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Abstract: Surface functionalization of polymers aims to introduce novel properties that
favor bioactive responses. ~We, have investigated the possibility of surface
functionalization of polyethlee terephthalate (PET) sheets by the combination of laser
ablation with hot embossing and the application of such techniques in the field of stem
cell research. We ‘investigated the response of human induced pluripotent stem cell-
derived cardiemyocytes \(hiPSC-CMs) to topography in the low micrometer range.
HiPSC-CMs are expected to offer new therapeutic tools for myocardial replacement or
regeneration after@n infarct or other causes of cardiac tissue loss. However, hiPSC-CMs
are_phenotypically immature compared to myocytes in the adult myocardium,
hampering their clinical application. We aimed to develop and test a high-throughput

technique for surface structuring that would improve hiPSC-CMs structural maturation.
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We used laser ablation with a ps-laser source in combination with nanoimprint
lithography to fabricate large areas of homogeneous micron- to submicron line-like
pattern with a spatial period of 3 um on the PET surface. We evaluated cell
morphology, alignment, sarcomeric myofibrils assembly, and calcium transients to
evaluate phenotypic changes associated with culturing hiPSC-CMs on functionalized
PET. Surface functionalization through hot embossing was able to generate;at low cost,
low micrometer features on the PET surface that influenced the hiPSC-CMs' phenotype,
suggesting improved structural and functional maturation. This technique may be
relevant for high-throughput technologies that require conditioning ©f hiPSC-CMs and
may be useful for the production of these cells for drug.screeningand disease modeling

applications with lower costs.

@
Keywords: hiPSC; cardiomyocytes; surface topography; direct laser interference

patterning; roll-to-roll nanoimprint lithography; polyethylene terephthalate.

1. Introduction

Several cell properties arc influenced by substrate topography or chemistry, and
surface functionalizationsrepsesents’a fundamental step in improving polymer-cell
interactions. Nano-and' miicro-topographic cues can affect cell shape, adhesion,
migration, and differentiation, and may introduce novel properties that favor their
bioactive response and can determine cell phenotype [1]. Research in this area has
intensified in récent years, and new surface structuring techniques have been actively
sought. Production cost and scalability are crucial if these strategies are to move from
thelaboratory to the market. We investigated the functionalization in the low
micrometer range of polyethylene terephthalate (PET) sheets by laser ablation and hot

embossing, and the application of such techniques in the field of stem cell research. The
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response of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM)
to microtopography introduced by this relatively low-cost and scalable technique was
evaluated with respect to characteristics related to their maturation status.

HiPSC-CMs hold great promise as an autologous cell source for myocardial repair
[2]. These cells may allow the production of viable tissue constructs to repair;, replace;
or augment the function of injured or diseased myocardial tissue. However, hiPSC-
derived cardiac constructs have technical limitations that hamper their application in
cardiac regeneration, since stem cell-derived cardiomyocytes .afe  phenotypically
immature, showing similarities to those in the developing heart [3-5]4

When hiPSC-CMs are cultured in vitro, they present a tandem spatial orientation,
circular morphology, and an isotropic F-actin ‘organization, which results in an
immature contractility pattern [6]. Sarcomeric organmization of myofilaments is a
hallmark of mature functional cardiomyocytes, and it has been reported that hiPSC-
CMs exhibit underdeveloped and_ disorganized satcomeres, which, in addition to the
lack of t-tubules, results in excitation-contraction coupling properties that are markedly
different from those of adult ventricular myocytes [7,8]. Furthermore, sarcomeric a-
actinin distribution and sarcon{ere assemblage are crucial for the functional maturity of
cardiomyocytes and have been shown to be altered in iPSCs derived from patients with
familial dilated cardiomyopathy [8]. In the native myocardium, CMs are rod-shaped
cells that are (longitudinally aligned with an anisotropic F-actin distribution that
communicates and contracts in a specific directional manner [9]. The proper alignment
of cardiomyocytes provides optimal coupling for electrical signal propagation,
synchrenous cell contractions, and calcium cycling, which are required for efficient

cardiac function [10]. Therefore, achieving elongated and oriented hiPSC-CMs as well
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as proper organization of sarcomeres and calcium cycling are fundamental goals in
cardiac tissue engineering.

Cellular organization similar to adult cardiomyocytes can be achieved in vitro by
topographical cues that favor cell elongation and alignment. Surface topographies such
as anisotropic ridges and grooves in the low to sub-micrometer range may produce such
morphological features in different cell types [11-16]. We previously demonstrated that
grooves and ridges produced by direct laser interference patterning (DLIP) in the low
micrometer range were able to promote elongation and alignment.of endothelial cells
[17].

DLIP permits the direct fabrication of periodic structures within the low
micrometer to nanometer scale on different types of solid materials, such as polymers,
metals, and ceramics [18]. This microstructuring technigue has significant advantages
over other methods, as it is possible to process large areas with reproducibility and
accuracy in a single step with throughputs approaching 1 m? min-!' [19]. Moreover, the
DLIP technique can also be employed to. structure cylindrical stamps or sleeves, which
can be used as masters for roll-to-roll nanoimprint lithography (R2R-NIL). This high-
throughput technology allows the production of micro-and nanostructures in a fast and
cost-efficient way with potential for industrial applications [20, 21].

In this study, we hypothesized that the surface topography produced by the
sequential combination of DLIP and R2R-NIL to structure PET foils will influence
myofibrils/alignment and calcium handling of hiPSC-CMs and other morphological
changes related_to‘cellular maturation. We tested the ability of a line-like pattern of 3
um spatial period grooves to affect these hiPSC-CMs phenotypic features.

Our results demonstrated that hiPSC-CMs cultured on the microstructured PET

presented a more anisotropic morphology and was aligned according to the underlying
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grooves. Sarcomeres showed a clear striation pattern of a-actinin and parallel
arrangement of the myofibrils F-actin, unspecific myosin light chain-2, and troponin T.
Intracellular calcium dynamics obtained from fluorescent signals during spontancous
and electrically stimulated activity presented faster time constants. The sequential
combination of DLIP and R2R-NIL can yield a surface processing throughputiof 7.5 m?
min! on PET foils, making this method adequate for low-cost fabrication and high
throughput platforms that may be employed in the production of iPSC-CMs.

~
2. Methods
2.1. DLIP and R2R hot embossing on PET

Nickel sleeves with a thickness of 200 pm, 300 mm width, and 300 mm diameter
(Saechsische Walzengravur GmbH, Germany) wete stru€tured by DLIP. The initial
surface roughness is 61 nm. Prior to laser processing, the sleeve was cleaned with
ethanol. The nickel sleeve was structured on, a 3D-DLIP unit employing a rotary axis
system (developed at the TU-Dresden). The 3D-DLIP structuring system utilizes a
solid-state ps-laser with a 1064 nm laser wavelength (Edgewave PX200, Germany) with
a pulse duration of 10 ps. Lige—like structures with a spatial period of 3.0 pm were
produced by employing a pulse-to-pulse feed of 40 um, a spot diameter of 190 pm, and
a single pulse laser fluence of 0.56 J cm™. Further experimental details can be found
elsewhere [22, 23].

To obtain a hydrophobic surface on the Ni sleeve and avoid sticking of the
polymerie foil [24], the sleeve was covered with a self-assembled monolayer (SAM)
based en phosphonic acid derivatives (1H,1H,2H,2Hperfluoro-n-decylphosphonic acid
and 1H,1H,2H,2H-perfluoro-noctylphosphonic acid dissolved in isopropanol at a molar

concentration of 2 mmol L!). After immersion for one hour in this solution, the sleeve
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was rinsed with isopropanol and dried in an oven at 150 °C for 10 min. Static water
contact angle (WCA) measurements were performed on DLIP-treated Ni samples with
and without the SAM using a contact angle system (Dataphysics OCA-20, Germany)
under ambient conditions with deionized water.

A 200 pm thickness and 250 mm width foil of polyethylene terephthalate
modified with cyclohexane dimethanol (PET-G, Piitz Folien GmbH+Co. KG, Germany)
was used as the substrate in the hot-embossing process. A roll-to-roll fhianoimprint
lithography system (R2R Basecoater BC51, COATEMA,/ Germiany) with roller
diameters of 299.077 mm and a width of 300 mm was utilized. The R2R-system allows
web speeds between 1 m min! and 50 m min’!, pressuresiof up to eight bars, and
separate heating of the bottom and top rollers. The, PET-G foil was imprinted at a
pressure of six bar resulting in a force of 29.5 kIN. The top foller was used to imprint the
polymer foil at a depth of 15 pm. Considering these values, a pressure of 90.6 MPa was
applied to the foil. The temperatures of the top and bottom rollers were kept constant at

75 °C and 45 °C, respectively. The webispeed was set to 30 m min.

2.2. DLIP-R2R-modified PE{ surface characterization — atomic force microscopy
(AFM), scanning electron microscopy (SEM), and wettability analysis

The surface mieropattern produced on PET was characterized by AFM with a
Nanoscope IIIA (Digital\ Instruments, USA), and the measurements were conducted in
tapping mode. The aspects measured were spatial period, defined as the distance
betweentthe center of two consecutive ridges; groove depth, which was measured from
ridge top to groove bottom and ridge width, determined as full width at half maximum

of groove depth [25].
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The topographies were further visualized using a TM 3000 scanning electron
microscope (Hitachi, Japan) at an accelerating voltage of 5 kV. Samples were cut into
5.5 mm round pieces, cleaned with 70% (v/v) ethanol, and dried at room temperature
before SEM visualization.

Contact angle measurements were performed with a Drop Shape Analyzer model
100 (Kriiss, Germany) goniometer and the Advance software using the sessile drop
method. The wetting behavior values were obtained by measuring the static contact
angle of droplets of deionized water (0.75 ul) on the surface of unmedified, DLIP-R2R-
modified, and Geltrex-treated PET samples. The contact angle data of 20 measurements

per sample were averaged and expressed as mean + standard deviation.

2.3. HiPSC-CMs cell culture on DLIP-R2R-modified PET ¥

HiPSC-CMs were purchased from Pluricell Biotech (Sao Paulo, Brazil) as a fully
differentiated lineage at the 15% day after the start of differentiation and cultivated
following the manufacturer’s instructions. Cells were plated on 24-well plates
(Sarstedt), previously coated with Geltrex (A14133-01, Thermo Fisher), which is a
soluble form of basement m{mbrane matrix extracted from murine tumors. Geltrex
coating was performed following the manufacturer’s instructions for the thin gel method
(non-gelling), which produces a protein layer on the surface. First, Geltrex was diluted
1:100 with anappropriate volume of pre-chilled (4 °C) RPMI medium (1% final
concentration) and Kept at 4°C until use. Coating was obtained by adding sufficient
diluted.Geltrex solution to cover the entire growth surface area. After two hours at 37
°C, the solution was aspirated and the cells were immediately seeded at a seeding

density of 137 x 103 cm™ and cultured at 37 °C in a 5% CO? atmosphere with RPMI

(Thermo Fisher) medium supplemented with plating medium supplement
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(PluriCardio™ PMS). Culture medium was replaced with RPMI containing
maintenance medium supplement (PluriCardio™ MMS) every 24 h.

Prior to the experiments, unmodified and DLIP-R2R-modified PET samples were
cut in 5.5 mm diameter circles, washed in an ultrasonic bath (Elma, Germany),
immersed in 70% (v/v) ethanol for 30 min, and subsequently dried under UV, light for
40 min. Samples were placed inside a 96-well microplate (Sarstedt) and\.coated with
Geltrex solution at 37 °C for two hours prior to cell seeding. HiPSC-CMs were
harvested from the 24-well plate with 0.35% trypsin/EDTA<Solution (Gibco),
centrifuged at 250 % g for 5 min, suspended in RPMI with PMS; and seeded onto pre-
coated PET at a density of 17 x 10 cm?, 34 x 103, cm?, and 14 x 10* cm for
morphology and orientation analysis, immunocytochemistry ‘assays, and intracellular
calcium fluctuation measurements, respectively. The cultufe medium was replaced with
RPMI containing MMS every 24 h duringithe experiments. The experimental groups
were defined as follows: (a) unmodified PET (control) and (b) PET-L3 (line-like pattern

featuring a spatial period of 3 pm).

2.4. Cell morphology and orieitation — SEM and fluorescent staining of F-actin

The influence of topographical micropattern on hiPSC-CMs morphology and
alignment was investigated. Cells at 19" day after differentiation were cultured on
unmodified or DLIP-R2R-modified PET for two days and fixed with 4%
paraformaldehyde (PFA) (Sigma) for one hour at 4 °C, washed with phosphate buffered
saline (PBS) (Gibco), and dried at room temperature (RT) before being viewed under a
scanning electron microscope under vacuum condition.

F-actin myofibrils were visualized by fluorescent staining using a fluorescence

microscope (TM300, Nikon, Japan) equipped with an AxioCam MRC camera (Zeiss,
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Germany). Cells were fixed with 4% PFA in PBS for two hours at 4 °C, permeabilized
with 0.1% Igepal (Sigma, Brazil) at 37 °C for 30 min, and blocked with 2% bovine
serum albumin (BSA) (Sigma, Brazil) in PBS for one hour. F-actin fibers were stained
with alexa-488-phalloidin (A12379, Life Tech., USA) at 1:100 in 2% BSA/PBS. PET
samples were maintained in PBS/glycerol (1:1) solution and protected from light prior
to fluorescence microscopy analysis.

SEM and fluorescent images were used to evaluate cell morphology with ZEN
2012 software (Zeiss, Germany), and cell orientation was pérformied using Image J
(NIH, USA). Six samples from each experimental group were examined, and at least
150 cells per sample were imaged. Based on the outline,of 1selated cells, we estimated
the values of spreading area (filled region by projected cell boundary) and aspect ratio,
which gives an indication for cellular elongation and cireularity index (CI). The aspect
ratio is defined as the ratio between the breadth (minimum feret) and length (maximum
feret) of each cell and varies from.zero to one. Circularity provides an indicator of cell
morphology by quantifying the irregularity in the cellular shape, where CI = (4xnxarea)
(perimeter)2. For the aspect ratiorand circularity index, a value of 1 approximates the
shape of a circle, and a value ({ zero indicates that of a straight line.

Cell orientation was détermined by measuring the angle between the major axis of
the cell and the axis of the micropatterned grooves, and they were considered aligned
when this angle was lower than 10°. A minimum angle of 0° indicated parallel
alignment from the groove axis; a maximum angle of 90° suggested perpendicular
alignment; and_an average angle of 45° was expected for random orientation. For
quantification of cell orientation in the control, an arbitrary axis was selected.

2.5. Immunocytochemistry — troponin T, sarcomeric alpha-actinin; unspecific myosin

light chain-2 (MLC-2)
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Cells at 29 day after differentiation were seeded on unmodified or DLIP-R2R-
modified PET and cultured for five days before being fixed with 4% PFA for one hour
at 4 °C, washed twice with PBS, and permeabilized with 0.1% Triton X-100 (Sigma) for
30 min at RT. Cells were then blocked with a blocking solution (10% goat serum/0.1%
Triton X-100 / PBS) for 20 min at RT and incubated with anti-troponin T, (mouse)
(Abcam 8295) at 1:200; anti-a-sarcomeric actinin (mouse) (Thermo 22863 ).t 1:100 and
anti-MLC-2 (rabbit) (Abcam 79935) at 1:200 in 1% BSA/PBS ovetnight at'4 °C. Cells
were incubated with secondary antibodies goat-antimouse Alexa-488% and goat-
antirabbit Alexa-488 at 1:200 in 1% BSA/PBS for two hours protectéd from light at RT,
and maintained in 1:1 PBS/glycerol solution prior to fluereséence microscopy analysis.
Immunostained sarcomeric alpha-actinin images weére used to estimate sarcomere length
using ZEN 2012 software, and at least 80 sarcomerés were measured for each

experimental group.

2.6 Calcium transients

Spontaneous and electrically, stimulated contractile activities of hiPSC-CMs were
assessed by measuring the Ca\2+ fluorescence signal. The kinetic parameters analyzed
were time-to-peak (tpex), decay time (dct), peak width at 50% (pws), and decay rate (t).
Cells at 29t day wererseeded on unmodified or DLIP-R2R-modified PET and cultured
for 20 days until used in the Ca?" fluctuation experiments. Spontaneous and triggered
activities were recorded using the fluorescent dye Fluo-4. Cells were loaded with 5 uM
Fluo-4 (ThermoFisher) diluted in Hank's balanced salt solution (HBSS) containing 0.2%

Pluronic F-127, 20 mM HEPES and 2.5 mM probenecid for 45 min at 37 °C. Before

recording the fluorescence signals, cells were washed with indicator-free RPMI-MMS
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medium (with 20 mM HEPES and 2.5 mM probenecid) and incubated for a further 30
min to allow complete intracellular de-esterification.

HiPSC-CMs cultivated on PET were transferred to the cell chamber and kept at
36.5 °C £ 0.5 °C using a conductive indium tin oxide sheet (60 Q / cm?, Sigmay639303)
attached to the bottom of the chamber. During the experiments, cells were perfused with
a washing medium at 30 pL s™!. Electrical stimulation was done using a modified C-
Stim Chamber System (IonOptix®, USA) and platinum electrodes connected to a
MyoPacer Stimulator (IonOptix®, Milton, USA) [26; Mathéus, GBEB 2020]. Cells
were paced using a field stimulator with a positive monophasic pulse(2 ms, 3 Hz, 5 V).

For data collection, the fluorescent signal was captured by an RTE/CCD-1300-
Y/HS camera (Princeton Instruments, USA) adjusted to a resolution of 64 x 64 pixels
and an exposure time of 10 ms, with a frame sate of 30 frames per second. A
MicroMAX Controller (Princeton Instruments, USA)was connected to the camera, and
data post-processing was performed using the WinView/32 software (Princeton
Instruments, USA) to generate visual maps of light intensity. Recordings were obtained
from three distinct regions of the hiPSC-CMs culture repeated three times.

Signals were collectei and | analyzed with an automated script routine
implemented in Python 3.8 programming language using the scientific numerical
libraries Numpy, Seipy, and Matplotlib [27, 28, 29] to map the luminous intensity levels
in each pixel of each captured frame. The observations of the average luminous
intensity levels through the time domain n can be represented in the form of single-

exponential dynamics [30], given by the following exponential decay function:

f(ti)A()rT) = A()e —rh

where the parameter A is equal to the value at time ty = 0, e is Euler's constant, and 7 is

a constant that determines the rate of decay. Therefore, the fitting should approximate
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the data closely, approximate the selected function f(t;,Ao,7) over a finite range in the
time domain t; and the exponential form possesses strongly non-orthogonal properties
[30]. The fit of a model to the data found by observation is measured by its residual.r;,
defined as the difference between the actual value of the dependent variable y; and the
value predicted by the exponential decay function:

ri=yi— f(tyAoT)
The least-squares method finds the optimal parameter values by iteratively minimizing

~
the sum of the squared residuals:

n
1
Minzz(ri)z , ApT ER™®
i=o

The particular form used in this study is based on Levenberg-Marquardt, which is

&
effective and numerically stable for nonlinear curves [31, 32].

2.7. Statistical analysis

All values were obtained from the, datasets of three independent experiments
performed in duplicate. Statistical eomparison between DLIP-R2R-modified PET and
unmodified PET groups was performed using the Mann —Whitney rank sum test using
SigmaStat statistical software (Jandel Scientific). Statistical significance was set at P <

0.05. Data are expressedias the mean + standard deviation (SD).

3. Results
3.1 DLIP and R2R-NIL on PET — Surface characterization - AFM, SEM and wettability

analysis
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The hydrophobic surface of the Ni sleeve after the previous treatment with SAM
was confirmed by WCA measurements. The WCA of the Ni sample increased from 70°
+ 5° when no SAM was applied to 130° + 5° after covering the sample with the SAM.

A two-beam configuration in the 3D-DLIP system was used to fabricate well-
defined and homogeneous line-like micropattern consisting of periodic ‘and. parallel
ridges and grooves on the metal sleeves. After using DLIP to create the master stamp,
we used R2R-NIL to produce a line-like pattern with these geometric features in a PET
foil and investigated how hiPSC-CM responded to this microstrictured substrate.

Figure 1 (A) displays a 3D projection from the AFMuimage of the surface
micropattern from structured PET, and Figure 1 (B). schematically represents the
topographical features measured by AFM. Ridges were fabricated with 3 + 0.02 um of
periodicity, 2 + 0.04 um of width and 1 £ 0.01 pm of groove depth.

The micropattern was also visualized by SEM at different magnifications (Figure
2 (B), (C), and (D)). A PET sheet, as received from the supplier and without any imprint
treatment, was used as the control group(Figure 2 (A)).

The wetting behavior of the, PET samples was characterized using contact-angle
measurements. Unmodified a\nd patterned PET exhibited hydrophilic surfaces with
contact angles of 80.4 4 0.8% and 88.0 + 1.0°, respectively. Geltrex-coated PET samples

showed a decreasedn econtact angles, resulting in 61.9 + 0.6° and 63.1 + 0.7° for control

and patterned PET, respectively.
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Figure 1. (A) AFM characterization of the surface
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Figure 2. Visualization by SEM of non-modified PET (A) and the surface micropattern
produced on PET sheet under different:magnifications (B), (C) and (D). Scale bar: (A),
(B) 100 pm; (C) 30 um and (D) 10 pm.
N

3.2 Alignment of hiPSC+CMs'in response to DLIP-R2R-modified PET

Figure 3 shows.the distribution of orientation angles of hiPSC-CMs cultured on
DLIP-R2R-modified PET and the control. Table 1 summarizes the average values of the
orientationangle and«the percentage of aligned cells. HIPSC-CMs cultured on non-
patterned PET were randomly orientated, resulting in an expected mean angle of 43 +
24°. In contrast, the interaction of hiPSC-CMs with the topography narrowed the
distribution of orientation angles, with approximately 70% of cells within zero to 20°
(Figure 3). Almost 50% of cells aligned to the grooves at angles lower than 10° and

90% were oriented within zero to 50° from the groove direction. Figure 4 (B) and (D)
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illustrate the differential behavior of the cells onto micropatterned PET with respect to
orientation, showing most hiPSC-CMs following the groove direction, whereas cells on
non-patterned surface (Figure 4 (A) and (C)) did not exhibit any detectable preferential
direction, as shown by the histogram from the control group (Figure 3).

20 1 control PET r2o PET-L3 j

Relative frequency (%)
Relative frequency (%)

Figure 3. Histograms report the distribution of orientation anglesiin degrees (x axis) and
their relative frequency (%) (y axis) of hiPSC-CMs cultured on control (left) or DLIP-

4
R2R-modified PET (right).

Table 1. Mean orientation angles andpercentage of aligned cells on micropatterned PET
and control. Cells oriented with angle lower than 10° in relation to the groove direction

were considered aligned. (*)"indicates statistical significance (P < 0.001) between

groups. ~
mean orientation % aligned cells
angle (°) (<109
_Control PET 43 12
PET-L3 10 * 51*
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Figure 4. SEM images (left) and fluoreseent staining of F-actin (right) showing distinct
morphology and alignment between hiPSC-CMs grown on control PET (A, C) or DLIP-
R2R-modified PET (B, D). S{ale bars: (A), (B) 300 um; (C), (D) 50 um. The arrow

inside the box indicates the direction of the grooves.

3.3 Differential morphology of hiPSC-CMs cultured on DLIP-R2R-modified PET —
aspect ratio, circularity index and area

The aspect.ratio, circularity index, and cell area are important structural features
presentin vivo [33] and in vitro [34] and were thus evaluated. HIPSC-CMs responded to
the micropatterned surface by adopting a more elongated shape than cells in contact

with non-patterned PET, showing a 34% difference (P < 0.001) in aspect ratio (Figure
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5). The circularity index (Figure 6) and spreading area (Figure 7) from cells on DLIP-

R2R-modified PET also showed an 11% and 29% reduction (P < 0.001), respectively,

oNOYTULT D WN =

compared to the control.

Aspect ratio (cell elongation)

30 Control PET PET-L3

Figure 5. Top: aspectratio (elongation) from hiPSC-CMs cultured on control or DLIP-
46 R2R-modified PET. (*) indicates statistical significance (P < 0.001) between groups.
48 Bottom: SEM images showing isolated hiPSC-CM exhibiting a more elongated shape in

response to structured PET (right) compared to non-modified PET (left). Scale bar: 50

53 pm.



oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - BMM-103827.R3

Control PET PET-L3

Figure 6. Circularity index from hiPSC-CMs cultur n control or DLIP-R2R-

modified PET.
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In relation to myofibrils assembly, hiPSC-CMs cultured onto the micropatterned
PET exhibited anisotropic organization in response to the topography. F-actin and
myosin light chain-2 were assembled in such a way, following the direction of the
grooves and oriented in parallel around the major axis of the cell body (Figure 8(D) and
(F), respectively). The control surface did not induce any directional organization of the
immunostained myofilaments, and cells displayed a random disposition of F-actin and
myosin fibers across the cytoplasm (Figure 8 (C) and (E), respectively). Similarly, most
cells showed troponin T oriented and aligned according to the direcfion of underlying
grooves (Figure 8 (B)) while cells from control group, in some/€ases, exhibited a
circular and peripheral arrangement of troponin T and.a, central area without a defined
orientation pattern (Figure 8 (A)). The regularly striated pattern and the more uniaxial
arrangement of a-actinin observed from hiPSC-CMs cultufed on patterned PET (Figure
9 (B)) reflected the organization of F-actinrand myosin light chain-2, whereas without
the presence of a microstructured surface, a-actinin was organized in multiple directions
and presented an irregularly striated pattern (Figure 9 (A)). Despite the distinct
alignment of sarcomeric a-actinin, observed between control and patterned PET, cells
from both experimental grou@ showed sarcomere lengths of 1.61 + 0.22 and 1.62 +

0.27 um, respectively (Figure 9).
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Figure 8. Immunocytochemistry. Representative fluorescent images of hiPSC-CMs

grown on control (A, C, E) or DLIP-R2R-modified PET"(B, D, F) showing distinct
myofibrils arrangement and cell morphology. Troponin (A, B); F-actin (C, D); myosin
light chain-2 (E, F). The arrow inside the box indicates the direction of the grooves.

Scale bar: 50 um.
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35 Figure 9. Top: Sarcomere length (um).from hiPSC-CMs cultured on control or DLIP-
R2R-modified PET. Bottom: immunostained images showing distinct organization of
40 sarcomeric alpha-actinin from control (A) and DLIP-R2R-modified PET (B). The arrow

41 N
42 inside the box indicates the direction of the grooves. Scale bar: 50 um.

47 3.5 Calcium tramsient measurements

49 The spontaneous and-electrically stimulated contractile activities of hiPSC-CMs were
51 evaluated. Céells were loaded with the Ca?*-sensitive fluorescent indicator Fluo-4, and
the luminous signals were recorded and processed to generate maps of fluorescence
56 intensity/prior to estimating calcium transient parameters. Representative intensity maps
58 are displayed in Figure 10, and the kinetic parameters obtained are schematically

represented in Figure 11 (A) and summarized in Table 2.
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Compared to the control group, hiPSC-CMs conditioned on patterned PET
presented spontaneous transients showing an overall time reduction of all measured
parameters (Table 2, top), except for t,.., which was equal for both experimental
groups. The values of dct and pwsy were 24% and 25% lower (P < 0.05), respectively,
and the decay rate was approximately 50% higher (P < 0.05) than that of'the control
cells.

To further explore cell functionality in response to growth on the patterned
surface, hiPSC-CMs were exposed to electric field stimulation toffest the triggered
contractile activity. Concerning all parameters evaluated, cells growfi‘on patterned PET
showed calcium transients shorter than those grown _on non-patterned PET (Table 2,
bottom). The largest difference registered was tygr, with a 46% time reduction (P <
0.001). The values of dct and pwsy were 28% and 30% lower (P < 0.001), respectively,
and the transient decay rate was 38% higher (P '<:0.001) than that observed in the
control group (Figure 11 (B)). Representative graphs of fluorescence intensity as a

function of time obtained with electrically stimulated hiPSC-CMs are shown in Figure

11 (C) and (D).

:;; ioa

1.0

00

Figure " 10. Representative maps of relative fluorescence intensity from non-stimulated

(spontaneous) contractile activity (left) and electrically stimulated contractile activity (right) of
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hiPSC-CMs cultures. Top frames (A, B, C) are intensity maps from control PET; bottom frames

(D, E, F) are from hiPSC-CMs conditioned on patterned PET. The box inside each frame

schematically indicates the phase (initial, peak and final) of the transient during recording in

relation to the calcium transient. Scale bar: normalized fluorescent intensity.
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Figure 11. (A), schematic “depiction of kinetic parameters measured from calcium

transients: t,ea, PWso, dct and decay rate. (B), mean decay rate of electrically stimulated

hiPSC-CMs grown on control or PET-L3 surfaces. (C) and (D), representative graphics

of control and patterned PET; respectively, displaying fluorescence intensity as a

function of time/obtained with electrically stimulated cells.
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Table 2. Kinetic parameters from spontaneous (top) and stimulated (bottom) calcium
fluctuations. (*) and (*) indicate statistical significance at P < 0.05 and P < 0.001,

respectively. Values are shown in seconds and presented as median + SD.

Spontaneous calcium fluctuations
tpeak dct pws,  decay rate (%)

Control PET 151030 20+0.08 158+0.05 0.77 £0.11

PET-L3  1.51 £0.30 1.52 +£0.03* 1.18 £0.04* 1.14 =0.257

Stimulated calcium fluctuations =
tpeak det PWsq decay rate (1)

Control PET 124 £0.37 1.72+026 1.51 £0.18 20.90%0.17

PET-L3  0.66 £0.11* 1.23 £0.25* 1.06%0.15%,.1:26 + 0.18*

4. Discussion

We investigated the in vitro effects of surface micropatterning, obtained using a
high-throughput technique in cell motphology, alignment, sarcomere assembly, and
calcium transients. Cell alignment, aspeet ratio, circularity index, spreading area,
sarcomeric myofibrils assembly, satcomere length, and calcium fluctuations were

analyzed. A S

4.1 DLIP and R2R-hot.embossing on PET
Different techniques, such as hot/UV embossing, photolithography, and laser-
based structuring have been used to engineer surface topographies on a variety of
materials [35]. In this study, we developed a surface modification system based on the
sequentiabuse of DLIP and R2R hot embossing for PET sheets.
There are few alternatives to generate large numbers of hiPSC-CMs necessary for

high-throughput applications. For large-scale production, hot embossing is one of the
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most used methods because it provides low-cost, high-resolution, and high-throughput
replication of structures at the micro-and nanoscale [36]. Common methods used to
produce embossing molds, including photolithography, micromachining, electroplating,
and etching, have drawbacks such as high cost, time consumption, multiple processing
steps, resolution limitations, and lack of an accurate dimension control [37].

Our original proposed technique of laser ablation for patterning, in a one-step
method, a cylindrical metal stamp and using this in roll-to-roll hot embossing of PET is
capable of producing square meters of patterned polymeric surface’with a processing
throughput of 7.5 m? min"!. The sequential combination of direct,laser ablation and hot
embossing makes it possible to produce large amounts.of patterned PET sheets in the
low micrometer range and is suitable for conditioning hiPSC-CMs, at a relatively low
cost and high resolution. v

Furthermore, the relationship between. the specific surface topography and cell
behavior was evaluated to determine the validity of the method. The line-like pattern
with 3 um spaced grooves was selected eonsidering that it was previously demonstrated
that this feature size can be accurately reproduced on PET foils [38] and based on
preliminary experiments shov&ng that hiPSC-CMs can respond to grooves of this size
(data not shown). This approachimay be employed for the surface functionalization of
other suitable polymeric materials with biomedical relevance, as well as to introduce
different topographic features, such as pillar- and hole-like [35] and line-like patterns.
This methedology 1s able to generate geometric features ranging from the upper nano-
to low.micro-scale, which are likely to expand its applications to other cell types or
culture,protocols in tissue-engineering efforts in the production of other tissues such as

bone or skin.

4.2 Cell alignment and anisotropic morphology on patterned PET
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Mature cardiomyocytes are longitudinally aligned with well-organized myofibrils,
while cultured hiPSC-CMs do not have a defined orientation and display a disorganized
arrangement of myofibrils [39]. HiIPSC-CMs do not show proper alignment in_ 2D
cultures [2] unless topographical modifications are introduced to the culturingssurfaces
[40]. It has been reported that the presence of parallel micro-and nanogrooves on the
surface induces similar physiological cellular alignment [41] and may be used for pre-
conditioning hiPSC-CMs before their application in cardiac tissue engineering. Our
results of cell orientation indicate a significant proportion (50%).6f aligned cells in
response to DLIP-R2R-modified PET.

Cellular alignment is strongly correlated with an,inerease/in cell elongation in
different cell types [42]. It is known that nativeé adult CMs are rod-shaped, more
elongated, and present lower circularity index and»higher levels of myofibrils
organization than fetal CMs and hiPSC-CMs [2,4]. Thus, elongation measurements are
used to quantify the development of morphelogical anisotropy of hiPSC-CMs and may
indicate structural maturity in vitro [40]:,Our results show that hiPSC-CMs cultured on
patterned PET not only aligned to.the groove direction at a relevant proportion but also
had a 34% decrease in aspect r\atio and 11% decrease in circularity index, indicating that
cells exhibited a more elongated and anisotropic morphology. The length of an adult
human CM lies between 60 and 140 um, and the cell width is between 17 and 25 um
[43]. Thus, aspect ratio values lower than 0.28 are expected for mature CM [44]. Cells
from control PET showed mean length and width of 63 + 18 and 34 + 12 um,
respectively, withfan aspect ratio of 0.54 + 0.15. Cells cultured on patterned PET
presented major and minor axes of 65 + 20 and 23 + 7 pm, respectively, resulting in an
aspect ratio of 0.35 + 0.16, which is higher than the reference value reported for mature

CMs, but closer than the control group.
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The maturity of hiPSC-CMs can be divided in “early” and “late” developmental
phases. Early phase hiPSC-CMs (around 30 days post-induction) have a rounded
morphology with 400-500 pm? surface area. After this initial period, morphological
changes occur, such as an increase in the spreading area resulting in cells within the
range of 600-1700 um? [45, 46]. Cells grown on non-modified PET spreadiout in all
directions, without any directional preference, and presented a spreading mean area of
1288 pum? (Figure 7). HIPSC-CMs cultured on patterned PET responded distinctly and
exhibited a mean area of 904 um?2. This reduction can be attribufed to the contact
guidance effect promoted by the topography. We observed that these cells adopted the
direction of the grooves (Figure 4 (B)) as the preferred.way to,launch and stabilize their
membrane protrusions during the adhesion process. It 1s likely that this spatial
restriction partly limited the lateral growth of the cell, restilting in cells with a smaller

spreading area.

4.3 Myofibrils alignment and sarcomereiength

A typical feature of adult cardiomyocytes is their elongated shape, with one long
axis along which myofibrils are regularly arranged, leading to the characteristic striation
pattern [47]. Thus, the foetal-like resemblance of immature hiPSC-CMs, especially if
the sarcomere structure is considered, limits the potential for clinical application [45,
48], considering that thelack of a directional organization of myofibrils results in poor
sarcomericfassembly and, ultimately, a weaker contractile force [49, 50]. Our results
showedsthat hiPSC-CMs cultured on patterned PET exhibited a regular striation pattern
of a-actinin and an anisotropic alignment of F-actin, myosin light chain-2, and troponin
T, according to the direction of the underlying grooves, which resulted in a more

uniaxial orientation of the myofibrils.
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Besides myofibrils organization, sarcomere length is also associated with force
production in cell contractions [51, 52]; thus, it is usually evaluated as an indicator of
hiPSC-CMs sarcomeric structural maturity. It has been reported that mature
cardiomyocytes have sarcomere lengths within the range of 1.8-2.2 um [40,453]. Our
results show that hiPSC-CMs cultured on unmodified or patterned PET had mean
sarcomere lengths of 1.6 um, which indicates that hiPSC-CMs responded:to patterned
PET at the level of myofibrils alignment, but not at the level of sarcomere length.
Nevertheless, the ability of the surface pattern to positively influenée the assembly of
sarcomeric proteins makes the DLIP-R2R hot embossing asuitable technique to
produce topographies capable of instructing cell morphelogy and myofibrils alignment,
which can be used to precondition hiPSC-CMs for further use in different applications

such as drug screening and disease modeling. v

4.4 Ca ** transients — contractile activity of hiPSC-CM on DLIP-R2R-modified PET

We performed functional assays to.evaluate the ability of patterned PET to affect
calcium handling. We observed areduction in calcium decay kinetics parameters (decay
time, pwso, and decay rate), s&ggesting faster Ca?" reuptake in these cells. Considering
the decay rate, it is noticeable that cells from the structured PET group showed a Ca?*
decay rate nearly 5§0%. faster than the control group, indicating faster Ca®" removal
mechanisms.

Cell functionality was further investigated by analyzing the contractile activity
triggered:by electrical stimuli. Under electrical pacing, hiPSC-CMs grown on patterned
PET not only presented faster Ca®" recycling, indicated by lower values of dct and pws,
but also ‘exhibited a significantly faster Ca’* release, as indicated by the 46% decrease in

treak Measurement. Additionally, the increase of 38% in decay rate illustrates the positive
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influence of the cell-surface interaction in Ca?" removal dynamics, leading to shorter

transients and, ultimately, in more efficient calcium handling.

5. Conclusions

In this study, we showed that microtopography produced by DLIP in conjunction
with R2R-NIL on the PET surface induced changes in hiPSC-CMs morphology,
alignment, sarcomeric myofibrils assembly, and calcium handling. These‘phenotypic
changes are associated with structural and functional maturation” aspects that are
clinically relevant for the eventual production of myocardialitissue implants. This
methodology is easily scalable and can be implemented.at a relatively low cost and high
throughput. Particularly, we demonstrated that the‘€ombination of DLIP and R2R-NIL
can yield a surface processing throughput of (7.5 m*> mu¥! on PET foils. Our results
indicate the feasibility of using DLIP,and namoimprint lithography to create
microtopography features that may. influence some of the maturation aspects of hiPSC-
CMs on 2D PET surfaces.

In summary, DLIP/R2R hot.embossing of polymeric substrates is a cost-effective
and scalable technique for hiPEC—CM that may contribute to morphological remodeling

and functional maturation with potential for scaling the production of these cells in

research, pharmaceutieal industry, and clinical applications.
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