming of mesendoderm-like cells derived from hPSCs. A. Representative images of the morphological changes occurring in non-transfected and
transfected channels for the two selected cell seeding densities (hESCs). Spindle-like cells start to appear after D8 while a more evident elongated morphology emerge towards the
end of the differentiation protocol (D11) following MYOD-mmRNA treatment. In non-transfected controls cells maintain a round morphological shape without showing any clear
elongation. NT = non-transfected. B. Transfection efficiency calculated on GFP* cells at D7. C. qRT-PCR analysis of the endogenously expressed myogenic genes MYOD, MYOG and
MYHC3 at D11. D. Immunostaining of hESCs-derived myogenic cells at D11. i. Endogenous MYOD expression was detected only in transfected cells. ii) Channels sections showing
homogeneous expression of DESMIN™ cells, expressed in both controls and transfected channels. Dashed lines mark the channels' borders. iii) MYHC3™" cells detected only in
transfected channels. E. Quantification of MYHC3™ cells at D11 for both initial cell seeding densities. F. Channels sections showing homogeneous expression of DESMIN™ cells in both
non-transfected and transfected hiPSCs-derived mesoderm-like cells at D11. G. MYHC3™ cells detection at D11. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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Fig. 3. Programmed myocytes on-chip are able to fuse into myotubes. A. Representative image of the morphology of non-transfected and transfected cells at D12. B. qPCR for MYHC3
at D11 and D12. C. MYHC expressing multi-nucleated myotubes, detectable only in MYOD mmRNA-transfected channels. D. Fusion index calculated at d11 and D12. E. Quantification

of MYHC™ cells at D11 and D12. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

upregulated in 50 cells/mm?. Instead, no statistically significative
difference was observed for MYHC3 mRNA levels (Fig. 2C). Cells
expressing endogenous MYOD were detected in both cell densities
exclusively in treated channels, confirming the presence of MYOD
mmRNA-derived myogenic precursor cells (myoblast-like cells)
(Fig. 2D—i). We found that remarkable differences in DESMIN-
positive cells was evident between control and treated channels.
In mmRNA-treated chips, cells were higher in number, displaying
elongated morphology and homogeneously distributed all along
the channels length (Fig. 2D—ii). Quantification of the number of
DESMIN-positive cells confirmed this conclusion (Suppl. Fig. S2E).
Similarly to the expression pattern observed for MYOD, also MYHC3
protein was detected solely in transfected cells (Fig. 2D—iii). Despite
the equal MYHC3 mRNA levels between the two cell densities,
MYHC3 protein expression was significatively higher for 50 cells/
mm? (100 cells/mm? = 8.6 + 2.93%, 50 cells/mm? = 18.84 + 4.44%,
Fig. 2E). Hence, for the overall better myogenic differentiation ob-
tained with such starting cell density, this experimental condition
was selected for all the experiments that follow.

With the aim of verifying the efficacy of our protocol on
different cell lines, we then investigated its feasibility on hiPSCs.
Results similar to hESCs’ myogenic induction were obtained, in
terms of morphological changes and mesodermal and myogenic
differentiation marker expression. Cells treated with CHIR and LDN
were successfully primed towards the mesendoderm lineage, as
seen by the spiky morphology and scattered distribution in the
channels (Suppl. Fig. S3A) and the homogeneous expression of T at
day 2 (Suppl. Fig. S3B). MYOD mmRNA-transfected hiPSCs-derived
mesoderm-like cells exhibited an elongated cellular shape, less
evident in non-transfected controls, following the same timing of
hESCs (day 8 and day 11) (Suppl. Fig. S3C). The GFP-positive cells
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successfully detected during the transfections (Suppl. Fig. S3D)
indicated a transfection efficiency of 32.58 + 2.76% (Suppl. Fig. S3E).
The distribution of DESMIN-positive cells at D11 evidenced once
again the different amount of protein signal between control and
transfected channels (48.27 + 6.65% in controls, 62.32 + 9.27% in
treated channels) (Fig. 2F and Suppl. Fig. S3F). Upregulation of
MYHC3 mRNA levels was observed in MYOD mmRNA transfected
cells compared to controls (Suppl. Fig. S3G) and was confirmed at
the protein level (with 20% + 6% of MYHC3-positive cells in treated
channels and 0% MYHC3-positive cells in controls) (Fig. 2G and
Suppl. Fig. S3H). Taken together, these data prove that in our
microfluidic system a myogenic differentiation strategy relying
solely on small molecules, even if proven successful in conventional
culture conditions, is not sufficient to promote an adequate
myogenic conversion of hPSCs in a short timeframe. In this sce-
nario, MYOD mmRNA transfections are not only effective but also
necessary to boost myogenesis. In fact, the myogenic phenotype is
achieved in a shorter time (11 days) compared to traditional pub-
lished protocols (30+ days) [4,7—9,15]. Our results also prove the
feasibility and robustness of our myogenic strategy with different
hPSCs lines.

Given the presence of MYHC3-positive cells in the microfluidic
channels, we investigated whether such hESCs-derived myogenic-
like cells could be further pushed to terminal differentiation pro-
moting their fusion into multinucleated myotubes. Terminal dif-
ferentiation was stimulated culturing cells in low serum conditions
for 24 h starting at day 11, after which MYHC3 expression and the
fusion index were examined. At day 12 cell morphology was similar
to day 11, with transfected cells showing an elongated morphology,
unlike non-transfected cells (Fig. 3A). A statistically significative
upregulation of MYHC3 mRNA levels at day 12 was seen when



G. Selmin, O. Gagliano, P. De Coppi et al.

comparing control and treated channels, and notably also when
comparing transfected channels with those at day 11 (Fig. 3B).
Despite the molecular increment, MYHC3 expression in control
channels was not enough to be detected at the protein level at day
12. Differently, in treated channels multi-nucleated MYHC3-
positive myotubes were observed, demonstrating that our
myogenic-like cells undertook a further differentiation stage after
stimulation (Fig. 3C). Fusion index was calculated to be
6.24 + 3.01%, significantly higher than day 11 (2.74 + 1.71%)
(Fig. 3D). It is important to emphasize that the amount of MYHC3-
positive cells in transfected channels remained stable from day 11
to day 12 (day 12 = 18.26 + 4.05, Fig. 3E), corroborating the fact that
the higher fusion index at day 12 is not due to an increased number
of MYHC3-positive cells but to the rearrangement of the myogenic-
like cells into multi-nucleated myotubes. Taken together, these
results demonstrate that our myogenic-like cells rapidly reach
terminal myogenic differentiation when cultured in permissive
conditions. Overall, our microfluidic devices coupled first with a
small molecules-driven mesendoderm-induction step and then
with a non-integrative skeletal muscle differentiation strategy
efficiently program hPSCs into multi-nucleated myotubes without
requiring any selection step and in a time as short as 12 days.

4. Discussion

The development of a one-step protocol to derive human
myogenic cells from hPSCs in microfluidic devices results in a
relevant physiological system for studying and modelling muscle-
related diseases. Human ESCs and iPSCs are the ideal source for
myogenic cells derivation. However, despite the development of
many skeletal muscle differentiation protocols during the last
decade [4,7—9,11,15,17,19,21,22,30], hPSC-derived myogenic cells
on-chip have not yet been reported. In this scenario, one possibility
to fulfill this gap is to downscale conventional myogenic differen-
tiation protocols into the microfluidic environment. However, not
all of these methods are compatible with the downscaling in
microfluidics. For instance, enrichment of the myogenic population
with sorting steps are not feasible due to the microscale dimensions
of the system. Protocols that show potential for on-chip applica-
tions are those published by Shelton et al., Chal et al., and Xi et al. as
they do not include cell purification passages and rely only on
chemically-defined culture conditions by means of small-
molecules administration. Though, small molecules-driven myo-
genesis presents several limitations. The efficiency of the differ-
entiation is low, variable and lead to a final population that is highly
heterogeneous [31]. Protocols are usually long (up to 50 days) and
maintaining long term culture on-chip could be challenging. It
becomes even more challenging considering the protocol adjust-
ments necessary when moving to microfluidic, for example in
terms of cell compatibility with the devices, media composition
and frequency of media changes [32]. On the other side, differen-
tiation protocols involving direct programming of the cells are
compatible with microfluidics. In fact, microfluidic chips are proven
to be the optimal devices to perform effective transfections thanks
to the small ratio of medium volume to cell surface area, while also
allowing for considerable costs reduction from the minimization in
the quantity of reagents and compounds used [33,34]. However, it
has to be considered that direct programming of hPSCs based on
myogenic transcription factors administration as MYOD can be
challenging. Indeed, the chromatin state in hPSCs is not permissive
for the binding of MYOD to its specific sites on DNA, hampering the
initiation of the myogenic transcription factors cascade. In-
terventions to remodel the epigenetics and the forced exit of hPSCs
from their pluripotent state are therefore required to have cells
prone to enter the mesoderm lineage and promote myogenic
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differentiation [ 12—14]. In this study we developed a differentiation
strategy that quickly and efficiently derived human skeletal myo-
cytes on-chip starting from hESCs and hiPSCs. Since we found that
the direct on-chip administration of MYOD mmRNA to hESCs was
not efficient in driving myogenic commitment, we decided to
combine such programming strategy with a small molecules based-
approach. With the absence of additional enrichment steps and
targeted pluripotent gene silencing, MYOD mmRNA transfection-
led differentiation enables fast derivation of myogenic cells,
dramatically reducing experimental timings. Therefore, such
strategy has the potential to considerably enhance personalized
medicine applications, speeding up muscle-targeted drug devel-
opment, drug screening and myopathies modelling in a transgene-
free and cost-effective system.
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