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Abstract: In this paper, we present a simple, versatile method that creates patterns for cell migration
studies using thermoplastic elastomer (TPE). The TPE material used here can be robustly, but
reversibly, bonded to a variety of plastic substrates, allowing patterning of cultured cells in a
microenvironment. We first examine the bonding strength of TPE to glass and polystyrene substrates
and com-pare it to thermoset silicone-based PDMS under various conditions and demonstrate that
the TPE can be strongly and reversibly bonded on commercially available polystyrene culture plates.
In cell migration studies, cell patterns are templated around TPE features cored from a thin TPE film.
We show that the significance of fibroblast cell growth with fetal bovine serum (FBS)-cell culture
media compared to the cells cultured without FBS, analyzed over two days of cell culture. This
simple approach allows us to generate cell patterns without harsh manipulations like scratch assays
and to avoid damaging the cells. We also confirm that the TPE material is non-toxic to cell growth
and supports a high viability of fibroblasts and breast cancer cells. We anticipate this TPE-based
patterning approach can be further utilized for many other cell patterning applications such as in
cell-to-cell communication studies.

Keywords: thermoplastic elastomers; cell patterning; cell migration; reversible bonding

1. Introduction

Cell patterning provides a simple and low-cost method for cell migration studies.
Many technologies have been developed to pattern cells within in vitro microenvironments
to enable the study of cell migration including invasion into transwell inserts, Boyden
chamber assays [1], scratch assays [2], ring barrier assays [3], and aqueous two-phase cell
patterning [4]. Although these approaches use basic 2D cell culture platforms, they offer a
wide variety of possible cell assay applications. Recently, microfluidic-based models have
emerged as powerful platforms to study cell migration and/or angiogenesis [5]. The chip-
based models enable formation of 3D architecture blood vessels and the study of soluble
biochemistry in discrete fluidic channel networks [6], as well as the study of epithelial-
endothelial migration in breast cancer [7]. These novel microfluidic approaches closely
mimic both physiological and pathological microenvironments and there is a significant
effort to apply these technologies to new drug screening and therapeutic applications.
However, microfluidic device fabrication usually involves complicated cleanroom facilities
and requires highly sophisticated processes which are costly and labor-intensive [6-9].
Moreover, poly(dimethylsiloxane) (PDMS) is a commonly used material in the prototype
of microfluidic devices. However its intrinsic physical and chemical properties such as
porous polymer network, native hydrophobic surface and fast hydrophobic recovery
after hydrophilic surface treatment can result in significant adsorption and absorption
of hydrophobic drugs and their metabolites, limiting the utility of PDMS in biomedical
microfluidic applications [10,11]. Therefore, it is greatly preferable to take thermoplastic
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(TP)-based substrates and devices, for which cell behavior and functions have already been
proven that over many decades in the biology community [12].

TP materials are well-known cell culture substrates. Due to their high biocompatibility,
low-cytotoxicity, minimal drugs absorption and high optical transparency, they have
been used extensively in 3D cell culture platforms [7,13], as biocompatible substrates for
cellular contact guidance [14], lab-on-a-chip devices [15], and other biomedical applications
generally [16]. A subset class of TP materials called thermoplastic elastomers (TPEs) are
also soft and flexible offering distinct advantages in manufacturing processes. These
TPE based devices can be fabricated by using hot-embossing, thermoforming or injection
molding in a high-throughput and scalable manner, an increasingly attractive prospect
to the researchers in the microfluidic community. Compared to solid TP polymers, TPEs
can attach conformably to other TP materials and provide a robust seal due to their
inherent compliance. A reversibly bonding process is typically straightforward between
TPE and other TPs, while TP /TP assembly methods typically require high temperatures and
pressures for thermal fusion bonding [17-19], additional structures in solvent bonding [20],
and the introduction of UV-curable resins for adhesive bonding [21], to fully assemble
microfluidic devices. In contrast, TPE bonding can be achieved at mild temperatures (room
temperature to ~80 °C) and is possible without any pretreatment in the case of reversible
bonded devices.

For many microfluidic devices, device assembly often requires permanent bonding in
order to avoid delamination or fluid leaks. However, a reversible bonding has some advan-
tages in modern biomedical applications, such as microfluidic patterning of miniaturizing
DNA arrays [22], and cell culture systems where subsequent cell harvesting is required.
To manage cell or tissue sample collections, it is highly desirable to have easy access to
the fluidic channels and cell chambers after microfluidic processing [23]. Self-adhesion
(reversible) bonding is a well-known method in PDMS device construction. When a PDMS
device is simply placed on a flat substrate, it forms weak Van der Waal’s bonds with
certain hydroxyl groups present on materials such as itself, glass and silicon. However, the
self-adhesion strength of PDMS bonding is very weak and it can only provide leak-free
flow when the applied pressure is below 35 kPa [24,25]. Alternatively, TPE materials offer a
stronger fluid tight seal than PDMS with improved bonding in microfluidic devices [26,27].

Here we describe a new technique that creates patterns using TPE thin films for cell
migration studies. The cell patterns are templated around a TPE feature made from a
flattened TPE film using a biopsy punch. We first examine the bonding strength of TPE on
a variety of substrates and directly compare bonding strength to PDMS equivalents under
similar conditions. Next, for cell migration studies, we prepared TPE posts and positioned
them in individual well of 96-well plates prior to first seeding of fibroblast cells in the wells.
After the TPE post removal, we examine and analyze cell migration over 2 days in two
different culture media conditions. Lastly, we also evaluate cell cytotoxicity of the TPE
material with fibroblasts and breast cancer cells.

For the first time, we show a wholly plastic-based approach to generate cell pattern-
ing without more complicated photolithography-based processes and demonstrate its
capability for cell migration study.

2. Experimental Section
2.1. TPE Bonding test Devices and Post Preparation

Mediprene OF 400M were received from Hexpol TPE (HEXPOL AB, Malmo, Sweden)
in the form of pellets. The pellets are extruded at 165 °C to form thin films (between
0.2 mm and 4 mm thick and several 10 s of meters in length). Here we used 3-mm-thick
TPE sheets flattened after extrusion by hot-embossing using flat, silanized silicon wafers
as unstructured mold to make flat, smooth, films. Hot-embossing was performed under
nominal vacuum using an EVG 520 system (EV Group, Sankt Florian am Inn, Austria) at a
temperature of 125 °C, an applied force of 10 kN.
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The TPE posts were prepared with a biopsy punch (ThermoFisher, Waltham, MA,
USA). Figure 1 shows images of the prepared TPE posts. We used a 1 mm diameter biopsy
punch with core plunger to make and eject the TPE posts (Figure 1a). After punching
through the processed TPE films, the TPE posts were collected using a tweezer. Cleaning of
the posts was followed by immersion in 70% ethanol (1 h), phosphate-buffered saline (PBS)
(1 h) followed by drying in an N stream. For the subsequent cell culture experiments, the
TPE posts are attached on the 96-well plate (Figure 1b,c).

Figure 1. Thermoplastic elastomer (TPE) post preparation: (a) TPE posts were made using a 1 mm diameter biopsy punch

(b) and attached in center of individual wells of a 96-well cell culture plate. The image inset shows the rounded shape of the

TPE post. The scale bar represents 200 um. (c) Schematic drawing of the TPE-assisted cell patterning platform.

In order to perform the TPE bonding strength experiments, we prepared a simple
microfluidic device consisting of three chambers (0.8 mm diameter) each connected by
a single, 100 pm width microfluidic channel. An array of 10 um diameter micropillars
(Figure 2a) are monolithically integrated in the chamber to avoid chamber collapse. We
prepared both TPE and PDMS-casted devices for a comparison study. For the TPE devices,
a fluorinated ethylene propylene (FEP, McMaster-Carr, Robbinsville, NJ, USA) mold was
first replicated from a Si master mold which was fabricated by standard photo-lithography
(EVG6200, EV Group, Sankt Florian am Inn, Austria) and a deep reactive ion etching
process (Plasmalab100, Oxford Instruments, Abingdon, UK) on Si wafer. The replica
FEP mold is then used to make TPE devices by hot-embossing. Details about the mold
fabrication and hot-embossing conditions could be found in our previous work [28,29]. For
the PDMS devices, standard soft-lithography techniques were used. A volume ratio of 10:1
(base to curing agent) of PDMS (Sylgard 184, Dow Corning Co., Midland, MI, USA) was
cast on the same FEP mold and cured in the oven at 80 °C for 4 h.

The device was assembled by the following way. Entrance holes in diameter of 1.2 mm
were first punched by a commercial puncher (Harris Uni-Core™, ThermoFisher, Waltham,
MA, USA). After cleaning with IPA or methanol and drying by N2 blowing. The two slabs
of TPE and glass or PS substrates were then brought together without any external force
and surface treatment. After this bonding process, a luer connector was placed on top
of the device by aligning with the entrance hole on the device (Figure 2a). The bonding
strength of TPE on glass and PS substrates is referred to as “delamination pressure” and
was measured on the test platform following three thermal treatment conditions: (i) room
temperature (RT) assembly, (ii) heat treatment at 37 °C for 2 h, and (iii) heat treatment at
65 °C for 2 h after assembly.
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Figure 2. TPE Bonding test device and delamination pressure under different conditions. (a) A pho-
tograph of an assembled device for delamination testing. The zoomed-in image shows in the area of
an array of micropillars. A representative microscopy image shows a fully delaminated TPE chamber
on the glass slide as the applied pressure is increased. A red arrow bar indicates a delaminated area.
The scale bar represents 200 um. (b) A comparison bar graph of bonding strengths for TPE and
PDMS on both glass slides and PS substrates under three different thermal treatment conditions
(with standard errors calculated from the data measured on four samples).

The pneumatic pressure testing platform consisted of an instrumented pneumatic
manifold, designed and built in-house, with 16 independent pressure regulation channels
driven by 32 three-way electromagnetic valves (LHDA2423111H, The Lee Company, West-
brook, CT, USA). Valve opening and closing operations were controlled through a custom
Labview GUI interface (National Instruments, Austin, TX, USA) [28,30]. The delamination
of the TPE or PDMS material from the substrates were monitored and recorded using an
inverted microscope (Eclipse TE-2000-U, Nikon, Tokyo, Japan). The delamination usually
starts from the individual small micropillars and then propagates to the edge of the cham-
ber with increasing applied pressure to the chamber through the 100 um wide channel.
The bonding strength is defined as the pressure starting to delaminate from the substrate
to the edge of the chamber as shown in Figure 2a, a red arrow bar.

2.2. Cell Culture

Primary neonatal normal human dermal fibroblasts (NHDFs) and breast cancer cell
(MCF-7) were purchased from ATCC (Manassas, VA, USA). Cells were thawed and cultured
in Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS), penicillin
(100 units/mL), and streptomycin (100 png/mL) in T-25 culture flasks at 37 °C incubator
with 5% CO, (passage numbers of NHDF P3-P6 and MCF-7 P10-P15). After TPE posts
attachment on the 96-well plate, we seeded the cells at the density of 10,000 cells per well
and continued to let the cells culture. The TPE posts were then removed manually two days
following cell seeding. Upon the TPE removal, cells continued to be cultured in DMEM
with and without FBS by exchanging media every day.

2.3. Immunocytochemistry

For the assessment of cell migration assay, cells were labeled on day 1 with Cell-
Tracker Red (Cat. #C34552, ThermoFisher, Waltham, MA, USA). A 10 uM CellTracker
Red working solution was prepared in an Opti-MEM (Cat. #31985070, ThermoFisher,
Waltham, MA, USA) media and introduced in the well plate. The cells were then incubated
at 37 °C in the CO, incubator for 30 min after which fresh media is exchanged and cell
images are taken for further analysis. For the quantification of fibroblast migration assay,
cell were fixed with 4% formaldehyde and followed by the treatment with 0.2% Tritron
X-100 for permeabilization. After washing with PBS, Fluorescein isothiocyanate(FITC)-
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conjugated phalloidin (P5282, Sigma-Aldrich, St. Louis, MO, USA) and Hochest 33342
(Cat. # H3570, ThermoFisher, Waltham, MA, USA) were diluted in a PBS blocking buffer
(Cat. #37515, ThermoFisher) with 1:100 and 1:500 dilution ratios, respectively. The 96-well
plate containing the mixture was then incubated at room temperature for 1 h. Stained cell
images are obtained by fluorescence microscopy (EVOS FL, ThermoFisher) using 10x and
4x objectives.

2.4. Live/Dead Cell Imaging

The effect of TPE on cell viability was tested by preparing TPE plugs and the commer-
cially available imaging kit. An injection molded TPE material was cut into a plug type that
can be mounted on the top of the 96-well plate. These TPE plugs were then sterilized in 70%
ethanol and D.I. water. The plugs were submerged into cell culture media after cell seeding.
We examined two different cell types of neonatal normal human dermal fibroblasts (NHDF)
and a breast cancer cell line (MCE-7). The cells were seeded on the 96-well plate (10k cell per
well) and cultured in Dulbecco’s Modified Eagle Medium (DMEM), containing 10% FBS,
penicillin (100 units/mL), and streptomycin (100 pug/mL). We added 320 uL culture media
in each well and cultured in an incubator at 37 °C and 5% CO, for 72 h. We performed
cell cytotoxicity experiments for the TPE material using LIVE/DEAD Cell Imaging Kit
(Thermofisher, Waltham, MA, USA). For the cell imaging process, we added a mixture of
live/dead solutions and let the cells incubate for 20 min at room temperature. The stained
cells were imaged with an inverted fluorescence microscope (EVOS FL, ThermoFisher)
using 4x and 10x objectives. The captured images were post-processed using Image]
Software (NIH, Bethesda, MD, USA) to assess cell viability using the ratio between the
numbers of living cells to the total number of cells.

2.5. Image Analysis

The captured images were post-processed using Image] for quantification of cell
migration and viability. Specifically, for area measurements, the captured images were
converted to 8 bit images, after which the threshold was adjusted to convert them into
binary images. Areas were calculated based on the limit of the threshold in each image and
expressed as a normalized value, X normalized = (X — X min)/(X whole area — X min). The
percentage of cell viability was evaluated by the number of live cell/(the number of live
cells + dead cells) * 100.

2.6. Statistics

For statistical significant determination of cell migration, we perform a one-way
ANOVA test followed by post-hoc Bonferroni correction. Statistical difference is set p < 0.05
with significance.

3. Results and Discussion
3.1. Characterization of TPE Bonding

We first studied the bonding strength of the TPE and PDMS materials by measuring
the delamination pressures in the microchannel devices. We treated the assembled samples
under three different conditions: (1) at room temperature without any heat treatment after
device assembly, (2) with heat treatment, after assembly at 37 °C for 2 h and (3) with a heat
treatment after assembly at 65 °C for 2 h. Figure 2b shows the delamination pressures of TPE
and PDMS on glass slide and PS substrates under those bonding conditions. The resulting
data show that the delamination pressures of TPE on the glass slide and PS substrates are
about 3.4 and 7 times higher than that of PDMS cases, respectively, without subjecting to
any post heat treatment after being assembled at room temperature. When the assembled
sample is thermally treated, the bonding strength of the TPE against both the glass slide
surface and the PS surface is enhanced with increasing heat treatment temperature, while
the bonding strength of PDMS remains relatively unchanged. Furthermore, the bonding
strength of TPE against the PS substrate twice as strong as that of TPE on the glass substrate.
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We believe this is probably due to the difference interface between these materials. The
main component of the TPE film is a polymeric chain of styrene-ethylene-butylene-styrene
(SEBS) and the PS is polymeric chain of polystyrene which may contribute to increased
Van der Waal'’s interactions at the interface between SEBS and PS, which are stronger those
between SEBS and glass (SiO;). For cell patterning experiments, we bonded TPE posts to
the bottom of PS-based 96-well plates and treat posts in CO; incubator at 37 °C.

Additionally, we also conducted protein absorption experiments in both PDMS and
TPE-based channels and confirmed that TPE is superior to PDMS in terms of protein
adsorption issues (see the Supplementary Materials Figure S1).

3.2. Cell Migration Study

We created patterned cells using TPE posts and study fibroblast cell migration in a
96-well plate. Prior to cell migration studies, human fibroblast cells were patterned in a
blank rounded shape using the post. Figure 3 shows typical images of the TPE post and
cells surrounding the post area on the 96-well plate. The patterned area with the post
was about 0.67 mm? £ 0.09 (n = 8) and could be simply modified by changing the biopsy
punch diameter. After seeding and initial cell culture, the post was gently removed using a
tweezer. This process allowed us to make a clearly defined area of cells without undue or
harsh damage to the cells. Minimally damaged cells are useful for direct studies on tissue
repair and wound healing where a complex biological processs occurs [31].

Figure 3. A TPE post and cells. (a) Fibroblasts cells are cultured surrounding the pre-positioned
post structure in the 96-well plate. (b) Following post structure removal, the cell migration assay is
performed by capturing cell images. The scale bar represents 200 pum.

Table 1 lists a comparative study of cell patterning techniques reported in the liter-
ature. A comprehensive review of in vitro cell migration assays has been reported by
Kramer et al. [32] In this table, we summarize typical cell patterning strategies and com-
pare them with our TPE-based cell patterning method. The uniqueness of our approach lies
in the utilization of whole plastic materials, which are highly biocompatible for cell culture
and potentially applicable to large-scale and mass manufacturing for cell patterning. In
addition, the unique characteristics such as strongly and reversibly bondable on PS make it
possible to reuse the devices when multiple chip bonding processes are involved [33].
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Table 1. Comparison study of cell patterning techniques.

Technique Cells Simplicity Disadvantages Advantages
Hamster Ovary .
High
Inkjet printing [34] efﬁgi;orll(iic Moderate ~ Low cell viability ~ throughput and
motoneurons inexpensive
Endothelial cells . Relatively easy
Scratch assay [2] and Yes Harshl}égfs magmng experimental
NIH3T3 cells set-up
Retinal epithelial Limited pattern
- cells and dog shapes Simple, fast and
Parafilm insert [35] kidney epithelial Yes (circular or striped cheap
cells geometry)
Aqueous two-phase HelLa cells and Simple pipette
cell patterning [4] fibroblasts Moderate Low throughput patterning tool
Lung
. adenocarcinoma Expensive and Multicell
Contact-erasing o . . .
strategy [36] epithelial cells, No complicated micropatterning
3T3 cells and processes technique
osteoblast cells
Tape-assisted Cancer cells and Hand-crafted PhOtf(; lézh;féaphlc-
microfluidic chip . Moderate mold type .
fibroblasts . cost-effective
[37] fabrication
approach
High
TPE posts . Manual post biocompatibility
(our approach) Fibroblasts Yes preparation and reversible
bonding

Figure 4a shows experimental schematic of the plastic-based cell culture conditions

and timeline. The experiment is designed to examine the applicability of our TPE-based
cell migration assay after the TPE post removal and also the effect of FBS content in culture
media. Figure 4b,c show representative images of the patterned area during cell migration
with/without 10% FBS, respectively, using CellTracker and FITC-conjugated phalloidin.
In the FBS treated wells, we observed that after 2 days the cells migrated and re-populated
the empty area from the prior cell patterning. We also confirmed that the presence of FBS
promoted the cell growth and proliferation faster compared to the cells grown without
FBS as expected [37,38]. These results suggested that our post-based, cell patterning,
assay platform is suitable for cell migration studies and is able to perform quantitative,
spatial and temporal analysis of cell culture dynamics. For quantification, we plotted
cell migration of the stained cell images by measuring the area “filled-in” of the original
patterned region (Figure 5). The resulting graph shows that cells migrated significantly in
24 h in the presence of FBS, while there was no significant difference of in cell migration
without FBS.
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Figure 4. (a) Schematic of the experimental design and timeline of cell treatment. After TPE post
removal, cells are cultured for two days in culture media with 10% FBS (b) and without FBS (c).
For migration assay, we stain cell using CellTracker (red, 24 h) and phalloidin (green, 48 h). The cap-
tured images are post-processed for quantitative analysis. Dashed lines indicates boundary of the
original cell patterned area. The scale bar shows 200 um.

0.9

0.8 mDMEM with FBS
0.7 0O DMEM without FBS

06
0.5
04

03

*
0.2 {
0
0 hr

24 hrs 48 hrs
Cell culture (hours)

Normalized area(a.u.)

Figure 5. Quantitative analysis of cell migration. The captured images are quantified using Image]J
(n = 4). The “filled-in” area is normalized to cell migration. The area covered by cells increases
significantly after 24 h with FBS added culture media, arisen from cell migration. Without FBS, there
are no significant changes in the measured area.

3.3. Cell Viablity Study

We evaluated the cell cytotoxicity of the TPE plug material after it was contacted
to the cultured cell in the media. The cells were stained with calcein AM and ethidium
homodimer-1 solutions using a LIVE/DEAD assay kit. Figure 6 shows representative
images of the stained fibroblast live (Figure 6a) and dead (Figure 6b) cells. We confirmed
that most of the fibroblasts and MCF-7 breast cancer cells were alive in 3 day cell culture.



Processes 2021, 9, 54

90f11

The resulting data showed that the cell viability was over 95% under all conditions. There
was no significant difference in cell viability compare to the control group (Figure 6¢). The
TPE material was therefore highly biocompatible and suitable for cell culture platforms as
demonstrated in other cell studies [15].

a C

120

100 I I I I

FB Control FB with TPE MCF-7 MCF-7 with
material Control  TPE material

Cell viability (%)
8 8 8 8

o

Figure 6. Cell viability test. Representative images of live (a) and dead (b) fibroblasts cell images. The
cell cytotoxicity assay is performed using LIVE/DEAD Cell Imaging Kit. (c) A portion of a TPE plug
is submerged in cell culture media to examine the release of toxic chemicals from the as-fabricated
TPE materials. There is no significant difference of the cell viability for both fibroblasts and breast
cancer cells compare to the control groups—no TPE plugs are submerged in culture media. The scale
bar represents 500 pm.

4. Conclusions

In this paper, we present reversibly bonded TPE materials used to generate patterns in
culture well plates for cell patterning and migration applications. The TPE post feature is
bonded to commercially available polystyrene-based culture plates before cell seeding and
removed for cell proliferation. This patterning approach induces minimal damage to cells
in the defined area and is useful for in vitro studies in tissue repair and wound healing.

In cell migration studies, we show the significance of cell growth with FBS-cell culture
media compared to the cells cultured without FBS. The cell viability assays also confirm
that the TPE material is highly suitable as a culture platform. This is the first example of
wholly plastic-based material and fabrication approach, which is appropriate for large-scale
and mass manufacturing of cell patterning devices.

In future work, a co-culture patterning platform will be used to culture different
cell types by predefining the relative geometrical and spatial configurations of the two
interacting cell culture lines. In the technical aspect, upon the photolithography and hot
embossing processes, the sub 10 um patterning on the TPE used in bonding strength test
could be also possible to extend the current rounded shape patterning to heterogeneous
micropatterning [39].

For future applications, we anticipate this method can be utilized in cell-to-cell com-
munication studies, for example, angiogenesis [40].

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/1/54/s1. Figure S1: Comparison experiments of protein absorption on the PDMS and TPE
channel surfaces. Two identical devices of PDMS and TPE channels were prepared and bonded
on the glass slide substrates. The device has two parallel channels as shown (a). We introduced
fluorescently-labelled bovine serum albumin (BSA) into the channels with a 1 mg/mL BSA-FITC
concentration (a). The devices were then placed in the CO; incubator at 37 °C for 30 min. After
washing with PBS, we captured fluoresce images (b) with PDMS channels and (c) TPE channels. The
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dashed line represents a plot line of the fluorescent intensity. The scale bar shows 500 um. (d) The
plot graph shows a significant difference of the fluorescent intensities of PDMS and TPE channels.
Thus, we confirmed that TPE has less protein adsorption issues than PDMS.
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All authors have read and agreed to the published version of the manuscript.
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