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Stable, Conductive, Adhesive Polymer Patterning Inside a
Microfluidic Chamber for Endothelial Cell Alignment

Elena Mancinelli, Silvia Taccola, Ellen Slay, Chalmers Chi Cheng Chau, Nizzy James,
Benjamin Johnson, Kevin Critchley, Russell Harris, and Virginia Pensabene*

Endothelial cells (ECs) line the inner walls of blood vessels, respond to shear
stress by elongating in the direction of flow. Engineering aligned ECs in vitro
is essential for modeling human vascular diseases and for drug testing.
Current microfluidic approaches mainly rely on unidirectional laminar flow,
uniform coating of surfaces to improve cellular adhesion or alteration of the
surface topography. Challenges persist due to shear stress-induced changes
in cellular behavior, especially in complex multicellular environments and the
time needed for the cells to align and polarize inside the microfluidic conduits.
Generally, protein coating processes and physical treatments are also not
compatible with the steps required for the assembly of microfluidic devices.
This approach employs aerosol jet printing (A]JP) to precisely pattern
poly(3,4-ethylenedioxythiophene) polystyrene sulphonate (PEDOT:PSS) within
microfluidic chambers in a single step. It is shown that the PEDOT:PSS is
biocompatible and facilitates EC adhesion, patterning, elongation, and
alignment. Under capillary flow, the cells retain their pattern-induced
morphology over 7 d, confirming the efficacy of the approach in promoting
cellular organization, eliminating the need for external pumps. Furthermore, it
is demonstrated that the PEDOT:PSS pattern retains structural integrity and
electrical stability following oxygen plasma treatment, required for assembling
of fully enclosed microfluidic devices.

1. Introduction

Living tissues sense and respond to
mechanical, physical, and chemical
extracellular cues.?! In striated mus-
cles, nerves, and blood vessels, these
cues coordinate the alignment of local
cell types.’] Endothelial cells (ECs),
lining vessel walls, maintain vascular
homeostasis by aligning with the vessel
axis along the direction of the blood
flow-induced shear stress.*] Altered
EC alignment can indicate pathological
vascular conditions like atherosclerosis!®
and a leaking endothelium unable to
protect organs from blood-circulating
toxins.[®l Thus, engineering a physio-
logically aligned endothelium in vitro
is crucial not only for understanding
vascular function, but also for disease
progression and drug response.”#! Due
to the link between flow and EC align-
ment, microphysiological systems (MPS)
are commonly employed to induce
cell alignment in vitro. MPS replicates
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human organ or tissue structure and function on a micrometric
scale, typically with microfluidic channels for cell culture under
controlled flow conditions. Physiological shear stress sensed
by ECs ranges from 2 to 20 dyne cm™! in veins and arteries.!
Recreating these stresses requires channels with dimensions
from tens to hundreds of micrometers, achievable through
soft-lithography, a microscale pattern fabrication method widely
employed to fabricate microfluidic chambers for cell culture.!!”)
EC microfluidic culture and maintenance under continuous
shear stress has become standard practice in cardiovascular
studies.[''12] and typical experimental protocols are based on
the loading of endothelial cells into an ECM coated channel
and the exposure to continuous flow for several hours (up to
days) for the cells to polarize and to form a tight endothelium.
Endothelialized microfluidic channels have found application in
investigating neurovascular and neurodegenerative diseases, /3]
renal filtration and absorption,['* tumor metabolism and drug
response,’] and liver bile conduct.['®]

Despite its physiological relevance, perfused microfluidic en-
dothelial culture introduces inherent challenges. If uncontrolled,
shear stress may result in unforeseen alterations in cellular be-
havior and when coculturing ECs with other cell types, high shear
stress can disturb neighboring cells.['”] A comparative study con-
ducted on human umbilical vein endothelial cells (HUVECs)
and lymphatic endothelial cells revealed diverse responses to the
same shear stress values, leading to alignment loss and potential
apoptotic reactions outside specific shear stress ranges.!'8] Flow
needs to be precisely tuned to prevent waste accumulation with-
out diluting growth factors.['*2%] Computational models demon-
strated that rapid, periodic medium changes are expected to pre-
serve cell health, whereas continuous perfusion may exert detri-
mental effects.2?2] Moreover, interconnecting microfluidic de-
vices with off-chip systems, like syringes or peristaltic pumps, in-
troduces complexity and requires additional electrical power for
operating the pumps. Given these challenges, alternative tech-
niques for cell alignment become essential, either as substitutes
for shear stress or in conjunction with it.

Cells such as neurons!®! and cardiac muscle cells!? align in
response to electrical stimulation while reshaping ECs benefits
more from topographical and chemical substrate modifications,
mirroring the vascular extracellular matrix (ECM).[2>-%] Narrow
micropatterned adhesive protein strips induce EC alignment
without flow,*%31] but shear stress addition reduces apoptosis.(3!l

To achieve this mutual integration, patterning methods and
materials must align with gold-standard lithography techniques
for MPS assembly. Devices made of poly(dimethyl siloxane)
(PDMS), an elastomer extensively used for MPS fabrication, typ-
ically involves an oxygen plasma activation step for permanent
bonding between different layers. Transferring protein patterns
inside a microfluidic device often follow standard micro-contact
printing. A PDMS stamp is used to transfer the liquid protein
on a pre-plasma activated flat surface.3?34 Alternatively, the flat
surface can be pre-coated and etched selectively.l*) The patterned
surface is then aligned and bonded with the microfluidic conduit.
However, the wet patterned substrate interferes with the use of
the vacuum chamber and the formation of the plasma. Addition-
ally, the plasma treatment causes strong surface oxidation and
handling and assembling steps lead to denaturation and dehydra-
tion of bio-derived, patterned, ECM proteins and other adhesive
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material (e.g., poly-L-lysine). In order to overcome this challenge,
it is common practice, but not an efficient method, to cover the
pattern before performing plasma activation for device bonding
in order to preserve the protein nature.

Aerosol jet printing (AJP) is an emerging contactless direct-
write technology with distinct advantages in terms of design flexi-
bility, responsive production, wide ink compatibility, printing res-
olution of the order of 10 um and large nozzle stand-off distance
(1-5 mm).*] For microscale deposition, this enables the man-
ufacturing of high-resolution features on to various flat and 3D
surfaces, different surface textures, across curved surfaces, and
into channels.3%) Initially developed for the manufacture of elec-
tronic circuitry, more recently, AJP has been applied to a diverse
range of applications, including high-resolution deposition of bi-
ological materials for cell patterning.[3-3]

Compared to other methods which enable the formation
of cell patterns on homogeneous 2D substrates!***?! the use
of AJP technology presents several advantages. First, most of
the standard patterning methods require multiple steps and
combinational approaches that include template-based meth-
ods such as photolithography, microcontact printing and soft
lithography.[*=#6] These very complicated and labor-intensive
methods significantly increase fabrication time and cost and
are not amenable to adaptation and mass customization. In or-
der to overcome these limitations, direct-write techniques such
as inkjet and extrusion-based printing, have been used for the
deposition of guidance cues!*’! or the direct deposition of live
cells.*®] However, these approaches can cause high mortality
rates due to excessive forces on the cells during the ejection and
are often limited by material selection and offer limited print-
ing resolution.®! Within this framework, AJP-based method
represents a valid alternative for the digitally driven microscale
deposition of chemical and topographical features. In particu-
lar, we have recently reported the use of AJP to reliably cre-
ate microscale poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) features on PDMS substrates; a combina-
tion which provides a respective attractive/nonattractive cell ad-
hesion response.[*"! We showed the capability to deposit complex
patterns with different shaped designs on 2D PDMS surfaces,
including curved lines, corners, and dots. The surface treatment
invoked a controllable response in the adhesion of different cell
lines and subsequent directionality of the cell growth according
to the printed patterns.[*!]

Significantly for microscale deposition, AJP can be used to pat-
tern onto both planar and non-planar substrates owing to its large
nozzle stand-off distance (~5 mm) allowing for patterning over
existing structures, different surface textures, across curved sur-
faces, and into channels.

PEDOT:PSS is known as a biocompatible, conductive polymer
blend.>®] Due to its mechanical flexibility, transparency, and re-
sistance against chemical and temperature changes, it has found
large application as stretchable sensors,*!l electrodes for a variety
of application in tissue engineering!>?! and cellular monitoring in
microfluidic devices.53! It shows adjustable effects on cellular ad-
hesion and contributes to vascular cell maintenance in vitro.>*

In this study, we introduce a protocol for stable PEDOT:PSS
patterning within a microfluidic chamber by utilizing AJP tech-
nology. We measure alignment of HUVECs, By Raman spec-
troscopy and atomic force microscopy we evaluate potential

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIe.D 3(gedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N 10} AIq1T BUIUQ A8]IAA UO (SUOIPUCD-PUE-SWLB}W00 A8 | Afe.d 18Ul Uoy/:Sdny) SUONIPUOD pue swie 1 8y} 88S *[6202/20/LT] uo Akeiqiauliuo A11M ‘591 Aq ¥0Y00vZ0Z IWPe/Z00T OT/I0p/M0D" A8 | 1mAeiq U [UopeoUeADe//Sciy WOl j pepeo|umod ‘8T ‘¥20z X60/S952


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

A

www.advmattechnol.de

Figure 1. PEDOT:PSS aerosol jet printed pattern inside a microfluidic chamber: A) 6 parallel PEDOT:PSS lines spaced 860 um, regularly distributed
inside the chamber and aligned with the longest dimension of the chamber corresponding with the direction of the flow from inlet to outlet; AFM scan
showing a PEDOT:PSS line with B) a thickness of 200 nm and C) a width of 50 um (scale bars: A) 500 um, B) 500 um).

superficial and chemical characteristics of the PEDOT:PSS pat-
tern on the PDMS, before and after exposure to oxygen plasma.
We investigated the stability of the conductive patterns after de-
vice assembly. Finally, we quantify the alignment of the cells after
seven days of culture under capillary flow and their adhesion on
the patterned PEDOT:PSS.

2. Results and Discussion

2.1. PEDOT:PSS Pattern Printed by AJP Maintains
Biocompatibility and Adhesive Strength for HUVECs in
Microfluidic Devices with Prolonged Patterning Efficiency

The AJP deposition method facilitates the precise printing of ul-
trathin PEDOT:PSS patterns within micrometric PDMS cham-
ber. Achieving an optimal pattern necessitates a careful combi-
nation of material formulation and printing parameters. The ob-
jective is to generate a pattern with a height significantly lower
than the microfluidic chamber depth (100 um), preserving fluid
dynamics, and with a width sufficient to accommodate at least
one entire cell. A series of parallel lines were printed to induce
HUVECs alignment and elongation along the longest dimension
of the tracks to mimic endothelial cell alignment along the lon-
gitudinal direction of the blood vessel. The lines were equally
spaced to avoid altering cellular behavior within the chamber
and strategically positioned far enough apart to allow successful
cellular patterning. Fine movements of the stage during deposi-
tion enabled an interline space of <1 mm (860 um) (Figure 1A).
Printed lines reached a maximum thickness of around 100 nm
(Figure 1B), three orders of magnitude below the chamber depth,
and exhibit a parabolic shape with a width at base of approxi-
mately 50 pm (Figure 1C). This design allows for the accommoda-
tion of cobblestone-like HUVECs measuring 40 um in diameter
in vitro.l>!

The biocompatibility of PEDOT:PSS patterns, previously
demonstrated with different cell types,!*! was reaffirmed here
upon integration into a microfluidic device. After seven days of
cell culture on PEDOT:PSS-patterned microfluidic chambers un-
der capillary flow, the HUVECs on the patterns exhibit a viability
of 75% + 4% (N = 9 images across 3 devices, Figure S1 in Sup-
porting Information). From 24 h post-seeding, actin filaments
(F-actin) were observed in HUVECs cultured on plain PDMS
substrates (Figure 2A), as well as under both static (Figure 2B)
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and capillary flow (Figure 2C) conditions within a PDMS micro-
fabricated chamber patterned with PEDOT:PSS lines. Compar-
ative analysis highlights the efficacy of the patterning, showing
a homogeneous cell distribution on plain non-patterned PDMS
(Figure 2A) and a distinct inclination for cells to proliferate
along PEDOT:PSS lines (Figure 2B,C) when present. Under cap-
illary flow conditions (Figure 2C), the cell proliferation was ex-
clusively observed along PEDOT:PSS tracks and not on plain
PDMS spaces. During the initial 24 h post-seeding, the num-
ber of attached cells showed no significant difference between
static and capillary flow devices (N = 9 images across three de-
vices). This was observed for both patterned areas (static: 68 + 22
cells per mm?, capillary flow: 82 + 11 cells per mm?) and plain
PDMS areas between the lines (static: 71 + 48, capillary flow: 49
+ 27) (see Figure S2 in Supporting Information). Interestingly,
under the static condition, the PEDOT:PSS pattern provided lim-
ited guidance to the cells. When medium was retained on the
PEDOT:PSS microfabricated substrates for 24 h, allowing cells to
proliferate without refreshing, the entire area became covered by
a confluent cell population after 7 d of culture (Figure 2B). The
proliferation outside the patterned areas was around 2.5 times
higher than in static devices compared to those under capillary
flow (static: 84%, capillary flow: 34%) (Figure S2 in Supporting
Information). Patterning efficiency, defined as the percentage of
cells growing on pattern lines, significantly decreased from 52 +
12% one day after seeding to 31 + 3% at the seventh day of culture
under static conditions (N = 9 images across 3 devices) (Figure S2
in Supporting Information). In capillary flow-exposed devices
(Tmax = 6 dyne cm™2), over 60% of cells concentrate in pattern
areas by the seventh day of culture (62 + 9%) (Figure S2 in Sup-
porting Information). Cell adhesion to PEDOT:PSS remained ro-
bust after one week, resisting a flow rate of 500 uL min~"' for at
least 30 min (z = 8 dyne cm™2). Post-flow and a two-hour recovery
at 37 °C and 5% CO,, the cell count on PEDOT:PSS lines shows
no significant difference (N = 18 images across three devices,
Figure S3 in Supporting Information).

2.2. PEDOT:PSS Pattern Preserves Structural Integrity and
Electrical Stability after Oxygen Plasma Activation

As shown in the previous section, PEDOT:PSS maintains adhe-
sive properties post-integration into a fully enclosed microfluidic
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Figure 2. HUVEC culture and patterning efficiency in PEDOT:PSS-patterned PDMS device: A) on Matrigel-coated PDMS substrate, HUVECs show
homogeneous distribution across the substrate; B,C) on patterned devices, HUVECs preferably adhere and proliferate along PEDOT:PSS; C) only under
capillary flow HUVECs proliferate exclusively along the PEDOT:PSS lines. In the graphs (bottom row), asterisks denote the mean derived from 9 images
(bars indicate standard deviation on N = 9 images across 3 devices) representing cell count per area (256 x 2048 pixels, 160 X 1280 um?, width x height).
Each image was segmented into eight adjacent areas. For PEDOT:PSS-patterned devices (B,C), only two areas correspond with the PEDOT:PSS pattern
and are labelled along the “Lateral distance” axis as “PEDOT,” while the remaining areas lack the pattern and are labeled “NO PEDOT.” (scale bars:

200 um, fluorescent images: blue nuclei and green actin filaments).

device, facilitating endothelial cell adhesion. Figure 2C demon-
strates pattern transparency preservation within the microflu-
idic device, enabling continuous optical monitoring of HUVECs
culture progress. To assess the impact of oxygen plasma treat-
ment on integrated PEDOT:PSS patterns, a comparative anal-
ysis of the untreated and plasma-treated lines was conducted
examining topography, structural arrangement, and conductive
properties. When using PEDOT:PSS tracks as a substrate for
endothelial cell culture, the conductive behavior of the poly-
mer can be exploited for real-time monitoring of the endothe-
lial monolayer through Trans Endothelial Electrical (TEER) mea-
surements. In this scenario, the tracks serve as transparent elec-
trodes, precisely printed directly inside the microfluidic cham-
ber by AJP, and must provide adequate conductivity behavior.
A 30-second exposure to oxygen plasma (0.5 mBar, 13.56 MHz,
200 W), needed for microfluidic device assembly, effectively re-
duced PEDOT:PSS line thickness by 27.5% (N = 9 points across
3 lateral profiles) (Figure 3A,C). Based on Equation 2 (Experimen-
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tal section), the thinner the pattern, the less the resistance to the
passage of the liquid inside the chamber is affected. Moreover,
the more homogeneous thickness post-exposure (Figure 3C)
may favor a uniform cellular response. O, plasma-treated sam-
ples exhibited a significantly lower root mean square rough-
ness (10.6 = 3.6 nm, N = 6 AFM scans) compared to pristine
samples (15.8 + 2.7 nm) (Figure 3D). The roughness of stan-
dard commercially available substrates for cell culture gener-
ally falls below 10 nm,*®! bringing it closer to the values ob-
served after treatment. Both untreated and exposed lines present
nanograins on the surface (Figure 3A,B). Importantly, these fea-
tures showed no statistically significant differences in height and
lateral dimensions (height: 72.9 + 21.2 nm, lateral dimension:
0.6 + 0.2 um for untreated samples; height: 65.3 + 21.2 nm,
lateral dimension: 0.7 + 0.2 pm for O, plasma-treated, N = 18
grains across 3 AFM scans) and may have served as anchoring
sites for endothelial cell adhesion.*”! Topographical analysis via
AFM was complemented by the assessment of plasma treatment
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Figure 3. Effect of oxygen plasma treatment on PEDOT:PSS pattern. A) AFM scan of untreated PEDOT:PSS line (scale bar: 6 um); B) AFM scan of O,
plasma treated PEDOT:PSS line (scale bar: 6 pm); C) thickness of untreated (97.2 + 18.0 nm) and O, plasma treated (70.5 + 4.4 nm) PEDOT:PSS line
(N =9 points across 3 lateral profiles, *p < 0.05); D) root mean squared roughness of untreated (15.8 + 2.7 nm) and O, plasma treated (10.6 + 3.6 nm)
PEDOT:PSS lines (bars indicate standard deviation on N = 6 AFM scans, *p < 0.05); E) average (N = 9) Raman spectra of untreated (bottom green
line) and O, plasma treated PEDOT:PSS line aerosol jet printed onto glass substrate (shift from: 900 to 1650 cm™'). Shadow areas indicating standard
deviation on marked peak shift (grey shadow area: the standard deviations overlap between O, treated and untreated condition, blue and green shadow
area: standard deviations are different between O, treated and untreated condition); F) electrical conductivity (o) of untreated (480 + 226 S cm™)
and O, plasma treated (340 + 126 S cm~") PEDOT:PSS lines (bars indicate standard deviation on N = 9 measurements, *p < 0.05, NS indicates no

significance).

effects on the surface chemical composition and on the molecu-
lar structure of PEDOT:PSS respectively by XPS and Raman spec-
troscopy.

The XPS analysis showed evidence of plasma treatment ox-
idation of carbon and sulfur present at the surface of the PE-
DOT:PSS polymer blend. Comparison of element abundance be-
fore and after plasma treatment reveals a reduction in carbon con-
tent and an increase in oxygen and silicon content (N = 3 differ-
ent PEDOT:PSS lines printed onto the same substrate, Table S1
in Supporting Information). The increase in oxygen is primarily
attributed to oxidation caused by exposure to oxygen plasma, as
confirmed by the presence of higher-energy species for both car-
bon (Table S2 in Supporting Information) and sulfur elements
(Table S3 in Supporting Information). Detection of silicon orig-
inates from the glass substrate underneath the PEDOT:PSS pat-
tern. Increasing in silicon content after plasma treatment can be
attributed to the thickness reduction of the PEDOT:PSS patter
(Figure 3A,B). Silicon speciation after plasma treatment of the
substrate shows the presence of lower-energy species with a sim-
ilar width of a peak at half maximum (FWHM), indicating local-
ized oxidation that may be due to confined defects or thinning
appearing in the PEDOT:PSS following plasma treatment. How-
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ever, such defects are not visible by AFM topography (Figure 3B)
and do not significantly affect the overall environment (Table S4
in Supporting Information).

The absence of significant changes in the peak shifts (N =
9 spectra across 3 different PEDOT:PSS lines) in the Raman
spectrum implies that the chemical bonds and molecular struc-
tures of PEDOT:PSS remain largely unaffected (Figure 3E). Thus,
plasma etching of the surface does not induce degradation, de-
composition, or substantial alterations in molecular arrange-
ment.

PEDOT:PSS differs from other biocompatible polymers due
to its unique electrical properties. The inherent conductivity is
enhanced by the addition of ethylene glycol in the mixture. The
precise deposition capability of AJP allows to print PEDOT:PSS
tracks that can serve as electrodes or sensing components for ex-
ample for in situ monitoring of cellular health. As a preliminary
step to evaluate printed PEDOT:PSS electrical performance, its
conductivity is assessed by 4-point measurement technique be-
fore and after O, plasma treatment. After exposure to oxygen
plasma, printed PEDOT:PSS tracks exhibited a slight increase
in electrical resistance, resulting in a marginal decrease in con-
ductivity (6 = 480 + 226 S cm™! for untreated PEDOT:PSS and
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Figure 4. Elongation of HUVECs in PEDOT:PSS-patterned PDMS devices: A) schematic of a PEDOT:PSS-coated PDMS chamber; B) Schematic of a
PEDOT:PSS-coated PDMS chamber subjected to capillary flow in the same direction (red arrow) as the patterned lines; C—E) HUVECs stained for F-actin
(green) and nuclei (blue) on PEDOT:PSS lines under static conditions (dotted magenta lines highlight the position of the PEDOT pattern, scale bars:
50 pum); F—H) HUVECs stained for F-actin (green) and nuclei (blue) on PEDOT:PSS lines exposed to capillary flow in fully closed devices (dotted magenta
lines highlight the position of the PEDOT pattern, scale bars: 50 um); 1) Circularity of HUVECs grown on the PEDOT:PSS lines within a PDMS chamber.
For the open device, Circularity = 0.5 + 0.2 at day 1 and day 3, Circularity = 0.7 + 0.1 at day 7. For the closed device, Circularity = 0.4 + 0.1 at day 1,
Circularity = 0.5 + 0.1 at day 3 and day 7; J) IAR of HUVECs grown on PEDOT:PSS lines within a PDMS chamber. For the open device, IAR = 0.3 + 0.2,

IAR =0.4 + 0.2, IAR = 0.5 + 0.2 at day 7. For the closed device, constant IAR = 0.3 + 0.2, at day 1, 3, and 7. In graphs (1,)): for open devices N = 105

atday 1, N =125 atday 3, N =

142 at day 7 and for closed devices N = 121 atday 1, N =

101 at day 3, N = 141 at day 7 and for PEDOT:PSS lines

perpendicular to flow N = 131 at day 1, N = 139 at day 3, and N = 138 at day 7, PEDOT:PSS is referred to as PEDOT, and *p < 0.05.

6 =340 + 126 S cm™' for plasma-treated PEDOT:PSS, N = 9)
(Figure 3F). This change is not statistically significant, indicating
that it is unlikely to have a substantial impact on the electrical
behavior of the material.

2.3. Combined PEDOT:PSS Patterning and Microfluidic Culture
Enhances HUVECs Elongation and Alignment along Capillary
Flow Direction

HUVECsS cultured on the straight PEDOT:PSS pattern within the
PDMS microchamber, initially adhere to the PEDOT:PSS sur-
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face, avoiding PDMS regions known to reduce cell adhesion.*®]
Irrespective of flow conditions (schematics in Figure 4A,B), HU-
VECs exhibited a morphology mirroring the long and narrow PE-
DOT:PSS pattern up to 3 d post-seeding. Morphological analysis
by means of shape descriptors reveals a non-circular morphol-
ogy, elongated along the PEDOT:PSS lines (Figure 4C-H). Within
the initial 72 h, circularity remains below 0.5 (Figure 4I) and In-
verse aspect ratio (IAR) lower than 0.4 (Figure 4]) for HUVECs
on PEDOT:PSS lines. Beyond the initial 3 d culture period, cell
morphology varies based on distinct flow conditions and asso-
ciated shear stress. In closed microfluidic chambers, cells expe-
rience cyclic shear stress every 12 h, from 6 dyn cm=? gradually
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Figure 5. Alignment of HUVECs in a PEDOT:PSS patterned device: with reference to the legend and schematics of the 2 top rows where PEDOT:PSS
lines are referred to as PEDOT lines; A-F) polar plots of cell alignment distribution where the 90° orientation indicates the direction of the PEDOT:PSS
patterned lines. Evaluation is based on the major cell axis orientation. A) Polar plot for cells grown for one day (N = 105 cells), B) for 3 d (N = 125 cells)
and C) for 7 d in static condition (N = 142 cells). D) Polar plot for cells grown for one day (N = 121 cells), E) for 3 d (N = 101 cells) and F) for 7 d under

capillary flow (N = 141 cells).

diminishing to zero. The interplay of fluid flow and the enhanced
adhesion provided by the PEDOT:PSS pattern, fostered cell elon-
gation along the flow direction, consistent with the pattern orien-
tation. After one week of culture, HUVECs growing in static con-
ditions appeared more circular and less elongated (Figure 4D).
They exhibit an average circularity greater than 0.5 (0.6 = 0.1,
N =142 cells) and an IAR (0.5 + 0.2, N = 142 cells). This is higher
than that in capillary flow conditions, which remains lower and
unchanged from the value evaluated on the third day of culture
(0.3 £ 0.1 with N =101 cells at day 3 and N = 141 cells at day 7)
(Figure 41).

The alignment along PEDOT:PSS line direction was facilitated
by the interplay of capillary flow and pattern organization. Prior
studies have demonstrated PEDOT:PSS-guided neural align-
ment on poly(potassium 3-sulfopropyl methacrylate) (PKSPMA)
polymer brush coated glass substrate;*! here we illustrate HU-
VEC cytoplasm alignment along the pattern direction on a PDMS
surface. A comparison between static and capillary flow condi-
tions reveals that cell alignment is accentuated and prolonged
when HUVECs growing on PEDOT:PSS lines are subjected to

Adv. Mater. Technol. 2024, 9, 2400404 2400404 (7 of 12)

shear stress in the same direction as the pattern. Within the first
24 h post-seeding, a higher percentage of cells subjected to cap-
illary shear stress exhibits alignment along the PEDOT:PSS pat-
tern. In static conditions (Figure 5A-C), approximately 29% of
the analyzed cells (N = 105) showed long axis alignment with the
pattern line direction (90° + 10° for all panels in Figure 5) within
24 h post-seeding (Figure 5A). Under capillary flow (Figure 5D),
this behavior was observed in nearly 50% (47%) of the cells
(N = 121). The relative number of cells aligned with the pattern
remained close to 50% during the first 3 days of culture (52%
with N = 101 cells at the third day post seeding, Figure 5E) and
decreased to 42% at the seventh day (N = 141 cells, Figure 5F).
Overall, around 90% of the cells (N =121 atday 1, N = 101 at day
3, N = 141 at day 7) aligned within the interval 90° + 30° during
the 7 d of culture under capillary flow (Figure 5D-F). This phe-
nomenon was not observed in static conditions, where less than
20% of cells exhibits alignment along the pattern direction after
3 d of culture (19% with N = 125 cells at day 3 and 14% with N
= 142 cells at day 7). Even when considering a wider interval of
alignment (90° = 30°), the cells with the major axis aligned do

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIe.D 3(gedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N 10} AIq1T BUIUQ A8]IAA UO (SUOIPUCD-PUE-SWLB}W00 A8 | Afe.d 18Ul Uoy/:Sdny) SUONIPUOD pue swie 1 8y} 88S *[6202/20/LT] uo Akeiqiauliuo A11M ‘591 Aq ¥0Y00vZ0Z IWPe/Z00T OT/I0p/M0D" A8 | 1mAeiq U [UopeoUeADe//Sciy WOl j pepeo|umod ‘8T ‘¥20z X60/S952


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

www.advmattechnol.de

—_— Day 1
A Capillary flow D4 — , , 80° - 100°
[IClosed Device: PEDOT lines || flow F
127 TIclosed Device: PEDOT lines L flow 100° . 1200 % a0 - 50
PEDOT:PSS 2" == " ’_*—.,I‘_ 120° 440>\ /40500
g ' ! i 140° -1601/” """"

160°/-180° /

Day 3
G 80° - 100°

100° - 120%/-60° - 80°

day 1 day 3 day 7 ) . Ny
120° 1405 | 400 40°-.60°
140° - 1605 N 1ok
[IClosed Device: PEDOT lines || flow SR
IClosed Device: PEDOT lines L flow

*

—_—

1.t'50°5"- 180°

Day 7
H 80° - 100°

100° - 120°y 7-80° - 80°

120° 4205 |
140° - 160°<_ N\ Lo

NN

160°;- 180° | -~ 2/¢

Figure 6. Elongation and alignment of HUVECs in a PDMS microfluidic device patterned by PEDOT:PSS lines perpendicular to the flow. A) Schematic
of the flow direction (red arrow) relative to the PEDOT:PSS lines; B,C) HUVECs stained for F-actin and nuclei on the PEDOT:PSS lines under capillary
flow (scale bars: 50 um); D) Circularity of HUVECs on PEDOT:PSS lines under capillary flow. For lines parallel to the flow: Circularity = 0.4 + 0.1 at day
1, Circularity = 0.5 + 0.1 at day 3 and day 7. For lines perpendicular to the flow: Circularity = 0.5 + 0.2 at day 1, Circularity = 0.6 + 0.1 at day 3 and day
7 (PEDOT:PSS is referred to as PEDOT, *p < 0.05); E) IAR of HUVECs on PEDOT:PSS lines under capillary flow. For lines parallel to the flow: IAR = 0.3
+ 0.2 at day 1,3,7. For lines perpendicular to the flow: IAR = 0.3 + 0.1 at day 1, IAR = 0.4 + 0.1 at day 3, and IAR = 0.4 + 0. 2 at day 7 (PEDOT:PSS
is referred to as PEDOT, *p < 0.05); F—H) Polar plots of cell alignment distribution for PEDOT:PSS lines perpendicular to the flow. For all the graphs
(D-H): for PEDOT:PSS lines parallel to flow N = 127 at day 1, N = 101 at day 3, N = 141 at day 7 and for PEDOT:PSS lines perpendicular to flow N =

13T atday 1, N = 139 at day 3, N = 138 at day 7.

not exceed 50% (48% with N = 125 cells at day 3 and 43% with
N = 142 cells at day 7).

Under static conditions, stagnant larger volumes of endothe-
lial cell medium may cause cells to spread beyond the pattern
with nutrient deposition on the PDMS surface that creates a fa-
vorable environment for cell attachment. Higher medium vol-
ume may also accelerate HUVEC proliferation, leading to a loss
of preference for the PEDOT:PSS pattern direction, resulting in
a circular, less elongated morphology, and misalignment. To in-
vestigate whether this reduced volume alone enhances elonga-
tion and alignment or if this is the result of the combined ef-
fects of patterning and coherent capillary flow, we repeated the
experiment, rotating the pattern lines by 90° to be perpendicu-
lar to the flow (Figure 6A). During all 7 days of culture, cells ex-
hibit a more circular shape (Figure 6B,C) with a consistently sig-
nificantly higher circularity value compared to those grown PE-
DOT:PSS lines parallel to flow (Figure 6D). At day 7 IAR reached
0.5 + 0.2 denoting a further loss of elongation (Figure 6E). Cell
elongation was indeed more pronounced when adhesive mate-
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rial patterns (PEDOT:PSS) and fluid flow synergistically stim-
ulates cells along the same direction. A similar trend was ob-
served in cellular alignment. Initially (at 24 hours post-seeding)
(Figure 6F), the pattern direction appeared to be the predom-
inant factor guiding cell alignment. Approximately 50% (47%)
of the cells (N = 131 cells) aligned along the pattern direction
(90° + 10° in Figure 6F—H), with none aligned along the stream-
line (intervals 0°-20° and 160°-180° in Figure 6F-H). By day 3
(post-seeding), the percentage of cells aligned with the pattern
decreased below 40% (35%, N = 139 cells) (Figure 6G). Finally,
by day 7 of culture, the percentage of HUVECs aligned along
the PEDOT:PSS lines further decreased to below 20% (18%,
N = 138 cells) and 10% of cells aligned along the flow direction
(Figure 6H).

3. Conclusions

Generating patterns of adhesive molecules inside microfluidic
devices is a challenging task due to the lack of compatibility of
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bio-derived or adhesive materials with manufacturing steps, with
chemicals and techniques for assembly, in particular with expo-
sure to oxygen plasma. Utilizing AJP technology, we achieved
high-resolution deposition of PEDOT:PSS inside a closed mi-
crofluidic chamber. The generated pattern enhanced adhesion
of endothelial cells, favored rapid polarization and alignment
in combination with capillary flow. The cellular adhesion and
morphological changes on PEDOT:PSS patterns was previously
demonstrated in terms of increased SH-SY5Y neurite and nu-
clei alignment on linear patterns with width ranging from 15 to
100 pm.?*>°1 Similarly endothelial cells respond to patterned cy-
tophilic lanes on cytophobic substrates, such as PDMS.[%] The
adhesion is influenced by the patterned compound as well, and
endothelial cells from different sources (arteries, veins, microvas-
culature) show different elongation and alignment on patterns of
different widths. For vascular endothelial cells, such as HUVECs,
the alignment is significantly affected by the micropatterned
lane size. In particular, the alignment of HUVECs has been
shown to increase when decreasing fibronectin strip width below
60 um.3!

In terms of height, in this study we focused on replicating
the average thickness of protein coatings used for increasing ad-
hesion of cells in vitro. In particular fibronectin alters the sur-
face roughness forming typical features with thickness between
190 and 60 nm on PDMS, plain or plasma treated.!l The ad-
hesion and spreading of singles cells on the 100 nm high pat-
tern resulted significantly higher than on untreated PDMS (see
Figure S4, Supporting Information).

PEDOT:PSS is also conductive, transparent, remains conduc-
tive after device assembly and thus it is useful for designing sen-
sors and electrodes inside a microfluidic device or organ-on-a-
chip systems. While further assessment of the conductivity of
the pattern once in contact with liquid/cells is needed, there
are numerous applications of PEDOT:PSS for detecting cellular
activity, where the conductivity is confirmed either in wet and
dry conditions.[®’] Having demonstrated the compatibility of the
aerojet jet printing of the conductive polymer with soft litho-
graphic techniques for assembly microfluidic devices, the tech-
nique can now be adopted for the design of electrodes for ef-
fective assessment of trans-epithelial electric resistance, of sen-
sors for in situ metabolite recognition adopting approaches pre-
viously used for development for recording and modulation of
electrophysiological and biochemical cell signals in for bioelec-
tronic devices.[%?]

Patterning PEDOT:PSS strengthened the alignment of the
cells: interestingly, under static conditions the cell pattern,
elongation and alignment are lost after 3 d, confirming the
importance of capillary flow. The loss of cellular alignment
was observed between the third and seventh day of cul-
ture when the pattern orientation was opposite to the di-
rection of capillary flow. This confirmed the concurrence of
both stimuli, fluidic and topographical in maintaining cellular
alignment.

This microfluidic device, integrating PEDOT:PSS pattern,
not only facilitates controlled EC alighment without the
need for external active pumps, but also capitalizes on the
unique properties of a conductive polymer pattern, endow-
ing the system with the potential to serve as an electrical
Sensor.
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4. Experimental Section

PDMS Layer Preparation: PDMS rhomboidal chamber (width:
6.2 mm, length: 8 mm, depth: 100 pm, schematic and dimensions in
Figure S5 in Supporting Information) were fabricated by cast and curing
(overnight at 65 °C) liquid PDMS (polymer:curing agent, 10:1) on SU8
2075 molds. To obtain the desired 100 um thickness, SU8 2075 negative
photoresist (Kayaku Advanced Materials, MA, USA) was spin coated on
a cleaned silicon wafer at 200 rpm for 10s, 400 rpm for 10s, 600 rpm for
10s then at 1900 rpm for 40s. Samples were then baked for 120 min at
55 °C. Mold exposure was then performed with MicroWriter ML direct-
write laser photography machine (Durham Magneto Optics Ltd, UK)
using an energy dose of 200 m) cm~2. Post-exposure baking was done
at 55 °C for 120 min. Resist development was obtained in EC-solvent for
10 min followed by 1 min rinse in fresh solvent.

PEDOT:PSS Deposition by AJP: A solution containing PEDOT:PSS
(Clevios PH 1000, Heraeus Epurio) was diluted with ethylene glycol (20%
v/v, >99.8%, Sigma Aldrich) and 3-glycidyloxypropyl)trimethoxysilane
(GOPS) (0.2% v/v, >98%, Sigma Aldrich) and used as the print
material.[03%] The suspension was ultrasonically agitated for 10 minutes
prior to printing to break up agglomerates and disperse the particles.
1.5 mL of the prepared PEDOT:PSS formulation was processed in the ul-
trasonic atomizer of the aerosol jet printer (Optomec Aerosol Jet print en-
gine, Optomec Inc.). A schematic of the AJP apparatus and process used
in this work is illustrated in Figure S6 in Supporting Information. From
previous studies, the print parameters were set to print lines with a max-
imum height in the order of a few hundred of nanometers and a width
of 50 um.[*¥] A 200 um nozzle, sheath gas flow rate of 60 SCCM, carrier
gas flow rate of 25 SCCM, stage speed of 2 mm s~! and Z height above
the substrate surface of 2.5 mm were used throughout. Gas flow rates are
quoted in standard cubic centimeters per minute (SCCM). PDMS rhom-
boidal chambers and standard microscope slides (Thermo Fisher Scien-
tific, USA) were used as printing substrates. Immediately prior to printing,
the PDMS chambers were treated for 1 min with oxygen plasma to create
a hydrophilic surface and facilitate the spreading of the PEDOT:PSS water
dispersion and the printing of homogeneous patterns. The pattern printed
on the bottom of the PDMS chamber consisted of six parallel straight lines
of 50 um width with 180 um pitch (Figure S7 in Supporting Information).
Regarding the printing on glass slides (used for Raman spectroscopy, four-
point measurements and X-ray photoelectron spectroscopy (XPS)), wider
patterns were obtained by printing multiple connected parallel lines with
a small shift of around 50 pm in between each line, to gradually build the
width up to the millimeter scale. The ink showed good wetting on glass
slides and hence no surface pre-treatment was required. After printing,
the substrates were placed in an oven at 100 °C for 10 min to drive off
solvents and make the PEDOT:PSS resistant to water.

AFM Imaging and Scan Analysis:  AFM images were acquired with
Bruker Dimension Fastscan (Santa Barbara, CA, USA) equipped with ei-
ther the Dimension Fastscan scan head (for images under 30 x 30 um) or
the Dimension Icon scan head (for images under 100 X 100 um). For the
dimension icon scan head, the samples were imaged with the PFQNM-
LC-A-CAL cantilevers (Bruker) using peakforce tapping mode in air, at a
scan rate of 0.1 Hz, with amplitude setpoint at 250 mV and driven at
1130 mV. The image was acquired with a pixel resolution of 256 x 256.
For the Fastscan scan head, the SCOUT 350 HAR cantilever was used
(NuNano), the peakforce tapping mode was used in air with a scan rate of
3 Hz, amplitude was set at 300 mV and the cantilever was driven at 17 mV,
images were acquired with a pixel resolution of 1024 x 1024. Images acqui-
sition was carried out via the ScanAsyst imaging mode via the Nanoscope
software and analyzed were carried out with Nanoscope analysis 1.9. The
thickness before and after plasma exposure is assessed by acquiring two
scans along the same line of the pattern, before and after the treatment.
These scans are conducted along the edge of the line. For each scan, three
surface profiles are traced across the edge of the line, and three thickness
values are extracted from each traced profile (N = 9 points across 3 height
profiles). For roughness analysis before and after treatment, 18 scans were
taken (N =9, 9 scans before and 9 scans after treatment). 18 nanograins
across 3 scans before treatment and 18 nanograins across 3 scans after
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treatment were selected and relative surface profile analyzed to extract
width and height of the features.

Device Assembly: Two types of devices were assembled; closed mi-
crofluidic devices and open devices. Closed devices are composed by
two PDMS layers: the lower layer is a PDMS chamber patterned with PE-
DOT:PSS line deposited by AJP, and the upper layer is a 5Smm-thick plain
PDMS block where inlet and outlet ports are opened by punching holes of
1.5 mm (Integra Miltex, NJ, USA). To seal the devices, both bottom and
top layers are exposed to Oxygen plasma (0.5 mBar, 13.56 MHz, 200 W,
30 s, Diener electronic GmbH & Co. KG, Germany) and pressed together.
Pyrex cloning cylinders (Fisher Scientific, PA, USA), attached with liquid
PDMS, serve as reservoirs for cell medium at the inlet and outlet, pro-
viding a total volume of 500 pL each. Open devices are PDMS chambers
coated with PEDOT:PSS line deposited by AJP, lying inside a tissue culture
treated Petri dish (@ 35 mm, CytoOne, Belgium). Figure S7 in Supporting
Information illustrates a schematic representation of the different device
assemblies. For consistency with the closed devices, the layers intended
for use in open devices were also treated with oxygen plasma, even though
strictly necessary.

Cell Culture and Device Seeding: The study was performed with com-
mercially available cells, not acquired from tissues during the project. The
project was carried out according to the Ethical Guidelines of the 1975
Declaration of Helsinki and following revisions. In particular, human um-
bilical vein endothelial cells (HUVECs, Lonza, Switzerland) were cultured
in conventional T75 flask up to passage 10 and maintained at 37 °C and
5%CO,. Endothelial cell medium was supplemented with 1% endothelial
cell growth supplement (ECGS), 5% fetal bovine serum (FBS), 1% Pen-
Strep mixture (ScienCell, CA, USA). Prior to cell seeding the devices where
covered, if opened, or filled, if closed, first by ethanol cleaning solution
(70% in deionized water), washed three times with phosphate-buffered
saline (PBS) end then once with complete medium. For device seeding,
1% 10° cells were suspended into 1 mL of complete ECM and either plated
directly on top of the patterned PDMS layer in open devices or loaded
inside the fully closed patterned microfluidic devices (~100 pL each de-
vice). In open devices, right after seeding, PDMS layers were covered with
1 mL of complete medium that was refreshed every 24 h. In closed de-
vices, cells were allowed to attach for 30 minutes, and medium was re-
placed by emptying and refilling the inlet reservoir with 500 uL of fresh
complete medium twice a day. Cells were maintained in the devices for
up to 7 days. Pattern-free control devices were coated with a thin layer of
Matrigel (Corning Inc., USA) diluted in fresh medium (Matrigel:medium,
1:50). PDMS chambers were left under Matrigel coating for 3 h, followed by
three washes in PBS and one in complete endothelial cell medium before
seeding.

Cell Maintenance in the Devices and Capillary Flow: In fully enclosed
microfluidic chambers, HUVECs were subjected to capillary flow, driven
by the liquid cell medium’s natural tendency to reach equilibrium between
the inlet and outlet reservoirs. The flow rate (Q) was approximated using
the Hagen-Poiseuille equation

_ AP

0=% U

where AP is the difference in hydrostatic pressure between the inlet and
outlet (AP = pgAH). p is the density of the liquid medium (considered
as water) at 37 °C, AH is the liquid height difference between the inlet
and outlet reservoirs, and Ry, denotes the hydrodynamic resistance of the
microfluidic chamber. Ry, can be estimated asl®3

125l 1

e (1-0632) Pw

@)

The assessment of shear stress follows a simplified formula for mi-
crofluidic perfusion culture in 2D Poiseuille flow systems:

T=6-5 ®)
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For both R and 7, 7 is the dynamic viscosity of water, | is the length
of the micrometric chamber (Figure S5 in Supporting Information), w its
width (Figure S5 in Supporting Information), and h its height (100 um).
Cells experience peak shear stress every 12 h when the inlet reservoir is
replenished with medium, and AH matches the total height of the reser-
voir (1 cm). This calculation assumes fully developed flows in a chamber
where w exceeds h.

Flow Resistance Test and Simulation: The assessment of cell adhesion
to the PEDOT:PSS pattern under fluidic shear stress involved conducting
a flow test at room temperature. After a 7 d culture of HUVECs, three
closed devices patterned with PEDOT:PSS lines parallel to the flow direc-
tion were connected to a syringe pump (KF Technology, Italy) using Ty-
gon tubing (internal diameter: 0.020” and outer diameter: 0.060"") (Cole
Parmer, USA) and 24G blunt needle connections (Sai Infusion Technolo-
gies, USA). Fresh cell medium was used for the flow test, and the spent
medium was collected through tubing connected to the outlet port. Before
the test, cells were stained with Neutral Red (Sigma-Aldrich, USA, 30 uL
of Neutral Red in 2 mL of fresh ECM) for visualization under an inverted
phase-contrast microscope (VWR, VisiScope 1T404, Profcontrol GmbH,
Germany) equipped with a camera (GXCAM HiChrome HR4 Lite, GT Vi-
sion, UK). The average shear stress experienced by the cells was calculated
using the formula in Equation 1. The flow was incrementally increased in
50 uL min~" steps from 100 to 500 uL min~", with cells exposed to each
flow rate for 30 min. Following the experiment, cells were allowed to re-
cover for 2 h in the incubator at 37 °C and 5%CO,. Images of cells were
captured before the flow test and after the recovery time following the ex-
periment, with six pictures for each device taken across different pattern-
ing lines in both instances.

To observe the velocity distribution in the chamber at the highest flow
rate (500 uL min~), a fine mesh 3D COMSOL simulation (COMSOL Mul-
tiphysics v.6.1) was performed. Water was modeled as a Newtonian, in-
compressible, and homogeneous fluid flowing within the device. The sim-
ulation assumed a no-slip condition at the walls, zero pressure at the
outlet, laminar flow, and negligible effects of chamber wall deformations.
The microfluidic chamber design was imported as a. dwg file generated
by Fusion 360 software and then extruded to obtain the chamber height
(100 pm). The COMSOL Computational Fluid Dynamics (CFD) package
solves the Navier-Stokes equations for mass and momentum conserva-
tion (Figure S8, Supporting Information).

Fluorescence Staining and Imaging: To perform viability, pattern-
ing efficiency, alignment, and elongation study, HUVECs were stained
with NucBlue Live reagent (Hoechst 33342) and Propidium iodide
(ReadyProbes Cell Viability Imaging Kit (Blue/Red), Molecular Probes,
USA) to label nuclei and with phalloidin (ActinGreen 488 Ready Probes,
ThermoFisher Scientific, UK) to label acting filaments (F-Actin). F-Actin
staining was performed after washing cell three times in PBS, fixing with
4% paraformaldehyde for 10 min at room temperature, and rinsing with
PBS. Bright field and fluorescent images of cells were acquired with an in-
verted microscope system (Nikon ECLIPSE Ti2, Nikon Instruments Inc.,
NY, USA) equipped with a Digital CMOS camera (ORCA Flash4.0 V3,
Hamamatsu Photonics, Japan) and a LED illumination system (pE-4000
CoolLED, MA, USA).

Raman Spectroscopy: Raman spectroscopy was performed on ~50 um
wide and ~100 um thick PEDOT:PSS line deposited by AJP on standard
microscope slides (Thermo Fisher Scientific, USA). Raman spectra were
collected using a Horiba LabRAM HR Evolution microscope using a 50 W
532 nm (green) laser passing through an ultra low frequency (ULF) fil-
ter at 50 X magnification. A hole size of 50 um and laser powers of 5%
was used, and the grating was 600 grooves per mm, and 20 s per scan
and the data were averaged over 2 passes using LabSpec 6 software. Us-
ing MATLAB programming language (The Mathworks, MA, USA) spectra
were initially segmented to isolate the signal of interest (shift from 900 to
1650 cm‘1), in accordance with the literature.[®] Once segmented, each
individual spectrum underwent baseline correction, and high-frequency
noise was mitigated through rolling-average denoising. For each spectrum
(N =9 spectra for treated and untreated samples across three different PE-
DOT:PSS lines), 7 major peak shifts were manually identified and compare
between O, plasma treated and untreated samples.
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X-Ray Photoelectron Spectroscopy (XPS): The glass samples (with
printed PEDOT:PSS lines on) were mounted onto the sample plate and
the printed lines were earthed using carbon tape, to the plate. XPS spectra
were collected using a Thermo Escalab 250 XPS instrument equipped with
a monochromatic Al Ka X-ray source (150 W). Survey scans were collected
between 0 and 1250 eV with a pass energy of 150 eV. The spot size was
500 um and the analyses were done with a power of 150 W. High-resolution
spectra were collected with a pass energy of 20 eV and a step size of 0.1 eV.
The data was processed, and binding energies corrected with the CasaXPS
software using the Cls (C-C species) peak at 285 eV with relative sensi-
tivity factors for the individual elements based upon the scheme where
C=1

Four-Point Measurements:  Four-point measurements were performed
on ~3 mm wide, ~#100 pum thick and 3 cm long PEDOT:PSS lines de-
posited by AJP on standard microscope slides (Thermo Fisher Scien-
tific, USA). Measurements were performed across 3 lines (N = 9 mea-
surements across 3 PEDOT:PSS lines). IV curves were collected using a
Keithley Sourcemeter (2400 series) which was configured in four-probe
mode. Acquisition was performed using in-house custom Python script.
The sample was positioned on a polytetrafluoroethylene (PTFE) stage be-
neath four measurement round-tip, 1.5 mm-spaced probes (Coda Sys-
tems, UK) held in place by an additional PTFE block. The probes were
fastened or released using lateral screws and were connected to input
current and output voltage pins accordingly to the source meter manual
instructions.

The linear portion of the IV curves was isolated using MATLAB pro-
gramming language (The Mathworks, MA, USA). The resistance of the
PEDOT:PSS lines was then evaluated using the formula:

AV
R =c2Y
Al

where AA—\I/ is the gradient of the linear portion of the /-V curve and C'is
a correction factor that accounts for the finite width of the PEDOT:PSS
line.[%%] Subsequently, resistivity was calculated from the obtained resis-
tance, and conductivity (c) was derived.

Image and Data Analysis:  Cell counting from bright field images was
manually performed using Image] software, both before and after the flow
resistance test (N = 18 images across 3 devices). For fluorescence im-
ages of the nuclei, MATLAB programming language (The Mathworks, MA,
USA) was employed. The process involved initial binarization of the im-
ages, followed by morphological opening. Subsequently, watershed trans-
formation was applied, and foreground pixels connected with a connec-
tivity of 8 pixels were counted as cell nuclei (N = 9 images across 3 de-
vices for each condition of flow). For the patterned devices, images were
uniformly rotated to ensure vertical alignment of the PEDOT:PSS lines.
Subsequently, the images were partitioned into eight adjacent areas, each
measuring 256 X 2048 pixels (160 X 1280 um? in width x height). The re-
gions designated as “PEDOT" areas, corresponding to PEDOT:PSS lines,
were identified as the 2nd and 7th areas when counting from left to right.
All other areas were categorized as “NO PEDOT” regions. A visual rep-
resentation of this image segmentation is provided in Figure S9 in the
Supporting Information. Cell morphology was quantified using shape de-
scriptors. Initially, images were aligned vertically, considering the direction
of the pattern lines as 90°. Subsequently, cell boundaries were manually
outlined using the freehand line tool in Image]. (N = 105, 121, 131 cells
outlined at day 1, N = 125, 101, 139 at day 3 and N = 142, 141, 138 at
day 7 respectively for static conditions, capillary flow pattern lines aligned
with the flow and capillary flow with pattern lines perpendicular to the
flow direction). Cell elongation was assessed through shape descriptors,
specifically circularity and axis lengths. Circularity (C) is computed using
the formula C = 2 where A is the area and 2P the perimeter of the
projected cell. A circularity value of 1.0 indicates a perfect circle, while a
value close to 0.0 suggests an elongated cell shape. Inverse aspect ratio
(IAR) is derived from axis lengths, calculated as the length of the short
axis divided by the length of the long axis. Cell orientation is evaluated by
determining the orientation angle of the cell’s long axis with respect to the
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horizontal axis of the image, which is perpendicular to the PEDOT:PSS pat-
tern lines. This angle is quantified as Feret’s angle (0) by Image] software.
Polar plots illustrate the percentage of cells aligned within specific direc-
tion ranges, with the 80°-100° range considered the one aligning best
with the pattern. The direction ranges include 0°—~20°, 20°—40°, 40°-60°,
60°—80°, 80°-100°, 100°—120°, 120°—140°, 140°—160°, and 160°—180°.
Data were plotted and analyzed by one-way analysis of variance (ANOVA),
using MATLAB programming language (The Mathworks, MA, USA). Sta-
tistical significance was determined when p-value < 0.05. In the text data
are always reported as mean + standard deviation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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