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ARTICLE INFO ABSTRACT

Keywords: Polydimethylsiloxane (PDMS) is one of the materials of choice for the fabrication of microfluidic chips.
Atomic layer deposition However, its broad application is constrained by its incompatibility with common organic solvents and the
Microfluidics absence of surface anchoring groups for surface functionalization. Current solutions involving bulk-, ex-situ
Polydimethylsiloxane

surface-, and in-situ liquid phase modifications are limited and practically demanding. In this work, we present
a simple, novel strategy to deposit a metal oxide nano-layer on the inside of bonded PDMS microfluidic
channels using atmospheric pressure atomic layer deposition (AP-ALD). Using three important classes of
microfluidic experiments, i.e., (i) the production of micron-sized particles, (ii) the cultivation of biological
cells, and (iii) the photocatalytic degradation in continuous flow chemistry, we demonstrate that the metal
oxide nano-layer offers a higher resistance against organic solvent swelling, higher hydrophilicity, and a higher
degree of further functionalization of the wall. We demonstrate the versatility of the approach by not only
depositing SiO, nano-layers, but also TiO, nano-layers, which in the case of the flow chemistry experiment were
further functionalized with gold nanoparticles through the use of AP-ALD. This study demonstrates AP-ALD as

In situ surface modification

a tool to broaden the applicability of PDMS devices.

1. Introduction

For the past two decades, polydimethylsiloxane (PDMS) is the
choice material for the development of micro analysis systems [1,2],
lab-on-a-chips [3,4], micro-reactors [4,5], and organ-on-a-chips [6].
Despite the unique material properties and especially the ease of
replication and rapid prototyping, bare PDMS does not resist common
organic solvents, absorbs various (bio)molecules, and is difficult to
functionalize robustly [7,8]. Current solutions involve bulk or sur-
face modification of PDMS prior to bonding the microfluidic chan-
nels. Yet, doping the PDMS can reduce the optical transparency [9],
while depositing a ceramic coating before bonding results in less
leak-tight microchannels [10]. Hence, various methods for the in-
channel modification of the surface of bonded PDMS microfluidic have
been developed, to render the walls inert or provide them with the
required functionality, without sacrificing the advantageous properties
of PDMS [11-14].

In-channel surface modification methods can be classified into lig-
uid [15,16] and gas phase methods [17]. Most in-channel surface
modification methods make use of liquids flown through bonded mi-
crochannels to deposit either organic molecules and/or an inorganic
layer [13]. However, the introduced layer may be relatively thick
with respect to the dimensions of the microchannels [13,16], and
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conformal coating of a network of channels poses a challenge due to
the entrapment of air and/or coating solution during filling and/or
emptying of a channel network [18].

Gas phase methods, on the contrary, are known to be able to
coat a surface with high resolution [19]. In particular, atomic layer
deposition (ALD) offers exceptional conformality and tunable film com-
position [20,21]. By exposing the surface to alternating, self-limiting
reactions, one can grow nano-layers and control the thickness at the
Angstrom level [22]. These deposited nano-layers offer attractive sur-
face functionality, for example in terms of their catalytic-, barrier-,
wetting-, and other properties, interesting for many applications [20-
22]. Despite the potential, to the authors’ best knowledge, conventional
ALD has never been used for in-channel modification of bonded PDMS
microfluidic channels. Typically, ALD, like many other established gas
(plasma) treatments, is carried out in a vacuum chamber with a surface
directly exposed to the gases in the chamber [23]. Consequently,
in-channel coating of bonded PDMS microchannels would require im-
practically long exposure times for the ALD precursors to react over
the full length of the channels in case their transport is solely based on
diffusion. The diffusion distance can however be minimized if the ALD
precursors are flown through the channels. This requires a reasonable
pressure drop along the microchannels, which is possible when carrying
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Fig. 1. Illustration of in-channel coating of bonded PDMS microfluidic chips by
alternatingly flowing a metal precursor and an oxidizing agent through the channels
of a microfluidic chip for the atomic layer deposition of a nano-layer of metal oxide
on the inside of the microfluidic channels. For safety reasons, the microfluidic chip is
placed in the tubular glass column of a home-built atmospheric pressure atomic layer
deposition (AP-ALD) setup. The two metal-oxides deposited in this work to allow the
use of organic solvents and the functionalization of the channel walls are silicon oxide
(SiO,) and titanium oxide (TiO,).

out ALD at atmospheric pressure. Furthermore, in earlier work we
have shown that the obtained coatings on flat PDMS surfaces are
superior with AP-ALD as compared to vacuum-based ALD process [7,8].
Therefore, forcing the ALD precursors through the microchannels using
convective flow offers an attractive route to address the challenge to
coat long microchannels, akin to deep trenches and benefits from all
advantages of gas phase ALD.

In this study, we explore the use of convective flow via atmospheric
pressure ALD (AP-ALD) for in-channel functionalization of bonded
PDMS microfluidic channels through a layer of metal oxide. The con-
cept is illustrated in Fig. 1, which shows that we alternatingly flow
ALD precursors through a bonded microfluidic chip, which is enclosed
in a tubular glass reactor connected to a home-built AP-ALD setup.
In this way, we deposit a nano-layer of metal oxide on all walls of
the microfluidic channels (silicon oxide as well as titanium oxide),
rendering them inert against organic solvents, and providing surface
functionality in terms of their wetting and photocatalytic properties
and, at the same time, rendering them inert against organic solvents.
These metal oxide layers hence offer additional benefits over commonly
used organic layers that effectively functionalize the surface, but do not
render it inert [16,24]. We demonstrate the beneficial properties for
three important classes of applications in the field of microfluidics: the
production of microparticles, the cultivation of biological cells, and the
photocatalytic degradation of a pollutant. The presented results show
the potential use of AP-ALD to modify the walls of bonded microfluidic
channels, broadening the application window of PDMS chips [14,25].

2. Experimental
2.1. Fabrication of PDMS microfluidic chips

We fabricated PDMS microfluidic chips using soft lithography.
In short, a negative photoresist (SU-8 2050, micro resist technology
GmbH) was spin-coated on top of a 4 inch silicon wafer following
the recipe of the manufacturer before baked at 100 °C for 15 min to
obtain a 50 pm thick layer. The coated wafer was then loaded onto a
LaserWriter (Heidelberg, 1 pm laser beam at 365 nm), where the two-
dimensional layout of the microchannels (Autocad 2019, Autodesk, see
Fig. S1) was written on the wafer. After laser writing, we soft-baked the
wafer at 100 °C for 5 min, developed the patterned photoresist coating
using propylene glycol methyl ether acetate (PGMEA, >99.5%, Merck
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Sigma) for 10 min, and post-baked the thus obtained master mold at
200 °C for 30 min.

To fabricate PDMS microfluidic chips from the master mold, we
mixed the elastomer and curing agent (Sylgard 184 Elastomer Kit, Dow
Corning Comp.) in a mass ratio of 10:1. After degassing, we poured the
mixture over the master mold placed in a 5 inch Petri dish. We cured
the PDMS at 70 °C for at least 8 h. The PDMS slab was then gently
removed from the wafer and cut to size. PDMS chips were obtained by
punching inlets and outlets into the pieces of PDMS using a 1.5 mm
biopsy puncher, washing them with ethanol to remove debris, and
bonding them on glass slides spin-coated with a 20 ym thick PDMS
layer (2000 rpm for 2 min, Laurell WS-650-23B) using an oxygen
plasma treatment (Harrick PDC-002) at 0.2-0.4 mbar for 140 s. The
bonded chips were stored in the oven at 70 °C before use.

2.2. In-channel coating of bonded microfluidic chips using AP-ALD

To coat the inner walls of the bonded PDMS microfluidic chips with
a thin layer of metal oxide, we used a home-built atmospheric-pressure
ALD (AP-ALD) setup with a tubular glass column. One microfluidic
chip was placed inside the column and one of the inlets of the chip
was directly connected to the inlet of the column through a polyte-
trafluorethylene (PTFE) tube (outer diameter 1.6 mm, inner diameter
0.5 mm, Diba, 008T16-050-200). In this way, the gases entering the
column flowed entirely through the microchannels. The role of the
column was to safely contain the excess reactants and byproducts. The
metal oxide nano-layer was grown on the walls of the microchannels by
subsequently flowing a metal precursor and an oxidizing agent through
the chip, both in the gas phase, separated by a purge with nitrogen
gas in order to remove excess reactants and byproducts. The thickness
of the nano-layer was controlled by the number of such sequences,
commonly referred to as ALD cycles.

The simplified process flow diagram of the setup is shown in Fig. S2.
Nitrogen gas (N, 99.999%, Linde) was used to carry the metal precursor
as well as to purge the chip through the use of three gate valves, two
connected to a dip-tube bubbler that contains the metal precursor, and
one to the tubular glass column, as shown in Fig. S2. When the two
valves connected to the dip-tube bubbler opened and the middle (by-
pass) valve closed, nitrogen gas first flowed into the dip-tube bubbler,
and then into the column and the microchannels. When both valves
connected to the dip-tube bubbler closed, and the by-pass valve opened,
nitrogen gas bypassed the dip-tube bubbler, purging the microchannels
and the column. From the column, the gases flowed through a series of
two trapping bottles, and subsequently through a carbon filter, before
being released in a fume hood.

Two types of metal oxides were used in this work: silicon ox-
ide and titanium oxide. All development and characterization studies
were done using silicon oxide, while two complementary case studies,
showing the versatility of the ALD approach, were done with titanium
oxide. The deposition of the SiO; nano-coating was conducted using
silicon tetrachloride (SiCl,, Alfa Aesar) as the metal precursor and
ozone-treated humidified air as the oxidizing agent. The stream of the
oxidizing agent was made by flowing compressed air through metallic
tubing to an ozonator (Sander Certizon), and then to a dip-tube bubbler
containing water at room temperature. Unless stated otherwise, the
silicon precursor, kept in the bubbler at room temperature, flowed at
0.2 L/min for an exposure time of 10 s, while the oxidizing agent flowed
at 0.2 L/min for an exposure time of 30 s. In between, nitrogen purging
was done at 0.2 L/min for 100 s. The AP-ALD treatment was carried at
50 °C for different numbers of ALD cycles (5, 20, 50, and 100 cycles).
The gas flow leaving the glass column was neutralized by flowing it
through a series of two trapping bottles, both containing a solution of
10% (w/v) sodium hydroxide (Merck Sigma).

The deposition of the TiO, nano-coating was conducted using
Tetrakis-dimethylamino titanium (IV) (TDMAT, >99.99% Merck Sigma)
as the metal precursor and ozone-treated air as the oxidizing agent.
The stream of the oxidizing agent was made by flowing compressed
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air through metallic tubing to an ozonator, and then directly into the
column. The titanium precursor, kept in the bubbler covered with a
heating mantle at 70 °C, flowed at 0.2 L/min for an exposure time of
10 s, while the oxidizing agent flowed at 0.2 L/min for an exposure
time of 30 s. In between, nitrogen purging was done at 0.2 L/min
for 100 s. The AP-ALD treatment was carried at 100 °C for different
numbers of ALD cycles (3, 25, and 100 cycles). The gas flow leaving
the glass column was neutralized by flowing it through a series of two
trapping bottles, both containing a mineral oil (Kaydol).

To accommodate the reaction temperature, we covered the tubing
with heating cables. We furthermore heated the tubular glass column
with an infrared heating lamp, see Fig. S2.

2.3. Characterization of metal oxide coating on microchannel walls

To characterize the metal oxide coating deposited on the inner walls
of the bonded microfluidic channels, we made a cross-sectional cut
of the ALD-treated channels using a scalpel. We analyzed the channel
cross sections with field emission scanning electron microscopy (FE-
SEM, Hitachi Regulus SU8230, with a beam current of 1-5 pA, electron
energy of 1-10 keV, and a tilt angle of 0° to 15°). The surface morphol-
ogy and the surface chemical composition were studied in more detail
by conducting ALD experiments with the same operation parameters
on flat samples (PDMS spin-coated on a silicon wafer) as described
elsewhere [8]. The surface morphology was studied using atomic force
microscopy (AFM, Bruker Dimension Icon with an amplitude of 80-
150 nV, a feedback gain of 0.05-0.5, and scan rates of 0.6-0.9 Hz). The
surface chemical composition was measured using X-ray photoelectron
spectroscopy (XPS, ThermoFisher Scientific Nexsa, equipped with a
monochromatic Al Ka radiation source and a pass energy of 30 and
100 eV for the survey scan and ion-beam etching unit). Depth profiling
was conducted by etching the surface using Ar* ions (2 keV with a
raster size of 2 mm) while a flood gun was used to compensate for
the positive charge. Thermo Avantage 5.913 and CASA-XPS software
packages were used to post-process and deconvolute the XPS peak
profile, where the spectra were charge-corrected with the adventitious
carbon peak at 284.8 eV.

On top of the above characterization of the metal oxide coating
obtained for a fixed set of ALD operating parameters, we studied the
influence of the temperature on the surface morphology. More specifi-
cally, we obtained FE-SEM images of the cross sections of microfluidic
chips treated at 30 °C, 50 °C, and 100 °C, for a fixed number of 20
ALD cycles. Given the observed differences in morphology and the
differences in possible detachment of the coating from the PDMS walls
under flow, we checked the attachment of the coating to the PDMS
by flowing water through the treated chips at 50 pL/min for 10 min.
We studied the solution collected from the outlet of the chips using
inductively coupled plasma optical emission spectroscopy (ICP-OES,
PerkinElmer Optima 8000), with argon gas as a carrier.

2.4. Evaluation of AP-ALD coating in microfluidic experiments

To evaluate the performance of the metal oxide coating, we con-
ducted two studies with coated microfluidic chips: (1) a channel wall
deformation study and (2) a channel wall absorption study. Bare PDMS
channel walls are known to swell and deform when exposed to organic
solvents as well as to absorb small hydrophobic molecules in a liquid
solvent [15,16,26]. We then performed these two studies to evaluate
to what extent the metal oxide coating prevents direct contact between
the PDMS and the solvent, mitigating both issues.

The channel deformation study was conducted as follows. We fabri-
cated microfluidic chips featuring a simple long straight microchannel
(Iength: 11.6 mm, width: 500 pm, height: 50 pm), see Fig. S1(a) for
the two-dimensional layout. We coated the inner walls of the chips
with a SiO, nano-layer using 5, 20, and 100 ALD cycles. To evaluate
the deformation of the channel walls when flowing an organic solvent
through the channel, we used a confocal laser scanning microscope
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(CLSM 710, AxioObserverZ.1, Fluar 2.5x/0.12, 543 nm laser source
(20%) and PMT detector). To this end, rhodamine B (Merck Sigma),
a known fluorescent agent, was added to the organic solvent. More
specifically, we prepared a solution of 1 pM rhodamine B in chloroform
(99%, Merck Sigma). We loaded the rhodamine B solution into a 5 mL
syringe (Beckton-Dickinson, Discardit II) with a non-rubber plunger,
connected the syringe with PTFE tubing to the inlet of the microfluidic
chip, and drove the solution through the microchannel using a syringe
pump (Harvard Apparatus Pump 11 Pico Elite Plus) at a flow rate of
40 pL/min, while taking confocal (z-stack) images of the channel at 10—
15 different planes across the height of the channel. From these images,
we reconstructed the 3-D shape of the lumen of the microchannel using
Zen 3.8 software (Zeiss), normalized to its maximum intensity (1). For
reference, we first performed the same type of measurements in the
same channel with a solution of 1 pM rhodamine B in demi water, since
no swelling of the PDMS, and hence no deformation of the channel
walls is expected for water.

The wall absorption study was conducted as follows. After fabri-
cation and coating of the chips with a nano-layer of SiO, through 20
ALD cycles, we injected a rhodamine B solution (30 pM, in demi water)
inside bare and AP-ALD-treated PDMS microfluidic chips using a 5 mL
syringe mounted on a syringe pump. After filling the channels, we left
the chips (with the outlets open to air) to dry for 3 days in a dark
environment, where the solutions dried through the inlets and outlets.
After three days, we measured the intensity of the fluorescent agent
inside the walls of the PDMS using a confocal laser scanning microscope
(CLSM 980, Zeiss Axio-ObserverZ.1/7) with EC Plan-Neofluar 5x/NA
0.16 and 10x/NA 0.30 air objectives, a 543 nm laser source (0.2%,
emitted 565 nm), and a GaAsP-PMT detector. Background fluorescence
was reduced using the Zen autofocus strategy with the best contrast
method. The intensity profile was processed using Zen 3.8 software to
visualize the penetration of rhodamine B into the channel walls.

An advantage of forcing the precursor through the microfluidic
channels instead of letting the precursors in the ALD tubular reactor
enter the microchip through the inlets and outlets by diffusion is the
ability to coat long channels and even channel networks. Rather than
using the long channel used to assess the deformability of the (coated)
wall, we, therefore, used the channel network as shown in Fig. S1(b) to
assess the coating based on the absorption of the wall. To study to what
extent the walls of the channels perpendicular to the ALD precursor
flow direction were exposed to the precursors and covered by a layer
of SiO,, we performed the experiment for various pulse times of the
ALD precursors (1, 10, 30, and 100 s). We kept the purge time fixed to
100 s. To confirm the location of the channel wall, we additionally took
brightfield images of the bare PDMS chip (EC Plan-Neofluar 5x/NA
0.16 objective and Multialkali-PMT detector).

2.5. Case study 1: microparticle production using organic solvents

A first important class of applications in the field of microfluidics
is to utilize the unsurpassed control over minute amounts of fluids
to produce single, double, and even higher order emulsions, foams,
and particles [27,28]. Yet, the use of organic solvents, for example,
necessary to produce synthetic cells through the use of lipids that are
typically dissolved in chloroform, does not permit the use of PDMS
chips. In this first case study, we show the ability to use ALD-coated
microfluidic chips for the production of polylactic acid microparticles
using chloroform as the organic solvent.

We fabricated a microfluidic chip featuring a flow-focusing junction
commonly used for the generation of droplets, see the two-dimensional
layout in Fig. S1(c). We coated the walls with a nano-layer of SiO,
using 20 ALD cycles. To produce polylactic acid (PLA) microparticles,
a solution of 5% (w/v) poly(D,L-lactide) (PLA, 10-18 kDa, Resomer
R 202H, ester terminated, Sigma Aldrich) in chloroform was injected
in the chip at a flow rate of 0.5 pL/min and broken up into droplets
in a solution of 1% (w/v) poly(vinyl alcohol) (99%, hydrolyzed, Merck
Sigma) in MilliQ water injected at a flow rate of 40 pL/min. The forma-
tion of the PLA droplets was observed using a camera (ImagingSource
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DFK33UX273, 600 frames per second) through an LWD plan phase 40X
objective lens on a light microscope (Euromex Oxion Inverso PLPH).
The polymerized PLA microparticles were collected at the outlet using
a glass slide after 0, 1, and 3 h of continuous production. Their photos
were taken using the same camera. A minimum of 100 particles was
analyzed using ImageJ to determine the particle size distribution.

2.6. Case study 2: biological cell culture on PDMS walls functionalized with
titanium oxide

A second important class of applications in the field of microfluidics
is to utilize control over micro environments for the study of biological
cells, tissue, and organoids [11]. Yet, it is well known that cells do not
adhere to bare PDMS surfaces. On top, cytotoxic uncured monomers in
the PDMS matrix may leach out during cell culture, compromising the
cell culture [29]. In this second case study, we show the ability to use
ALD-coated microfluidic chips for the culture of biological cells using
titanium oxide as a nano-layer on top of the PDMS, as this metal oxide
is known to promote cell adhesion [30,31].

We fabricated a microfluidic chip featuring a growth chamber, see
the two-dimensional layout in Fig. S1(d). We then coated the walls with
a nano-layer of TiO, using 3 and 25 ALD cycles. Before seeding the
cell (A549-Vim-RFP, from a human lung adenocarcinoma cell line, the
vimentin being tagged with a red fluorescent protein), in bare and TiO,-
coated chambers, the chips were rinsed with 70% ethanol and washed
three times with complete media (see details below). The cells were
seeded into the microfluidic chips at a density of approximately 3.75 x
10% cells/mL and the chips were incubated at 37 °C with 5% CO, in a
dark environment. The cells in the chips were imaged every 24 h for
72 h using a confocal laser scanning microscope (AxioObserverZ.1/7,
Plan-Apochromat 10x/0.45). We obtained red fluorescent images of
cells using LED-module 567 nm laser source (50%) filtered so that the
excitation wavelength was at 543-568 nm, and the emission wave-
length was measured at 581-679 nm, with exposure time of 150 ms
and a 56 HE GFP/DsRed reflector and an Orca Flash 4.0 V2 Hamamatsu
camera. To reduce the background noise, the autofocus function of the
Zen 3.8 software was used. The images were analyzed using ImageJ
to derive the number of cells. The cell adhesion response on the
microfluidic channel surface was studied by analyzing the sphericity of
the cells after 24 h of incubation. Detached cells were indicated with
the sphericity and shape factor near 1 (0.99-1.00), while the adhered
cells were indicated with the sphericity and shape factor less than 1
(0.00-0.98) [32]. The experiment was repeated three times in three
independent microfluidic chips. A paired comparison method with the
Bonferroni post-test (OriginPro 2022) at a significance level of p = 0.05
was used to study the statistical significance between the results.

To check the viability of the cells, we stained the cells with calcein
AM (1 pM in serum-free culture media, ITK) after 72 h of incubation.
Green fluorescence images were obtained using a LED-module 475 nm
laser source (2%) filtered so that the excitation wavelength was at 450—
490 nm and the emission wavelength was at 500-550 nm, with a 38 HE
Green Fluorescent Prot reflector and an Orca Flash 4.0 V2 Hamamatsu
camera.

Preparation of the cell solution used for seeding of the PDMS chips
was done as follows: cells from cell line A549-Vim-RFP (generously
gifted by Peter Ten Dijk, Leiden University Medical Centre) were grown
on T25 flasks (Sarstedt) using a ’complete medium’. The medium
consists of Dulbecco’s Modified Eagle’s media (DMEM, Thermofisher),
supplemented with 5% of Fetal Bovine Serum (FBS, Thermofisher),
and 1% of antibiotic-antimycotic (Merck Sigma). After reaching 80%
confluency, the cells were detached from the flask using trypsin (0.25%
EDTA, Thermo Fisher Scientific) and counted with trypan blue (Thermo
Fisher Scientific) using an automated counter (TC20, Bio-rad). The
obtained cell solution was then diluted using complete media to a cell
concentration of 3.75 x 10> cells/mL.

To better understand the observed behavior on the titanium-oxide
coated PDMS walls, we additionally characterized the surface proper-
ties (wetting and surface chemical composition) of the TiO, nano-layer.
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To be able to perform water contact angle measurements, we turned
to flat samples (PDMS spin-coated on a silicon wafer) and performed
the AP-ALD with the same operational parameters. Both bare and AP-
ALD-treated PDMS samples were kept in water and dried before the
dynamic water contact angle measurements were performed using a
Kriiss drop shape analyzer as described elsewhere [7]. The average
advancing contact angle was reported from 10 measurements via the
typical uncertainty (1 s.d.). To obtain the surface chemical composition,
XPS survey scans were performed on the flat samples.

2.7. Case study 3: continuous flow chemistry at PDMS walls functionalized
with a titanium oxide nano-layer and gold nanoparticles

A third important class of applications in the field of microfluidics is
to perform chemical reactions under continuous flow, thereby making
use of the well-known advantages of microreactor technology, includ-
ing the high surface-to-volume ratio, etc. [33]. While heterogeneous
catalytic reactions with a catalyst coated on the wall are interesting
for a wide range of applications, including electrochemical conversions,
direct functionalization of bare PDMS walls is a challenge [7,13]. In this
third case study, we show the ability to use ALD-coated microfluidic
chips to functionalize the PDMS walls with gold nanoparticles used for
the photocatalytic degradation of a pollutant in water.

We fabricated a microfluidic chip featuring the same chamber as
used for the cell study, see the two-dimensional layout in Fig. S1(d).
We coated the walls with a nano-layer of TiO, using 100 ALD cy-
cles. We then further functionalized the TiO, nano-layer through the
deposition of gold nanoparticles (AuNPs) using trimethylphosphino-
trimethyl gold(III) (6-Me, prepared as described in [34]) and ozone as
the ALD precursors [35]. This AP-ALD process was carried out using
nitrogen as the carrier gas flowing at 0.2 L/min at 100 °C for 5 cycles,
with a pulse time for the 6-Me of 10 s and for the ozonated air of
30 s, with 100 s of nitrogen purge in between. After the deposition
of the gold nanoparticles, we performed 5 additional TiO, AP-ALD
cycles. As a pollutant in the photocatalytic degradation study, we
use rhodamine B. We prepared an aqueous solution of rhodamine B
(17 puM, or 7.2 mg/L, in demi-water) and injected it into the coated
chip using a syringe pump at a wide range of flow rates leading to a
wide range of residence times in the chip (0.02, 0.04, 0.1, 0.2, 0.4,
1, 2, and 4 min). The photocatalytic conversion was done by top-
exposing the chip to a visible light source (Dotlux LED-Einbaupanel,
225 mm x 225 mm, 25 W, 4000 K, 2375 Im, distanced 5 cm from the
top of the chip). The inlet and outlet concentrations were measured
using UV-Vis NanoDrop™ 2000/2000c Spectrophotometer (wide scan
reading, with wavelengths in the range 300-800 nm). For reference,
the same measurements were performed in bare PDMS microchips. For
each experiment, three samples were collected from the outlet and the
averages are reported.

To characterize the AuNPs inside the chip, we conducted a similar
deposition and cut the chip into pieces of cross-sections. The pieces
were sonicated in 1 M HNO; solution (65%, Merck Sigma) for 15 min,
before being left immersed for 48 h to dissolve the underneath TiO, lay-
ers and disperse the AuNPs. The immersing liquid was then centrifuged
(MicroCL 21/21R, Thermoscientific) at 14,800 rpm for 10 min, de-
canted, washed with ethanol, and transferred onto a Quantifoil copper
TEM grids. Transmission electron microscopy (TEM, JEOL JEM1400)
was performed with a voltage of 120 kV and the particle size was
analyzed using ImagelJ.

3. Result and discussion

3.1. Characterization of the metal oxide coating on the inner walls of the
microchannels

Fig. 2(a) shows FE-SEM images of the cross-section of bare and AP-
ALD-treated PDMS microfluidic channels. The wall of a bare PDMS
channel is relatively smooth, as shown in Fig. 2(a). In comparison,
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Fig. 2. (a) FE-SEM images of bare and SiO,-coated PDMS chips obtained after making cross-sectional cuts of the chips that feature a straight 11.6 mm long, 500 ym wide, and
50 pm high microchannel. SiO, AP-ALD treatment: 5, 20, 50, and 100 ALD cycles at 50 °C. (b) AFM surface profiles on a flat PDMS layer treated the same as in the corresponding

images in (a).
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Fig. 3. Surface chemical composition of a flat PDMS layer treated with 20 ALD cycles
at 50 °C (corresponding to the panels in the middle of Fig. 2) studied using XPS,
showing XPS Si2p spectra obtained at different etch depths. The top graph shows the
Si2p spectrum at an etch depth <1 nm and the top inset shows the corresponding
atomic composition. The bottom graph shows the Si2p spectrum at an etch depth
>100 nm and the bottom inset shows the corresponding atomic composition. The etch
depth was approximated using the etch rate determined in our earlier work [8].

after 5 ALD cycles, patches are seen on the channel wall. These patches
appear smaller in size after 20 cycles and more packed after 50 cycles.
After 100 cycles, individual patches are no longer observed and the wall
appears as fully covered by a sheet of SiO,. Since the angle of the SEM
beams and detectors may affect our perception of the morphology, we
supplemented the surface morphology study by conducting the same
depositions on a flat 20 pm thick layer of PDMS spin-coated on a silicon
wafer. AFM measurements performed on bare and ALD-treated samples
confirm a smooth surface for bare PDMS and a relatively rough surface
after 5 ALD cycles, which gets smoother with an increasing number of
ALD cycles as shown in Fig. 2(b).

In addition to the surface morphology, we characterized the chem-
ical composition of the surface of bare and ALD-treated flat PDMS
samples. Fig. 3 shows the Si2p spectra obtained at different etch depths
for a PDMS sample treated with 20 ALD cycles. At the surface (depth
~0.4 nm), two peaks in the Si2p spectrum are found at 99.95 eV and
103.5 eV. When etched deeper to ~10 nm, the peak at 103.5 eV starts
decreasing and the two peaks become less distinctive. At the largest
etch depth of ~132 nm, we observe only one peak at 99.95 eV. While
the observed peaks point to the presence of silicon, the shape and
position of the peaks indicate different oxidation states of the silicon
element.

To confirm the presence of a SiO, nano-layer on the surface, we
deconvolute the XPS spectra at the etch depth of ~0.4 nm. The first
peak at 99.95 eV has a peak split of 0.51 eV, that easily ends up as one
broad peak or an asymmetric one [36,37]. This peak, unfortunately,
corresponds to all possible oxidation states of the silicon element
(from Si° to Si**) that could be found in a silicon wafer, in a silicon
oxide layer, and a PDMS sample [36,37]. However, the second peak
(at 103.5 eV) corresponds exclusively to a higher Si oxidation state
(e.g., Si** and Si**), typically found in a silicon oxide layer and not
in a PDMS sample [38]. Therefore this peak suggests the presence
of a SiO, nano-layer at the etch depth of ~0.4 nm. We then further
confirm it by conducting an XPS survey scan at a similar etch depth,
shown in the corresponding pie chart (see Fig. 3, top inset). It shows
that the surface is dominated by silicon and oxygen elements, with a
low presence of carbon, confirming the presence of SiO,. Of note, the
low carbon presence is acceptable and can be explained by possible
adventitious carbon contamination and the out-diffusion of uncured
PDMS oligomers into the surface [8,39]. Looking closer at the surface
composition, the atomic ratio of Si to O is found to be around 1:1.7,
lower than the expected stoichiometric ratio of SiO,. A comparable
value, however, is reported by other researchers when the SiO, is
deposited at lower temperature [40], attributed to the incomplete
reaction between surface-adsorbed chemical species [41].

Going deeper into the layers underneath, the decrease and shift of
the distinctive peak at 103.5 eV points to the declining Si presence at
a higher oxidation state (e.g. Si** and Si**). This indicates the possible
formation of a mixed layer of SiO, and PDMS, as suggested by our
previous study [8]. As the layers are etched deeper (~132 nm), the
disappearance of the peak at 103.5 eV suggests the absence of SiO,.
An additional XPS survey scan (see Fig. 3, bottom inset) shows the
typical atomic percentage distribution of a PDMS layer as found in
earlier work [8], confirming the absence of SiO,. While the unique
surface-subsurface metal oxide growth on PDMS through AP-ALD is
in agreement with the reported phenomena in our previous study [8],
we point out that the depth profile of the deposited layers depends on
various factors, including the operating temperature [20-22].

After confirming the presence of the SiO, nano-layer, we performed
an additional study to gain insight into the effect of the AP-ALD
operating temperature for a fixed number of 20 ALD cycles. When AP-
ALD was carried out at 30 °C, a rugged and rough-textured surface
was observed (Fig. S3(b)), that became less rough as the operating
temperature increased to 50 °C (Fig. S3(c)), and even smoother at
100 °C (Fig. S3(d)). We then compared our results with the reported
phenomena in the literature [42]. The rugged surface and patches
obtained when we conducted the AP-ALD at lower temperatures (30 °C)
are comparable with the results reported by others as they deposited
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Fig. 4. Fluorescence intensity across the 500 pm wide channel, averaged of the height of 50 pm, illustrating the deformation of the cross-sectional shape of a bare PDMS chip
(a) and PDMS chips treated with 5 (b), 20 (c), and 100 ALD cycles. The dark gray lines show the intensity profiles for 1 pM rhodamine B in water, while the red lines show the
intensity profiles for 1 pM rhodamine B. For comparison, each intensity profile was normalized by its maximum intensity.

SiO, at a lower temperature, without the presence of a catalyst, and
on less reactive substrates [43-45]. There, they argue the presence
of non-ideal ALD growth, such as condensation of ALD precursors
(especially water) and hydrolysis [43,46,47], as commonly found in
conventional chemical vapor deposition (CVD) of SiO, [47]. As the
operating temperature increases to 50 °C, then to 100 °C, where water
molecules are expected to condense less, we obtain a smoother surface,
consistent with the results reported by other groups [43].

Given that the observed differences in morphology may have an
impact on how strongly the patches or layer is bound to the PDMS
surface under flow, we flowed water into the channels treated with
different AP-ALD operating temperatures at a relatively high flow rate
(50 pL/min) for 10 min. We measured the silicon concentration in the
solution collected at the channel outlet. The ICP-OES result shows that
silicon (20.15 + 0.20 mg/L) is detected for the liquid flowing in the
microfluidic channel coated at 30 °C, indicating the expected weak
physical bond between the deposited silicon oxide and PDMS chan-
nel wall, and indirectly corroborates the dominance of condensation
(physisorption) during the deposition process. Conversely, no silicon is
detected when flowing water through untreated channels and channels
treated at 50 °C and 100 °C (0.10 mg/L and 0.06 mg/L respectively,
lower than the reliable ICP-OES detection limit), indicating a strong
bond between the metal oxide layer and the PDMS wall.

3.2. Evaluation of metal oxide coating performance in microchannel exper-
iments

Bare PDMS microfluidic channels are known to be compatible with
aqueous solutions such as water. However, when exposed to common
organic solvents, PDMS swells, such that the channel walls deform

and the lumen of the microchannels gets (partly) occluded [8,24].
We, therefore, evaluated to what degree the metal oxide nano-layer
prevents direct contact between PDMS and the organic solvent by
visualizing the extent to which the cross-section of untreated and
treated microchannels deforms when flowing chloroform through the
channels. We hereby note that the relatively thin layer of metal oxide
provides optical access to the treated channels such that they can be
studied using optical microscopy as commonly done in the field. We
use the deformation study to get an indication of the coverage of the
nano-layers inside the chips, given that measuring the coverage directly
inside the chips is a challenging task due to uneven morphology and the
non-conductive nature of PDMS channels.

In the untreated (bare) PDMS chip, a serious channel deformation
is seen, as evident from the intensity profile in Fig. 4(a), where the
low intensities in the middle of the 500 pm wide channel indicate
that the top wall of the channel almost collapsed onto the bottom
wall. The intensity of the red line increases first and declines later,
indicating a larger, deformed base of the channel. While deformations
are seen along the length of the channel, we note that the exact
shape differs from place to place. We further note that the experiments
with untreated PDMS devices are cumbersome, as some chips leaked
when the chloroform solution was introduced into the channels. As
expected, no deformation is observed for reference measurements with
water, as evident from the well-defined, intensity profile, resembling
the rectangular-shaped cross-section.

For the microchannels treated with 5 ALD cycles, we also observe
channel deformation, albeit less pronounced compared to the untreated
channel, see Fig. 4(b). This indicates that 5 ALD cycles result in a
non-conformal coverage of the PDMS. The observation is in agreement
with the previous characterization in Fig. 2, where after 5 cycles, the
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Fig. 5. (a) Microfluidic channel network featuring channels of various widths (100, 250, and 500 pm) perpendicular to the direction of flow of the ALD precursors, to visualize
how far inwards these channels can be coated. The green arrows indicate the flow direction of ALD gas precursors during AP-ALD, while the red arrows show the flow of the
rhodamine B solution during the wall absorption study. (b) Brightfield image of a bare PDMS microfluidic chip and fluorescence image showing the absorption of rhodamine B
into the PDMS walls. (c) Fluorescence images of PDMS microfluidic chips exposed to the ALD precursors for different pulse exposure times of 1 s, 10 s, 30 s and 100 s, with the
intensity profiles taken along the yellow line in the corresponding images at the bottom. SiO, AP-ALD treatment: 20 ALD cycles at 50 °C.

PDMS surface is covered only with patches of SiO,. On the contrary,
for the microchannels treated with 20 and 100 ALD cycles, we observe
overlapping intensity profiles for chloroform and water (no significant
difference, as determined through a paired t-test, showing a p-value
larger than 0.05), see Figs. 4(c) and 4(d), indicating complete SiO,
coverage of the PDMS channel walls even after repeated usage. The
SiO, layer hence prevents direct contact between PDMS and the organic
solvent, demonstrating AP-ALD as a suitable approach to expand the
use of PDMS microfluidic devices from aqueous solutions to organic
solutions as well.

A strength of the developed approach in which ALD precursors are
alternating flown through the microfluidic device is the ability to coat
long microchannels as well as complete networks of microchannels.
To study over what extent channels perpendicular to the direction of
the flow of the ALD precursors can be coated, we treated the channel
network illustrated in Fig. 5(a). The ALD precursors were flown into
the chip using the inlet at the top, while the three outlets were open.
We visualized the coating coverage along the channel by conducting
a wall absorption study. To this end, we exposed the channels to a
rhodamine B in water solution, introduced at the inlet on the left in

order to fill all channels without the entrapment of air. When the
PDMS microfluidic channel walls are not covered by SiO, nano-layers,
rhodamine B molecules are expected to penetrate slowly into the PDMS
matrix [16,26]. Contrarily, when SiO, nano-layers are present, the rho-
damine B molecules are expected to be retained in the solution [15,16],
which over the course of the experiment evaporates from the chip,
leaving the rhodamine B concentrate near one of the outlets.

As expected, the fluorescent signal of rhodamine B is observed
inside the walls of the untreated PDMS microfluidic chip, extending
up to millimeter into the walls, see Fig. 5(b), in line with earlier
work [16,26]. In contrast, the rhodamine B molecules are relatively
retained at the walls in the AP-ALD-treated microfluidic channels, see
Fig. 5(c). This retainment is shown over the length of the 20 mm long
channel. A closer look at the fluorescence intensity near the walls shows
that the fluorescent signal is found only at the edge of the walls, which
drops to a non-detectable level inside the walls, see Fig. 5(c). For the
shortest ALD pulse exposure time of 1 s, this drop occurs over a distance
of 120 pum into the wall. For an ALD pulse exposure time of 10 s, the
penetration distance into the walls is reduced, while the chips treated
with pulse exposure times of 30 s and 100 s show comparable behavior
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Fig. 6. (a) Illustration of the microfluidic chip featuring a 25 pm wide flow focusing
junction as used for the continuous production of polylactic acid (PLA) microparticles
using chloroform as an organic solvent for the PLA. (b) Distribution of the diameter
of the microparticles collected off chip after 0, 1, and 3 h of continuous operations. A
minimum of 100 particles was analyzed.

with minimal penetration of rhodamine B into the wall. We note that
the saturation conditions in a PDMS chip are difficult to determine due

Chemical Engineering Journal 498 (2024) 155269

to differences in the channel width (distance for the ALD precursors
to reach the channel wall) and the simultaneous surface-subsurface
growth occurring on PDMS. While this study shows a possible effect
of a very short pulse exposure time (e.g. way lower than 1 s), it also
indicates the dependence of the conformality of the coating on the
flow rate. Therefore, the conformality is limited by the pressure drop
achievable in the microchannel. Furthermore, this study also proves the
presence of SiO, nano-layers inside the microfluidic channels, as the
nano-layers have 2-3 orders of magnitude lower relative permeability
against hydrophobic molecules than bare PDMS [8], offering a barrier
against rhodamine B.

3.3. Case study 1: microparticle production using organic solvents

In the first case study, we demonstrate the use of ALD-coated
microfluidic chips for the production of particles using chloroform
as one of the solvents. Using the chip with a flow-focusing junction
illustrated in Fig. 6(a), a stream of 5% PLA in chloroform is broken
up into droplets by a stream of 1% PVA in water. A few minutes
after the start of the flows, a significant spread is observed in the
diameter of the polymerized particles collected at the outlet, see the
top panel in Fig. 6(b). More specifically, the average diameter of the
particles is 4.85 pm and the coefficient of variation (CoV) is 0.63. We
attribute the relatively large CoV to the formation of satellite droplets
as well as to the coalescence of droplets during the stabilization of the
flow. After 1 h of production, the average diameter of the droplets
is about the same, 4.99 um, and the CoV has reduced to 0.35. After
3 h of production, the average diameter is 4.98 pm and the CoV has
further reduced to 0.21. For reference, we attempted to perform the
same experiments in bare PDMS chips. Upon introducing chloroform
in bare chips, we observe swelling of channels and narrowing of the
junction, in cases followed by leakage near the inlets due to the build-
up of pressure in the chips. These experiments confirm the importance
of the SiO, coating. While further optimization of the experiments to
produce particles with narrower particle size distribution is certainly
possible, we conclude the discussion on the case study by emphasizing
a second possible advantage of the SiO, coating, next to mitigating
the problem of swelling of the PDMS. PDMS is hydrophobic in nature,
which generally limits the production of emulsions in uncoated PDMS
chips to water-in-oil emulsions. The SiO, coating renders the PDMS
walls hydrophilic, providing a route to produce oil-in-water emulsions.

3.4. Case study 2: biological cell culture on PDMS walls functionalized with
titanium oxide

In the second case study, we demonstrate the use of ALD-coated mi-
crofluidic chips for the cultivation of biological cells at functionalized
PDMS walls, hereby using TiO, instead of SiO, in order to illustrate
the versatility of the AP-ALD approach. We functionalized the walls of
a microfluidic chip featuring a circular 10 mm wide and 50 pm high
chamber, see Figs. 7(a) and S1(d) and seeded epithelial, non-migratory,
lung adenocarcinoma cells in the chamber. We measured the number of
cells per square millimeter adhering to the bottom wall of the chamber
after 24 h of incubation in bare PDMS chips and chips treated with
3 and 25 ALD cycles. The cell density is significantly higher in the
AP-ALD-treated PDMS chips, as evident from Fig. 7(b) and Table 1.
Especially the density of cells with a sphericity less than one, a proxy
for the ease with which the cells adhere to a surface, is significantly
higher in treated PDMS chips. In bare PDMS chips, ~62% of the cells
are observed with sphericity less than 1, comparable to reported values
in literature [32]. In treated PDMS chips, this percentage is significantly
larger, i.e., ~91% and ~80% for 3 and 25 ALD cycles, respectively. This
observation is in line with the notion that a more hydrophilic surface
generally offers a better adherence for cells [32]. The treated surfaces
are indeed considerably more hydrophilic, see Fig. S4(a), consistent
with our previous work [8]. While the surface chemical composition of
the chips treated with 3 and 25 cycles is slightly different (Fig. S4(b)),
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Fig. 7. (a) Ilustration of the microfluidic chip featuring a circular chamber (10 mm wide and 50 pm high) as used for the case study of the attachment of cells to the walls of
bare and TiO,-coated PDMS walls. (b) Number of A549 cells per mm” measured after 24 h of on-chip incubation, including the number of cells with a sphericity of less than 1.
Values are presented as mean + standard error (n=3) and the corresponding numbers are provided in Table 1. (c) Representative images of cells attached to bare and TiO,-coated

PDMS walls taken after 24 h of on-chip incubation.

Table 1

Number of cells per mm? and the number of cells per mm? with sphericity less than 1
in bare and TiO,-coated PDMS chips, measured 24 h (day 1) after incubation. Values
are given as mean + standard error (n=3).

Sample Number of cells per mm? Number of cells per mm?
with sphericity <1

Bare PDMS 135+9 84+7

3 ALD cycles 213+3 194 +4

25 ALD cycles 196 + 4 156 +2

Table 2

Number of cells per mm? in bare and TiO,-coated PDMS chips, measured 24 h (day
1), 48 h (day 2), and 72 h (day 3) after incubation (n=3). Values are given as mean
+ standard error (n=3).

Sample Incubation time Number of cells per mm?
day 1 135+9
Bare PDMS day 2 151+ 17
day 3 184 +5
day 1 213+3
3 ALD cycles day 2 232+4
day 3 266+ 18
day 1 196 + 4
25 ALD cycles day 2 22417
day 3 247 +26

we attribute the larger percentage for 3 cycles to its rougher surface [7],
which is known to promote cell adhesion [48].

To study the viability of the cells, we extended the culture up
to 72 h. The cell density steadily increased as shown in Fig. S4(c)
and Table 2. On top, we performed a live-dead assay with calcein

AM after 72 h of culture, confirming a viability of nearly ~100%
in all experiments. We additionally tested the adherence of the cells
after 72 h of culture, by flowing culture media inside the chips at
flow rates of 0, 1, 5, 20, and 50 mL/min, confirming no meaningful
differences were observed in cell density during this test, indicating
strong adherence of the cells inside both the bare and treated PDMS
microfluidic chips. While this case study oriented on the cultivation of
cells highlights the ability to functionalize PDMS walls with a metal
oxide nano-layer, the next case study highlights the ability to use the
metal oxide nano-layer as a base to further functionalize the walls.

3.5. Case study 3: continuous flow chemistry at PDMS walls functionalized
with a titanium oxide nano-layer and gold nanoparticles

In the third case study, we demonstrate the use of ALD-coated
microfluidic chips for the photocatalytic degradation of rhodamine
B dye at TiO,-coated PDMS walls further functionalized with gold
nanoparticles. Gold nanoparticles in conjunction with titanium oxide
have been shown to have an increased photocatalytic activity towards
various reactions, including oxidation of organic compounds [35,49].
This is explained by an enhanced absorption in the visible range due
to plasmon resonance [35]. Previously, we showed that TiO, nano-
layers and AuNPs can be deposited on PDMS substrates, allowing the
PDMS surface to be functionalized robustly [7]. We functionalized the
walls of a microfluidic chip featuring a circular 10 mm wide and 50
pm high chamber, see Figs. 8(a) and S1(d). We flowed a rhodamine B
in water solution through the chip, while exposing the chip to visible
light. Fig. 8(b) shows the concentration of rhodamine B measured at the
outlet of the chip relative to the initial concentration. For the shortest
residence times, little to no degradation of rhodamine B is observed.
As the residence time increases, the rhodamine B concentration at
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Fig. 8. (a) Ilustration of the microfluidic chip featuring a circular chamber (10 mm
wide and 50 pm high) as used for the case study of the photocatalytic degradation of
rhodamine B at TiO,-coated PDMS walls further functionalized with gold nanoparticles.
(b) Concentration of rhodamine B at the outlet of bare and ALD-treated chips relative to
the initial concentration. The inset shows a linear fit to InC/C of the ALD-treated chips
over the residence time. (c) TEM image of gold nanoparticles and their corresponding
particle size distribution.

the outlet decreases, indicating photocatalytic reduction. The kinetics
hereof is known to depend on the properties of the titanium oxide and
gold nanoparticle coating [35]. The TEM indicated an average AuNP
size of ~2.7 nm (Fig. 8(c)). To compare the results with earlier work,
we determine an apparent kinetic constant of 0.29 min~! based on the
logarithmic representation of the data in the inset of Fig. 8(b), which
is of the same order of magnitude as previously reported kinetic con-
stants [35,50-52]. For reference, we performed the same experiment
in a bare PDMS microfluidic chip. We observed the concentration of
rhodamine B at the outlet to be comparable to the initial concentration,
irrespective of the residence time, indicating no photocatalytic reaction
takes place without functionalizing the PDMS walls with a TiO,-AuNP
nano-layer. While these three case studies demonstrate the benefit of
the deposited nano-layers inside the channel, the approach can be
extended to other metal oxides (e.g. AlO,, ZnO,, PtO,, IrO,, AgO,),
other metals (e.g. platinum, iridium, silver), or even other metal forms
(sulfides, nitrides). The introduced layers can also be functionalized
with other groups, such as functionalizing metal oxide with amine-
containing groups [53,54], functionalizing AuNPs with thiol-containing
groups [55], or using them in combination with other gas process-
ing [56]. This versatility, along with the possible scalability due to

10
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cost reduction from the absence of low-pressure (vacuum) technolo-
gies/auxiliaries needed to operate the processes, makes AP-ALD an
attractive process to coat bonded microfluidic chips.

4. Conclusion

In conclusion, we find that AP-ALD is useful for modifying the sur-
face of bonded PDMS microfluidic channels in a simple and controlled
manner. By depositing various metal oxide nano-layers, i.e., SiO, and
TiO,, two weak points of PDMS are simultaneously solved: the weak
resistance against common organic solvents and the lack of surface
anchoring groups for surface functionalization. After studying how the
morphology of the metal oxide nano-layers depends on important ALD
operating parameters such as the temperature and the number of cycles
we alternatingly flow a metal precursor followed by an oxidizing agent,
we illustrate the use of the coated PDMS microfluidic devices in three
classes of microfluidic applications. The developed approach for the
in-channel treatment enables various applications, that are otherwise
unattainable with untreated PDMS chips.
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Fig. S1. Two-dimensional layouts of the microfluidics chips used in this work: (a) Y-Y junction chip used in the characterization study (Sections 2.3 and 2.4), (b) pillar chip used
in the study of coating coverage (Section 2.4), (c) flow focus junction chip used in the case study of PLA microparticles production (Section 2.5), and (d) chamber chip used in
the case study of A549 cells’ interaction with nano-layers (Section 2.6) and in the case study of photocatalytic reduction of water pollutant model (Section 2.7). The height of the
channels of all chips produced by printing these two-dimensional layouts onto a layer of photoresists is determined by the thickness of the photoresist layer, which was 50 pm.
The inlets and outlets of the chips are not shown.
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Fig. S2. Simplified process flow diagram of the home-built atmospheric-pressure ALD (AP-ALD) setup.
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Fig. $3. FE-SEM images of bare and SiO,-coated PDMS chips obtained after making cross-sectional cuts of the chips that feature a straight 11.6 mm long, 500 pm wide, and
50 pm high microchannel. SiO, AP-ALD treatment: 20 ALD cycles at 30 °C, 50 °C, and 100 °C.
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Fig. S4. (a-b) Characterization of the surface properties of the TiO, nano-layer on
flat samples, with the advancing water contact angle in (a) and the surface chemical
composition in (b). (c) Density of the cells grown on bare and AP-ALD-treated PDMS
microfluidic chambers for 24 to 72 h. TiO, AP-ALD treatment: 3 and 25 ALD cycles at
100 °C.
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