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Abstract

CardiomyocytegCMs), derived from pluripotent stem cells (PSCs), have the potential to be
used in cardiac repair. Addition of physical cues, such as electrical and mechanical
stimulations, have proven to significantly effect morphology, density, cardiogenesis, maturity
and functionality of differentiated CMs. This work combines rigorous fluid dynamics
investigation and flow frequency analysis with iPSC differentiation experiments to identify
and quantify the flow characteristics leading to a significant increase ofedifii@ion yield.

This is towards a better understanding of the physical relationship between frequency
modulation and embryoid bodies suspension, and the development of dimensionless

correlations applicable at larger scales.

Laser Doppler Anemometry anast Fourier Transform analysis were used to identify
characteristic flow frequencies under different agitation modes. Intermittent agitation resulted
in a pattern of low intensity frequencies at reactor scale that could be controlled by varying
three idefified time components: rotational speed, interval and dwell times. A proof of
concept biological study was undertaken, tuning the hydrodynamic environment through
variation of dwell time based on the engineering study findings and a significant
improvemenin CM vyield was obtained. This work introduces the concept oftlineng the
physical hydrodynamic cues within a thm@enensional flow system to improve

cardiomyocyte differentiation of iPSC.

Key words: Cardiomyocyte differentiationhydrodynamics FFT, suspensiondynamics

induced pluripotent stem cells

1 Abbreviations: CM, cardiomyocytes; EB, embryoid body; FDA, fluorescein diacetate; FFT, fast Fourier
transform; hESC, human embryonic stem cells; iPSC, induced pluripotent stem cells; PI, propidium iodide;
PSC, pluripognt stem cells



1. Introduction

Kehatet al. were the first to derive earlstagecardiomyocytes (CMsjrom an embryoid
body-based culture diuman embryonic stem cellsESC$ (Kehat et al 2001) Since then,

an increasing amount of research into regeneration of the human heart through implantation
of stem celderived CMs has been undertaken The clinical trial ESCORT
(ClinicalTrials.gov identifier: NCT02057900; Phase 1), investigating the transplantation of
cardiac progenitors derived from hESC embedded in a fibrin scaffold, is currently ongoing
(Menasche et al., 2015Applications of pluriptent stem cell (PS&@Jerived CMs such as

drug screening, cardiotoxicity and disease modelling are also being explored.

To ascertain effective differentiation strategies, understanding how cardiac lineage is
established from an early embryo is fundamemta many studies have investigated
recapitulation of cardiogenesdis vitro to improve efficiency and yieldse et al proved that
bone marrommesenchymal stem cells were capable of differentiating @kts when
cultivated in monolayersusing 4 % cyclic strain at 1Hz (Ge et al., 2009)Lam et al
compared ESC monolayer cultures, microcaii@sed static and shaken suspensions with
stirred spinner flask and reported a-fb@ higher cardiogenic differentiatiornyield in
intermittently stirredconditions In this case, two 16 hour dwell phases were introduced at
day 0 and on day 3 of cultur@am et al., 2014) Ting et al found improved
cardiomyogenesisan be obtainedvhen agitationis applied intermittentlyto ESGseeded
microcarrier culturesising a rocker platfornirhe application of intermittent agitatidéor the

first 3 days of differentiationvas applied with 6 minutes of motion followed by a static 66
minutes dwell phase. Thiacreased differentiatiogields by 40 % in comparison with static
cultures(Ting et al., 2014)Due to the excessive dwell phases applied in both studies, the
observed biological outcomes are no longer related to flow cues, but arettikedqas a

result of introducing intermittent monolayer culture conditions



Correia et al. develogd a robust and scalable platform fd?SGCM differentiation,
combining athreedimensionalagitation profile strategy with hypoxic condition§hree
different impeller agitation profile were used to subject IPSCs & range of flow
configurations continuous, intermittent with and without a direction change in impeller
rotation An overall 1006fold improvement inCM vyield was achievedising intermittent
agitation and hypoxic conditioris comparison to normoxic cantiously agitated cultures
(Correia et al., 2014) Several studies haveinvestigated the optimal conditions to
reproducibly generatenigh numbers of CMs using various protocols, however, few
publicationshave considered engineering aspects such as the quality of suspensiba and
impact ofcharacteristic flowfrequencieqf) upon differentiationA number of studies have
explored he application of requenciesin the range of 0.0330 1 Hz, induced from
hydrodynamic interactionsor stretch/strain devicesresuling in varying degrees of
improvemento cardiomyogenesiwhencompared to use difiochemical cues alor(€orreia

et al., 2014; Geuss and Suggs, 2013; Ting et al., 2014)

Cell culture studiesftenfocus on biological parameters without suspension characterization
of a bioreactorThe quality of embryoid bois (EBs) suspension is important to prevent EB
agglomeration anensure uniformexposure to characteristftow frequencies as well as
avoidance of spatial pH, oxygemdnutrientgradientgLara et al., 2006)Inhomogeneity in

the cell culture maglsoresult in a more pronounceaixed population of differentiated cells.
Suspension oEBsis primarily affected bythe selectedotational speed, however, the use of
different agitation modes during cell culture may result in a degree of EB settling during the
intermittent intervalsin addition, he degree of settling depends on the EB size, morphology
and density, properties which are likely to change over the coursd @aulture Suspension
should therefore be characterized to quantify the minimum spepdred foroff-bottom

suspension anchomogeneity, but also to characterize the degree of settling during



intermittent agitation mode®ff-bottom suspension has been studredepth(lbrahim and
Nienow, 2004; Nienow et al., 2016however objectivetechniques ad reproducible

protocols should be useddgoantifysuspensiofOlmos et al., 2015; Pieralisi et al., 2016)

Inthis6 pr oo f owork amnimdepehpnivedtigation of flow frequency and suspension
characteristics under different agitatiorodesis presented. iPSC diffentiation experiments
were also conducted tdemonstrateahe impact of flow characteristics orell phenotype,

differentiation efficiency and yield

2. Materials and Methods

2.1.Bioreactor Configuration

A flat-bottomed DASGIP Cellferm-Pro bioreator system (Eppendorf, Germany)with
heigh, H = 15.5cm, andinternal diameterDy = 6.2cm, was equipped witla 6 cm diameter
trapezadal paldle impellerat anoff-bottom clearanceC = 1.4 cm (Di/Dy = 0.97,C/Dy =
0.2). A working volume ofVyw= 200mL was usedgorresponding to a liquid height,. = 6.62
cm. For both the engineeringharacterizatiorand cell culture experimentsmodifications
were made tdhe original magneticallgriven bioreactor t@chieve motoedriven agitation.
Theimpeller shaft was extended and attachedrntdl-Series Allen Bradley Motor unitor
the engineeringharacterizatiorstudies(described inSections2.2 and 2.3) the systemwas
mounted within awvater filled glasstrough shown inFigure 1, filled with water such aso
minimize optical distortion due to the curvature of the vesBe®C culture experiments
(described inSection2.4) were performed using the DASGIP BioBlockquippedwith an

on-line data acquisition and control DASwar® software (EppendqrGermany).
2.2.Laser Doppler Anemometiand Data Processing

Measurements of the tangential and ax&lbcity componentsvere carried out using Laser

Doppler Anemometry system Stellar PreL ML/300 Argon ion laser (ModdLaser, USA)
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was used for these experiments. Twairs of intersecting laser beams were emitted at
wavelengths of 514.5 nm and 488 nm, measuring velocities in the tangential and axial
directions respectively. The BSA Flow software (Dantec DynamikS, Skovlunde,
Denmark) was used for data recordiRgr these experiments MilliQ water was usséeded
with neutrally buoyant PSRO Polyamid2 0  particlesobtained fromDantec Dynamics
(A/S, Skovlunde, Denmark)A cylindrical coordinate reference syste(n, d, z) was
employed, ashownin Figure 1, with the origin positioned at theenterof the baseandthe
tangential coordinated, increasinganticlockwise when seen &im above Measurements
were performed aivo locations]ocationA close to the impellefr/Dy = 0.5 andz/H= 0.18
andlocation B within the bulk flow(r/Dy = 0.5 andzH = 0.24. Tangential velocities were
converted into the frequency domain using a Fast Fourier Transform @dprpach
Continuous and intermittent agitatiomodeswere investigated in thiwork. For intermittent
agitation three time componentsere defined namely the impellerotatioral speedN, the
interval timeTin andthe dwell/stoptime Tawen. Tinv is the timeduring which thampelleris in
motion andTqwen defines how long the impeller is stoppda Correiaet al. (2014)N = 90
rpm was usedand continuousnd intermittentmotion with and without a direction change
were investigatedt Tinv = 30 s andTawen = 900 ms.A parametric study investigatindgpe
effect ofa changan Tinv and Tawen Was performedn this work Threeinterval times were
consideredTinv =5 s, 15s and 30s at constanTawen = 500 ms andN = 90 rpm. The dwell
time wasthen alsanvestigated within the rang@wei= 1 msi 1500ms at constanfiny = 30

s andN = 90 rpm. In addition, studies werearried out at different rotational speeds where

the number of missed revolutign&™* , defined by Equationlf, was kept constant:
0o 0 Y 1)

At N = 90 rpm, Tinv = 30 s andTawen = 1500 ms a value of0 ** = 2.25was calculated and

maintained constant subsequengxperiments conducted ldt= 75, 105 and 120 rpm.



2.3. SuspensiolCharacterizatiofexperiments

Suspensiorcharacterizatioomeasurementwere performed using similarexperimental set
upto Figurel, with a mountedhigh-speed\ET iCube camera (NET, Germany) ceated to

an adjustable arnin place of the laseThe camera was fitted with a macro lens to capture
small variations in image brightness and improve system resolutiowasdsed to acquire
sets of imagest increasingspeedsusing differentagitation strategiesA white LED panel
wasinstalledbehind thereactorto minimize backgroundoise.Continuous impeller agitation
was used to investigate the minimum spesgliiredto achievehomogeneityNn, for N = 10

T 200 rpm. Intermittent agitation conditions were investigated at90 rpm Tinv = 30 s and
Tawen= 500- 30,000 nsto observe the impact upon suspension for incredsing until Tawel

= Tinv = 30 s Two types of microcarriers, Cytodex @ = 1.04 g/mL,average particle
diameterDso = 1 7 5GE&Haalthcare, USAand CultispheG (3 = 1.04 g/mL,Dso = 255

¢ mPercell Biolytica, Swedenyere used in these experiments to mimic the EB suspension
at the star{day 2)andat theend (day 9)of the differentiationprocess respectively. They
were selectedbased on the EBsedimentationcharacteristicsand size (iBET group,
unpublisheddatg. Microcarries werestaired using 0.4 % Trypan Blue (SigmaAldrich,

USA) to aid in visualization(Olmos et al., 2015)and experimentswere conductedat a
concentration of B/L. Concentrations closer to those employedaf culture experiments
(0.0375 g/L at the start of differentiation and 0.2 g/L at the end) could not be detected by the
cameralmages wereecordedat a frequency oR Hz for 5 minutesper conditionto ensure
60steady stated was c apetmicroamiersdvagrtiem glowet®a s ur e
fully settle in-between experiments Images were processedising a purposeiyritten

MATLAB code wherasuspension indeXY , was determinedith Equation @):

v 0
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Where O is the cumulative brightness of the imagespeed,N, “O representghe image
brightness when the system is stationary and fully settledGanddenotes when thgystem

is completely suspende@onditions of full suspension were associate8 to 95 %.

2.4.Culture ofiPSGs andCharacterization

2.4.1. iPSC Expansion and Cardiomyocyte Differentiation

Cell cultureexperiments were carried out using two bioreactor configura{seesSection

2.2). TheiPSCexpansion and differentiatigorotocolspreviously reported by Correet al

(2014)were followed. Briefly, anur i ne t r a-iPS cpleling kindly prdvid&l by Dr

Tomo Saric (University of Colognejyas used where the puromydifacetyl transferase

gene was under the control of the ¢acespecific promotor, alphemy o si n heavy ¢ ha
MHC). iPSCs were expanded in static adherent monolayer cultures on inactivated murine
embryonic fibroblasts (IMEFs) iexpansionc ul t ur e medi um: Dul becco:i
medium, (DMEM + GlutaMAX + 4.5/L D-Glucose), supplemented with 25 (v/v) fetal

bovine serum (FBS), 1 % (v/v) na@ssential amino acids (NEAA), 2 mM glutamine, 50

eM-nber captoet hanol , 500 e€eg/ mL neomycin sulf
USA), and 1000 U/mL leukemia inhibitp factor (LIF) (ESGRO, Merck Millipore,
Germany) maintained at 37 AC i n2 Qulturesiweiedi f i e
passaged every two days according to the protocol used by Cetreha (2014) For

bioreactorexperimentsiPSCs were used lw passage numbersgtween passageand8).

To initiate cardiogenic differentiation, iPSCs were aggregated to form embryoid bodies (EBS)

in orbitally shaken Erlenmeyer flasks (Corning, USA) agitated at80 rpm(day 0) Cells

were inoculated at 0.78%cells/mL inVy, = 100 mL of differentiation medium comprising of

| scoveds modi fied Dul beccods medi un¥w(¢v) MDM +

FBS, 1 x NEAA, 1% ( v/ v) P e n /-18arcaptopthanob(@l framMIhebmo Fisher



Scientific, USA) and1 00 &€ M ascorbic acid (Wako, Ger ma

humidified atmosphere of 5 % (v/v) GADnday 1, shaking frequency was increasedlte

90 rpm. Onday 2 aggregates were transferred to the bioreactors at a concentration of 150
aggregates/mlysing a total volum#&,, = 200 mL of differentiation medi&ultures were run

until day 9 under controlled dissolved oxygen (DO) and temperature (T) conditions $CO

%; DO: 4 % Q Tension; Aeration: 0.1 VVM; T: 37 °C] whilst pH was monitored. For each
experimental runpne magnetic andne motordriven agitationculture were performedin
parallel. Themagneticallydriven control condition was operated &t = 90 rpm,Tinv= 30 S
andTawen= 900 ms according to thenostfavorabledifferentiation yield condition, previously
reported by Correiat al.(2014) Motor-driven agitation was performed ldt= 90 rpm,Tiny =

30 sfor two experimental runs &awen = 500 ms and 1500 ms. Samples were withdrawn at

day 2, 4, 6, 7 and 9 faubsequent analysis

2.4.2. Cell Culture Characterization

Aggregate concentration and morphology were assessed using an inverted microscope
(DM16000, Leica) of 1 mL samples, distributedanlO wells of a24 well plate. Image
analysis using ImageJ open source software (National Institutes of Health, USA) captured
aggregate diameter, roundness and elongakion determination of cell concentration and
viability, aggregates were dissociated using 225rypsin-EDTA at 37 °C. Viable cell
counts were performed using a Fuétssenthal hemocytometer following incubation of cells

in Trypan Blue dye 0.1 % (v/v) in PB@lIl reagents from Thermo Fisher Scientific, USA).
Cell viability and membrane integrity were alswaluated through incubation of the cells
with enzyme substrate fluorescein diacetate (FDA) and the-By¢Apropidium iodide (PI)

(both SigmaAldrich, Germany). Metabolic activity of the cells was quantified through
measurement of glucose and lactate cotragéion in spurdown sample supernatants using

the YSI 7100 MBS system (YSI Life Sciences, USPhenotypic analysis of cell samplds a
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the start day 0) andend of differentiation day 9) were assessed using flow cytometry.
Aggregate samples weagjaindissociatedefore labellingvith a primary antibody or isotype
control for 1 h at £C. For pluripotency assessmeott day 0,OCT-4 and SSEAL markers
were usedall antibodies obtained from BD, USADn day 9 cardiac specific marker cardiac
troponin T (@ nT) was assessdd@hermo Fisher Scientific, USA10,000 events per sample

were registered using a CyFlow® space instrument (Sysmex Partec GmbH, Germany).

Cardiomyocyte purity was determined by flow cytometry of c-poEitive cellson day 9 of
differentiation in the bioreactor. Cardiomyocyte number was estimated by multiplying
Cardiomycyte purity by the number of viable cellalso determined on day 9.
Cardiomyocyte yield was calculated by the number of epaoditive cells divided byhe
initial number of iPSCaViore information on the protocols followed to assesscdileculture
can be found in a number of publicatiqddecasis et al., 2017; Correia et al., 2014; Serra et

al., 2011)

3. Results and Discussion

3.1. FrequencyAnalysisand Impact of Time @mponents

The first part of this study aimed aharacterizingthe energy spectrum of the tangential
velocity for the three agitation modes employed by Cormdiaal. (2014) to understand
whether a correlation exists between these frequencies and the differentiatioRigiele2
shows theenergyspectra kinetic energy per unit of frequendiq(f)), obtained for both
continuous and intermittent agitatigN = 90 rpn) close to the impellerigcation A Figure
1). As expected, thenergy spectrumbtained for continuous agitation shotws significant
peaksatf = 1.5 and 3.0 Hzresulting from the periodic rotatioof the two-bladeimpeller,

whilst the other lower intensity peaks are harmonics of the main(Bigure 2 A). The



energyspectum for the ntermittent agitation without a direction chanégure2 B) shows
similar frequency peakatf = 1.5 and 3.0 Hzcorrespondindo theimpeller blade passage
addition to a lower range offrequency peakswhich areharmonicsof the interval time
frequency finv = 1/Tinv = 0.03Hz. TheCM differentiation yieldobtained using thiagitation
mode was the maximumeportedby Correiaet al. (2014) The measurement pojm, is
located near the impeller blades and so a secondary measupmsaiion was selectedat
location B of Figure 1, to determine whether the low frequency peaks were present in the
bulk flow. This can be seen Figure3. It is interesting tonotethat the energy intensity of the
low frequency peaks wdsssaffected by the measurement locati¢®8 %) in comparison to
the peak intensis associated to the blade passagkich were significantly reduced (> 90
%) at locationB. It is therefore evident that intermittent agitation introdiitev frequency
flow structuresat a reactoriscale, whichcould have influenced the EB suspension during
differentiation.Figure2 (C) shows theenergy spectrumbtained whenntermittentagitation
with a direction changeasimplementedThe low frequency peak®iarmonicsof 1/Tin) are
also present in this case, however the addition of a direction change resulted #oltD00
amplification of theenergyassociated with these frequenciéhe CM differentiationyield
achievedusing this agitation modevas the lowestested by Correiat al. (2014) These
initial findings suggest that the low frequency peaks resulting ftwruse of intermittent
agitation may have hadlzneficial impacupondifferentiationyield, spectrum ofFigure 2
(B), however a maximum limit oénergydensity associated to these frequescenight exist,
spectrum offFigure 2 (C), beyond whichthe low frequency flow structures associated to

intermittent agitatio becomes detrimental to the differentiation process

The subsequemtart of the study explorechow each time componemtould impact upon the
characteristic flow frequencies presefigure 4 shows theenergy spectra obtainedt

locationA for N = 90 rpm whenntermittent agitatiompparameters[iny and Tawen, Were varied.
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Figure4 (A) 1 (C) showthe resultanenergyspectraat decreasing interval times Gfv = 30,
15 and 5 s, respectivelil = 90rpm andTawen= 500ms). As previouslyobservedthe spectra
show thelow frequency peaks, in addition to the standaedks correspualing to impeller
blade passagaVhen Tin is decreased the low frequency peaks are spread over a larger
frequency range, and their intensity is amplified (see insEiglire4 (D) i (F) showthe
energyspectrafor increasing dwell time aawen= 500, 1000 and 1500 ms, respectivey=
90 rpm andTiny = 3059). In this case th&equencyrange is not affectedutas Tawen increases
from 500ms D) to 1500ms ) (see insets)the low frequencyeaksincrease in intensity
To better quantify thenergydensity variation withTawen, Figure5 shows thantegralof the
energyassociated witlthe low frequeny peaksfor Tawen = 17 1500msatN = 90 rpm and
Tinv = 30 s The corresponding cumulative ener@ycreases significantly with an increase in

the number of missed revolutiofise. N  Tawel).

Once the impact of thiedividual time componentéN, Tawen and Tinv) had been investigated,
it was attemptedo determine acaleinvariant parameter at which thew frequencypeaks
would be the same for different operating conditidgfrem this point of view, the possibility
to recreate the low frequency peaks originally implemented in the work of Correia with an
alternativeselection of operating conditioll, Tawer andTiny), could establish a morebust
procedure for cell differentiationThe number of missed revolutions,”*, defined in
Equation 1), was the selected parameter to be kept constant. Experiments wearetedrat
different rotational speeds inehrange of 75/ 120 rpm where 0 “*= 2.25.The resultant
spectra are shown figure6 (A 1 D). As it can be observed from the insell experiments
exhibitedsimilar low frequencypeakswhen K** was kept constantlt is therefore evident
that thenumber of missed revolutioran be effectively useds a decisionahnd scalable

parameter to consistently recreate a low frequency spegtromoting differentiating yields.
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As aproof of conceptthe studyreported in Section 3.2yas therefore designed torther
assess how variation of the low frequency peaks characteristics, indueadatipn ofv **

andTaqwen, affect cell differentiation
3.2.Impact of Tqwen on CardiogenidPSCDifferentiation

The second stage of ostudysought to obtain biological verification of the impactTafen

on CM differentiation yieldbased on the hypothesis that the presence of low frequency
peaksinfluences cardiogenic differentiatiohe previous section highlighted that two main
flow parameters were affected through variation of the three time components; the spectrum
peak intensities and the associated frequenagshown in Section 3.Ejigure4, adjustment

of Tawen Singularly affected the energyntensity associated to théow frequency peaks.
Adjustment ofTinv Nnot only impacted upon energy intensibyt also upon theange of low
frequeny peaksgeneratedTo singularly investigate the impact with changing the peak
frequencies at a constant energy intensity, b®i#h and Tawen Would need to be
simultaneously adjustedThe published CM differentiation yields ¢Correia et al., 2014)
showed the best and worst performing agitation modes were associated to the lowest and
highest, respectively, peak intensities for the low frequency re§@nan initial proof of
concept investigatiorgiventhe complexity of the biological systemmodulation of a single

time componentTawer, Was selected to observe the biological outcomes associatbé to

singularchangeof peak intensities ithe energyspecta obtained.

Two experiments were conduct&édm monoloayeliPSCexpansiorto EB formation before
inoculationin bioreactorswhere two discrete intermittent agitation modes were employed,
both in parallel to a control conditiohe control condition utilized magneticaltiriven

intermittent agitabn without a direction change.
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Phenotypic analysis atay 0 of each experimental run indicated a largely pluripotent cell
population expressing OCZ and SSEAL at 87.35 + 3.7 % and 86.11 + 1.7 %, respectively
(data not shown)All bioreactors were inoculated day 2 andshowed relative uniformity in
aggregate sizeDso = 164.43 + 14.54 pm andoncentration159 + 5 aggregates/mL. Cells
remained largely viable over the course of differentigtasnshown by cell aggregate FDA/PI
live stains at the end of differentiatiam Figure7 (A), with Figure7 (B) showingaggregate
size and morphology determined through cell imagegh on day 9As indicated irFigure7

(B), large variability inaggregate sizevas observed in all conditions, witbsp = 221.7 +
141.7 pm, 195.3 £ 128 um and 190 + 172 um for the control condifigasy = 500 ms and
Tawen = 1500 ms, respectivelyOverall, an approximate 25 % increaseDigy was observed
from day 2to day 9in all conditions.Measurements of aggregate roundness demonstrated
that no significant differencesan be notethetween the experimental conditiclested.Cell
phenotypewas assessedt the end of differentiatiofor the cardiomyocytspecific marker,
cTnT using flow cytometry This was used as a measure of CM purity andetermire the
overall differentiation yield.Table | summarizesthese results for each experimental
condition, comparing cardiomyocyte purity, number and overall y{pidasured as the
number of CMs/input iPSC)btained usingwo motordriven aitation conditions,Tawell =
500 ms andlawern = 1500 ms,eachnormalizedagainst the control condition for each run.
Results show thas Tawenl is increasedrom 500 mscardiomyocytalifferentiationefficiency
increasegError! Reference source not foupdn particular,CM number and yieléhcreased

by 1.27 and 1.66 fold (+ 27 % and + 66 %), respectivelst Tawen = 1500 mswhen
compared to the contraonditionat Tawen = 900 ms Concordantly CM number and yield
decreased fofgwen = 500 mswhen compared to the controlaiver = 900 msby 0.85 and 0.8

T fold (- 15 % and’ 20 %) respectivelyOverall, Tablel showsno significantdifferencesn

CM purity betweerdifferent experimental rung?urity was not compromised througit the

13



biological cultures athe differences observedor purity were within the experimental error

as given inTablel. The literaturesuggestdhe addition of mechanical cues has an impact
upon CM differentiationcell growth and morpholog§Geuss and Suggs, 2013; Savla et al.,
2014) The dfferencesobservedetween CM number and CM vyield (Tab)eare due tdhe
variability in the inoculum iPSQGlensity since aggregate concentration at inoculation is the
parameter that was maintained constant between asnsas done previous{Zorreia et al
2014). Thuswe havepresentedoth valuedo showthat adjustment ofTgwen impacts upon

CM differentiation efficiencymostly through CM number and yield insteadG¥ purity
(Error! Reference source not foupdThis was not related to the generation of aggregates
with significant changes iaveragesize and morphologgFigure7), which werefound to be

very similaramong allconditions

This initial proof of concept study has shown thatonservativd 0-fold amplification of the

low frequencypeaks,from Tawen = 900 ms to 1500 ms is beneficial forcardiomyocyte
differentiation of iPSCs through improved generation of high numbers of cardiomyocytes
The experimental findings fointermittent agitation with a direction change, reported by
Correiaet al, showed the detrimental impact of significant (1:864d) amplification of the

low frequencypeaks(Figure 2 C) to CM differentiation yieldsWhat becomes evident is a
threshold limit for low frequency peak amplification which accentuates #nafut selection

of operating conditions paramount when considering a cell culture in its entirety.

3.3. Embryoid BodySuspa&sionCharacterization

In the literature cell culture studiesften lack rigorous suspension characterization
bioreactos. The final part ofthis study sought to first determine the minimum speeds
required to reach completispension andystem homogeneity under continuous agitation

for Cytodex 3(EBstart) and for CultispheG (EBend). These werefound to beNHjstarg = 39

14



rpm and Nuend) = 52 rpm confirming that at our selectespeed,N = 90 rpm, full
homogeneity throughout the culture time is achievBdspension during niermittent
agitation conditionsvasalsoinvestigated The EB suspensioimdex, S, obtainedusing the
two EB mimics (EBstarty and ERBeng) for N = 90 rpm, Tinv = 30 s andlawen = 30,000 msis
represented ifrigure8 (A) and (B), respectivelyFigure8 (A) shows a maximam 20 % drop

in suspension is attained duritige dwelltime for EBstarty Which significantly increases @

65 % drqp at the end of differentiatio(EBena) (Figure 8 B). This suggestshe extent of
settling may have more significaninfluence on the process performanespeciallyat the
end of thedifferentiationprocessvhere the EBs increase in siZes discussed in Section 3.1,
the main frequency peaks corresponding to impeller blade passaagsaceated with higher
energy in areas close tioe impeller regionin Figure8 (B) the EBs occupy the bottom 35%
of the tank around the impellduring the dwell Upon resuspension thevill be exposed to
the higher energintroduced byimpeller bladerotation Tawen could be adjustetbwards the
end of differentiatioto maintain theoptimallevel of suspension throughout the culttinee
andto avoid accumulation around the impeller and, consequamtposure to higher energy
To determine the extent of settlidgiring the dweltime, the minima of the suspension that
occurred is shown ifrigure 9. For the validation cell cultureexperimentsTawen = 500, 900
and 1500 msvereinvestigated Interestingly,Figure9 shows suspension to drop less than 1
% across these conditionis.can beobservedhat asTqwen increases, the maximal extent of
settling increases, an effaghich becomesnore pronouncedor EBendy In the same graph,
thetime needed to resuspernidsuspend for each EB mimic is also plottedpon restarting of
the impeller motionresuspension of the ERgcurs rapidly, takindetween 2 and s to
becomefully suspeded The data ofFigure 9 shows that the level of settling, especially at
the end of the process, must be carefully considered, while resuspension occurs rapidly and

should not have a significant impact dretprocess. From this point of vidwgure9 can
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instruct on the development of novel strategies to select and optimizeptrating

conditions for biological processes.

4. Conclusios

These studies have supported the establishment of a relationship between the hydrodynamic
environment and the biological outcomes associated with the engineering characteristics. It is
evident that an optimal range of characteristic frequeneigsts, and a combination of
engineering and biological experimental apprescls essentialto improve current
knowledgeand exploitmechanical cueso optimize cell differentiation processdsitial

proof of concept biological studidgaveshownthata conservativelO-fold amplification of

the characteristic low frequenpgaksresultedin a more optimal hydrodynamic environment
for cardiogenic differentiatiari000-fold amplificationin low frequencypeaksachievedwith
intermittent agitation with a direction changévestigated previouslyreduced CM
differentiationefficiency. This suggestthe existence ofin optimumthresholdof the energy
contained in thelow frequencypeals. Further studes investigating the impacoof the
remaining two time components,andTiny, On biological behaviouareneededThe impact

of intermittent motion on mixing characteristics attkar effectsnustalsobe characterized

to further understand how each engineering parameter correlates to biolbgltavioral
outcomesEnhancing CM yields increases the eefectiveness of CMs produced/litdrhis

in turn would then antribute to the development of massherapeutic production of CMs
through modulation of the microenvironment aloneThis would reducethe need for
additional chemical factors ooriger differentiation protocald his work provides a proof of
concept biological study to identify the engineering aspects most affectirtifbrentiation
process. The proof of concept was based on aesublished differentiation platform (a
murineiPSC cell line with a spontaneous differentiation protocol), which has already been
published in the literature (see Corratal. (2014)) Successive works can validate the
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outcomes discussed herein and transfer the knowledge obtained to an optimized directed

differentiation protocol with more clinically relevant human PSC lines.
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Tawen 500 Tawen 1500
Cardiomyocyte Purity
[% cTnT positive*] 1.11+£0.23 0.95+0.20
Cardiomyocyte 0.85 + 0.03 1.27 +0.04
Number [-]
Cardiomyocyte Yield
[#CMs/input iPSC] 0.80 £ 0.06 1.66 £0.12

Table |: Cardiomyocyte number, yield and puriigterminedon day 9of differentiation in
stirred tank bioreactors operated undgermittent agitation with &gwen of 500ms Tawell
500) and 1500msTgwen 1500). Results were shown as fotthange when compared to the

magnetic agitation contr@ondition(Tqwen of 900ms)run in parallel.
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Figure 1. Schematic diagram of the experimental setup. A and B indicate two laser

measurement locations.

Figure 2: Energy spectra of the instantaneous tangential velocity. (A) Continuous agitation
[N =90 rpm]. (B) Intermittent agitation without direction chaniye=[90 rpm,Tinv= 30 S,

Tawen= 900 ms]. (C) Intermittent agitation with direction chaniye=[90 rpm,Tinv= 30 S].

Figure 3: Energy spectra of the instantaneous tangential velocity tategeanittent agitation
motion. (A) Measurement locatigk, [N = 90 rpm,Tiny= 30 S, Tawen = 500 ms]. (B)

Measurement locatioB, [N = 90 rpm,Tinv= 30 S,Tawer = 500 ms].

Figure 4: Energy spectra of the instantaneous tangential velocity data at intermittent agitation
motion. (A)T (C):N=90 rpm,Tin=30s, 15 s, 5 Fawen= 500 ms. (D) (F): N =90 rpm,

Tinv= 30 S,Tawen = 500 ms, 1000 ms, 1500 ms.

Figure 5. Low frequencykinetic energy summation with increasiigyei.

Figure 6: Energy spectra of the instantaneous tangential velocity data at intermittent impeller
motion and at constatt** = 2.25. (A): N= 75rpm, Tinv= 30 S,Tawen= 1800 ms. (B)N = 90

rpm, Tinv= 30 S, Tawen= 1500 ms. (C)N = 105 rpm,Tiny = 30 S,Tawen= 1290 ms. (D)N = 120

rpm1TinV: 30 s, Tawen= 1125 ms.

Figure 7: Day 9 iPSGCM differentiation culture. (A) Live/dead cell stain of iPSC and
cardiosphere aggregates from merged phase sbaimd fluorescence images. (B)

Measurement of aggregate characteristics: size and roundness.

Figure 8: Suspension characterisation of intermittent agitation over tNweq0 rpm, Tiny =

30 s andlgwel= 30 s]. (A) EBstarty [Cytodex 3]. (B) EReng)[CultispherG].

Figure 9: Average drop in suspension and time to fully resuspend at incréas#¢N = 90

rpm, Tinv = 30 s].
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