
Covalently Attached Slippery Surface Coatings to Reduce Protein
Adsorptions on Poly(dimethylsiloxane) Planar Surfaces and 3D
Microfluidic Channels
Yue Cao,† Xingchi Chen,† Avi Matarasso, Zizheng Wang, Yang Song, Guangfu Wu, Xincheng Zhang,
He Sun, Xueju Wang, Michael R. Bruchas, Yan Li,* and Yi Zhang*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 9987−9995 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Silicone elastomers, such as poly(dimethylsiloxane)
(PDMS), have a broad range of applications in basic biomedical
research and clinical medicine, ranging from the preparation of
microfluidic devices for organs-on-chips and ventriculoperitoneal
shunts for the treatment of hydrocephalus to implantable neural
probes for neuropharmacology. Despite the importance, the
protein adsorptions on silicone elastomers in these application
environments represent a significant challenge. Surface coatings
with slippery lubricants, inspired by the Nepenthes pitcher plants,
have recently received much attention for reducing protein adsorptions. Nevertheless, the depletion of the physically infused
lubricants limits their broad applications. In this study, we report a covalently attached slippery surface coating to reduce protein
adsorptions on PDMS surfaces. As demonstrations, we show that the adsorption of serum proteins, human fibrinogen and albumin,
can be significantly reduced by the slippery surface coating in both planar PDMS surfaces and 3D microfluidic channels. The
preparation of slippery surface coatings relies on the acid-catalyzed polycondensation reaction of dimethyldimethoxysilane, which
utilizes a low-cost and scalable dip-coating method. Furthermore, cell metabolic activity and viability studies demonstrate the
biocompatibility of the surface coating. These results suggest the potential applications of slippery surface coatings to reduce protein
adsorptions for implantable medical devices, organs-on-chips, and many others.
KEYWORDS: slippery surface coatings, PDMS, planar surfaces, 3D microfluidic channels, protein adsorptions

■ INTRODUCTION
Silicone elastomers, such as poly(dimethylsiloxane) (PDMS),
have been widely used in the preparation of many clinically
approved medical devices,1 including breast implants,2 dialysis
membranes,3 intraocular lenses,4,5 and many others. Because of
their material biocompatibility, tissue-like mechanical property
(∼1 MPa), and optical transparency, they are also frequently
used in the emerging field of bioelectronics and biosensors,
such as in microfluidics for tissue engineering,6 wearable
electronics for sweat samplings,7−9 and implantable neural
probes for neuropharmacology and neurochemical sam-
pling.10−12 Despite these attractive properties of PDMS-
based materials and their wide range of applications, the
nonspecific protein adsorptions and resulting biofouling
represent a significant challenge for these applications. For
example, the protein adsorptions and immune response could
block the microchannels of implantable microfluidics for drug
delivery,10−12 resulting in device failure and replacement.
Similarly, protein adsorption on the PDMS encapsulation
layers of implantable optogenetic devices could reduce the
output intensity of the microscale light-emitting diodes.
Additionally, for implantable neural probes that are coated

with PDMS layers, damage of the brain neurovascular unit
during probe implantation often causes the release of
proinflammatory and neurotoxic serum proteins, such as
fibrinogen and albumin, into the surrounding brain tissues.13

These released proteins adsorb on the PDMS surface and
promote the adhesion of microglia, thereby triggering a series
of inflammatory immune responses and the formation of glial
scars on the implant surfaces. These formed scars can
encapsulate the implant surface and cause recording/
stimulation performance degradation over time.14

To solve this issue, various surface coatings have been
developed to minimize protein adsorption and biofouling at
material’s surfaces (Table S1),15,16 including PDMS. Poly-
(ethylene glycol) (PEG) and its derivatives are the gold-
standard protein-resistant surface coatings for implantable
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devices.17 Nevertheless, PEG gel suffers from hydrolysis and
oxidative degradation and enzymatic cleavage during in vivo
applications.18,19 Recently, zwitterionic polymers have been
demonstrated to have exceptional antibiofouling proper-
ties,20−22 although they still face reduced stability in long-
term operations due to the presence of the hydrolysis ester
group.23

Slippery liquid-infused porous surfaces, inspired by the
Nepenthes pitcher plants, have recently received much attention
for various biomedical applications.24−27 A recent study
showed that a lubricant-infused neural probe significantly
reduces the insertion damage and foreign-body response.28

Nevertheless, the lubricant depletion during the insertion
represents a significant challenge because of the physically
infused lubricant layer (lack of covalent bonding).29−31 The
lubricant depletion issue could be resolved by covalently
grafting “liquid-like” polymer brushes onto the surface. Wu et
al. reported a slippery “liquid-like” surface for antibiofouling
applications via thermally activated equilibration reactions of
methoxy-terminated polydimethylsiloxane (PDMS-OCH3).

32

Nevertheless, the relatively high temperature (120 °C) and
lengthy preparation time (24 h) could cause damage to the
underlying bioelectronics, thereby limiting its broader
applications. Different from the thermally activated reactions,
the “liquid-like” polymer brushes can be prepared by the acid-

catalyzed polycondensation reaction of dimethyldimethoxysi-
lane,33 which is time-efficient and can be operated at room
temperature. Nonetheless, there have not been any studies to
report whether this surface coating can be used to reduce
protein adsorptions on planar PDMS surfaces and 3D
microfluidic channels.
Here, we report that covalently attached slippery surface

coatings can significantly reduce the protein adsorptions on
planar PDMS surfaces and in microfluidic channels by using
human fibrinogen and albumin as two model serum proteins.
Additionally, upon interaction with induced neural progenitor
cells (iNPCs), these surface coatings are capable of coculturing
with iNPCs in a long-term culture. We also confirm that iNPC
cultures containing such coatings show good cell viability
compared with the cell-only control group. The optical
transparency, low-cost operation, scalable manufacturing,
antiprotein adsorption property, and biocompatibility illustrate
the potentially wide range of applications ranging from
implantable medical devices to wearable sensors.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Slippery Surface

Coatings. Slippery surface coatings are prepared by the acid-
catalyzed polycondensation reaction of dimethyldimethoxysi-

Figure 1. Preparation and characterization of the slippery surface coating. (A) Schematic illustration for the preparation of the surface coating
based on the acid-catalyzed polycondensation reaction of dimethyldimethoxysilane. (B) XPS spectra of oxygen plasma-treated PDMS with and
without the surface coating. (C) Static water contact angles on PDMS surfaces, oxygen plasma-treated PDMS surfaces, and surfaces with coatings. n
= 5. (D) UV−Vis spectra of PDMS thin films with and without the slippery surface coating. (E) White paper with printed words “slippery surface
coatings” covered by PDMS thin films with and without the surface coating. (F) The mobility of water droplets (with red dye) on PDMS surfaces
with and without the surface coating.
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lane because of their simple operation procedures and
scalability, thereby enabling future distribution to the broad
end-user community. Briefly, the preparation of slippery
surface coatings starts with an oxygen plasma treatment of
the PDMS surfaces (to generate hydroxyl groups), followed by
dip-coating the surface in an isopropyl alcohol solution
containing dimethyldimethoxysilane and sulfuric acid for
∼30−60 s and drying at room temperature or in a 75 °C
oven (Figure 1A). During the drying step, PDMS brushes are
rapidly grafted onto the surfaces due to acid-catalyzed
hydrolysis and condensation of dimethyldimethoxysilane.33

As a result, one end of the formed surface coating (PDMS
brush) is covalently attached to the surface through a Si−O
bond (Figure 1A), while the remaining part of the PDMS
brush shows high mobility. To support the formation of the

surface coating, X-ray photoelectron spectroscopy (XPS)
spectra of the PDMS surfaces before and after the surface
coating are shown in Figures 1B and S1. From the high-
resolution spectra, characteristic peaks, including O 1s, C 1s, Si
2s, and Si 2p, are observed. For oxygen-plasma-treated PDMS
surfaces, the hydroxyl groups are generated on the PDMS
surface, and thus a high O 1s peak is observed. After the
surface coating, an increase of carbon/oxygen ratio is observed,
indicating the successful grafting of PDMS brushes on oxygen-
plasma-treated surfaces. It should be noted that the XPS
measurement of grafted PDMS brushes may be interfered with
by the underlying substrates. To that end, we further confirm
the formation of the surface coating by conducting contact-
angle (CA) measurements. Figure 1C compares the wetting
properties of the PDMS surfaces before and after the surface

Figure 2. Antiprotein adsorption property of planar PDMS surfaces with and without slippery coatings. (A) Representative confocal fluorescence
microscopy images and (B and C) quantitative analysis of the average intensity of planar PDMS thin films without (control) and with a slippery
coating incubated in 1 mg/mL BSA−FITC conjugates (green) for 1, 3, 7, 14, 21, and 30 days (****, P < 0.0001; ***, P < 0.001). (D)
Representative confocal fluorescence microscopy images and (E and F) quantitative analysis of the average intensity of planar PDMS surfaces with
and without slippery surface coatings incubated in 1 mg/mL fibrinogen Alexa Fluor 594 conjugates for different days (****, P < 0.0001). Data are
displayed with mean ± standard deviation values. Statistical significance is evaluated by Student’s t tests.
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coating presented by the quantitative analysis of static water
CAs measured using a tensiometer (Data physics OCA). The
pristine PDMS surfaces exhibit hydrophobic characteristics
with a high water CA (θ = 102.8 ± 4.3°), while oxygen-plasma-
treated PDMS surfaces present a strong affinity with water,
leading to a low water CA (θ = 7.0 ± 2.9°) due to the
formation of the hydroxyl groups (−OH). A significant
increase in the CA (θ = 84.0 ± 4.8°) is observed after the
surface coating, indicating the successful grafting of the surface
coating. Importantly, this wettability change before and after
the surface coating could be used as a simple visual inspection
to examine whether these coatings have been successfully
attached on the surface (Figures 1C and S2).
The optical property of the surface coating is critical for

implantable optoelectronics, such as optical fibers for
optogenetics and photometry.34 Figure 1D shows the optical
transmittance spectra of a surface without coating (control)
and with the slippery surface coating. PDMS with the slippery
surface coating maintains its superior transparency (∼90%) in
the visible-wavelength range. Figure 1E shows optical images of
a covalently attached slippery surface coating on top of a white
paper with printed words of “slippery surface coatings”,
demonstrating the optical transparency of the surface coating.

The covalently attached PDMS brushes show “liquid-like”
properties due to their ultralow glass transition temperature
(Tg = −125 °C) and excellent slippery properties toward both
nonpolar and polar liquids.33 To test the slippery properties of
the surface coating, we measure the mobility of water droplets
on PDMS surfaces with and without the slippery coating
(Figure 1F and Movies S1 and S2). For PDMS without the
surface coating, the water droplet does not slide even when the
substrates are placed vertically for 120 s. In contrast, when a
water droplet is placed on the surface with the surface coating,
it slides freely from the right to left side at a tilting angle of 15°,
without any visible wetting trails. Furthermore, the speed-
dependent friction coefficients are measured under a constant
load force of 1 N (Figure S3). A significant reduction in the
coefficient of friction is observed for PDMS surfaces after the
slippery surface coatings, which is attributed to the formation
of covalently attached, highly mobile PDMS brushes on the
surface.

Antiprotein Adsorption Property on Planar PDMS
Surfaces. We evaluate the antiprotein adsorption property of
the covalently attached slippery surface coating by using
fluorescein-conjugated bovine serum albumin (BSA−FITC
conjugate) as a model serum protein. Briefly, PDMS thin films

Figure 3. Antiprotein adsorption property on 3D PDMS microfluidic channels. (A) Schematic illustration of the setup to evaluate the antiprotein
adsorption property in PDMS microfluidic channels. (B) Optical image of a representative microfluidic device. (C) 3D mapping confocal
fluorescence images of 3D microfluidic channels with and without slippery surface coatings infused with fibrinogen (red) and BSA−FITC (green)
solutions. (D and E) Quantitative analysis of the average fluorescence intensity as a function of time for microfluidic channels with and without
surface coatings. n = 3. Data are displayed with mean ± standard deviation values (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Statistical analysis is
performed by Student’s t tests.
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with and without slippery surface coatings are incubated in a
1× phosphate-buffered saline (PBS) with a protein concen-
tration of 1 mg/mL at 37 °C for 1, 3, and 7 days. As shown in

the confocal fluorescence microscopy images (green: BSA) in
Figure 2A and the quantitative average intensity (Figure 2B),
many proteins are observed on the surface without the coating

Figure 4. Biocompatibility test of the slippery surface coating coculture system with iNPCs. (A) Timeline of cortical spheroid and iNPC derivation
from hiPSC and the coculture. (B) MTT activity of iNPCs cocultured with a biofilm. Statistical analysis was conducted by ANOVA with Tukey’s
test (n = 4). It should be noted that the iNPC only group has a significant difference with the bare PDMS group but not with the PDMS with the
coating group. (C) iNPC morphology showing the occurrence of a neural network after 10 days of replating and coculturing with PDMS and
PDMS with the slippery surface coating, respectively. Scale bar = 100 μm. (D−F) Flow cytometry plots of live/dead assay for short-term culture (7
days) with cell only, PDMS with coating, and bare PDMS, respectively. (G−I) Flow cytometry plots of live/dead assay for long-term culture (21
days) with cell only, PDMS with coating, and bare PDMS, respectively. Green fluorescence indicates the live cell population, and red fluorescence
indicates the dead cell population.
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as soon as 1 day after incubation. In contrast, significantly
reduced adsorption (42−59% reduction) of BSA is observed
when the slippery surface coating is applied (Figure 2B and
Table S2), mainly because of the slippery “liquid-like” property
of its covalently attached PDMS brushes, which can prevent
the adsorption of proteins. In long-term studies, the
antiprotein adsorption property of the slippery surface coating
is further proven by incubating PDMS thin films with and
without the coating for 14, 21, and 30 days (Figure 2C and
Table S2). The mechanical stability is critical for practical
applications. To that end, we investigate the mechanical
durability of a covalently attached slippery surface coating by
stretching at a 5% strain 10,000 times or stirring in 1× PBS at
500 rpm for 3 days (Figure S4A,B). The confocal fluorescence
microscopy images (Figure S4C) and quantitative average
intensity characterizations (Figures S4D−F) suggest that
PDMS thin films with slippery surface coatings maintain the
capability to significantly reduce the protein adsorptions after
mechanical deformations by stretching and stirring (****,P <
0.0001; ***, P < 0.001). The antiprotein adsorption property
of the slippery surface coating was further proven by
incubating PDMS with and without the coating in 1 mg/mL
fibrinogen (human fibrinogen Alexa Fluor 594 conjugates) for
1, 3, 7, 14, 21, and 30 days (Figure 2D−F and Table S2).
Antiprotein Adsorption Property on 3D PDMS Micro-

fluidic Channels. Inspired by the significant reduction of
protein adsorptions with the slippery surface coating on planar
PDMS surfaces, we then wonder whether such coatings could
be adapted to 3D microfluidic channels because microfluidic
channels have multiple applications ranging from implantable
neural probes for drug delivery to platforms for organs-on-
chips.35 To answer this question, we studied the antiprotein
adsorption property on 3D PDMS microfluidic channels.
Figure 3A shows a schematic illustration of the setup, including
a syringe pump, a microsyringe that contains protein-rich
solutions, and 3D microfluidic channels with liquid-like surface
coatings. Figure 3B shows an optical image of a PDMS device
with multiple 3D microfluidic channels. The protein-rich
solution (1 mg/mL human fibrinogen or BSA) is infused
through microfluidic channels with a flow rate of 1 μL/min by
using a syringe pump. 3D mapping images that incorporate the
whole depths of microfluidic channels from the bottom to top
layers as a function of time are shown in Figure 3C.
Fibrinogens (red fluorescence) are observed in microfluidic
channels without surface coatings. The fluorescence intensity
increases significantly from 0 to 5 min and reaches a plateau
from 5 to 20 min. In contrast, microfluidic channels with
slippery coatings show reduced fluorescence signals (Figure
3C). Quantitative analysis of the fluorescence intensity using
ImageJ software further confirms the reduced protein
adsorptions (55−79% reduction for BSA and 44−57%
reduction for fibrinogen) for 3D microfluidic channels with
surface coatings (Figure 3D,E and Table S3) mainly because
highly mobile PDMS brushes attached on the channel surfaces
prevent the protein adsorptions. To further evaluate the
effective cleaning of surface coatings on the microfluidic
channels, we also performed related experiments using
deionized (DI) water to flush through the microfluidic channel
after emptying the protein solution. Figure S5 shows the
changes in the fluorescence intensity as a function of time for
effective cleaning. With slippery-surface-coated microfluidic
channels, the proteins were easily and quickly removed,
resulting in a significant decrease in the intensity signal as soon

as 1 min. In contrast, with uncoated microfluidic channels, the
protein remained attached to the surface of the microfluidic
channels and a much smaller decrease in the fluorescence
intensity was observed. Overall, this study suggests the effective
cleaning of 3D PDMS microfluidic channels using slippery
surface coatings.

Cell Metabolic Activity Determined by MTT Assay.
Biocompatibility is a key consideration for in vivo applications
of the developed surface coatings, which determines how long
and how well they are capable of sustaining their functionality
in the physiological environment. Human cortical spheroid or
organoid models have emerged as a promising platform for
neurotoxicity, drug screening, and disease modeling stud-
ies.36,37 Our previous study has investigated the interactions of
cortical spheroids with various biomaterials, including nano-
particles and microplastics.38 The timeline of cortical spheroid
formation and iNPC development from human-induced
pluripotent stem cells (hiPSCs) is shown in Figure 4A. MTT
activity shows the cell viability and metabolic activity observed
over 1, 3, 5, and 7 days for bare PDMS and PDMS with the
slippery surface coating in the coculture systems in comparison
with the cell-only group (Figure 4B). With increasing culture
time, the activity of iNPCs increased and reached a plateau.
iNPC morphology shows the occurrence of a neural network
after 10 days of replating and coculturing with PDMS and with
slippery surface coatings, respectively (Figure 4C). These
results indicate that the biocompatibility of the slippery surface
coatings with iNPCs is comparable with that of the cell-only
group.

Cell Viability Determined by Live and Dead Flow
Cytometry Assay. For the biocompatibility of slippery
surface coatings with iNPCs of the cortical spheroids, there
are two different types of experiments conducted: a short-term
7-day coculture and a long-term 21-day coculture. The cell
viabilities are measured by live/dead assay quantified by flow
cytometry. The short-term culture data are shown in parts D−
F of Figure 4, and the long-term culture data are shown in
parts G−I of Figure 4. For short-term culture, the live cells in
PDMS with slippery surface coatings are 74.9%, slightly lower
than 84.7% of the cell-only group (control) and 87.4% of the
PDMS group. For the long-term culture, PDMS with slippery
surface coatings has 83.9% of live cells, comparable with that of
the cell-only group (88.6%) and slightly higher than that of the
PDMS group (77.8%). These results further support the
biocompatibility of the slippery surface coatings.

■ CONCLUSION
We demonstrate that the liquid-like slippery coating
significantly reduces the adsorptions of proinflammatory
serum proteins, human fibrinogen and albumin, on planar
PDMS surfaces and in 3D microfluidic channels. The
preparation of the surface coating relies on scalable and simple
dip-coating methods. UV−vis spectra reveal the optical
transparency of the surface coating, thereby enabling potential
applications in optoelectronic devices. Additionally, MTT data
show that the surface coating has good biocompatibility as
PDMS and cell-only coculture systems with iNPCs. In
addition, both short-term (7 days) and long-term (21 days)
studies by live and dead assay show good cell viability of the
prepared surface coatings. These results lay a foundation for
the future applications of slippery surface coatings to reduce
protein adsorptions for basic biomedical research and clinical
medicine.
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■ EXPERIMENTAL SECTION
Materials. 2-Propanol (≥99.5%), sulfuric acid (95%−98%),

dimethyldimethoxysilane (95%), agarose, Dulbecco’s phosphate-
buffered saline (PBS) with MgCl2 and CaCl2, 100 mL of a sodium
bicarbonate solution (7.5%), poly(methyl methacrylate) (PMMA),
Accutase solution, LDN193189 (a bone morphogenetic protein
inhibitor), SB431542 (a transforming growth factor inhibitor), 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
and 98% retinoic acid (RA) were purchased from Sigma-Aldrich (St.
Louis, MO). Poly(dimethylsiloxane) (PDMS; Dow SYLGARD 184)
was purchased from Ellsworth Adhesives (Germantown, WI).
Fluorescein-conjugated bovine serum albumin (BSA−FITC con-
jugate), fibrinogen from human plasma (Alexa Fluor 594 Conjugate),
minimum essential medium-alpha (α-MEM), and Dulbecco’s
modified eagle medium (DMEM/F12) were received from Thermo
Fisher Scientific (Waltham, MA). mTeSRTM 1 medium (20 mL of
mTeSRTM 1 basal and 5 mL of mTeSRTM 1 5× supplement) was
purchased from STEMCELL Technology, Inc. (Cambridge, MA). B-
27 serum-free supplement, fibroblast growth factor-2 (FGF2), and
penicillin/streptomycin were purchased from Life Technologies
(Carlsbad, CA). Fetal bovine serum was purchased from Atlanta
Biologicals (Lawrenceville, GA). Y27632 (a Rho-associated kinase
inhibitor) was purchased from iXCells, Biotechnologies (San Diego,
CA). Growth-factor-reduced Matrigel, a 150 mm tissue culture Petri
dish, 24- and 96-well ultralow attachments, and 6-, 24-, and 96-well
tissue culture plates were purchased from Corning (Corning, NY).
Silicon wafers were bought from University Wafers. Ultrapure water
applied in all of the washing steps was run by a Milli-Q Type 1 system.
Preparation and Characterization of Slippery Surface

Coatings on PDMS Surfaces. PDMS thin films (thickness: ∼40
μm) were prepared by spin-coating silicone elastomers (elastomer/
curing agent ratio, 10:1; Sylgard 184, Dow Corning) at 2000 rpm for
30 s on a PMMA-coated silicon wafer. The prepared PDMS thin films
were then cured in a 75 °C oven for 1 h and treated with oxygen
plasma (Harrick Plasma Inc.). In parallel, 2-propanol, dimenthyldi-
methoxysilane, and sulfuric acid were added to a 20 mL glass vial to
prepare the reaction solution; the volume ratio of 2-propanol to
dimenthyldimenthoxysilane to sulfuric acid was kept at 100:10:1.
Next, the oxygen-plasma-treated PDMS thin films were dip-coated in
the reactive solution for ∼30−60 s and then dried at room
temperature or at 75 °C in an oven.
UV−Vis Spectra and Transparency Tests. The transparency of

PDMS thin films with and without slippery surface coatings was
measured by using a V-770 UV−vis/near-IR spectrophotometer
(Easton, MD) under a wavelength range from 100 to 900 nm.
XPS Measurements. A Thermo Scientific K-Alpha X-ray

photoelectron spectrometer was used to characterize the PDMS
thin films with oxygen plasma treatments (n = 3) and three samples
functionalized with the slippery surface coating.
Characterization of the Antiprotein Adsorption Property

on Planar PDMS Surfaces. A total of 5 mg of BSA powder (FITC
conjugate) was dissolved in Dulbecco’s PBS to prepare a 1 mg/mL
BSA-rich solution. Similarly, 5 mg of human fibrinogen powder (Alexa
Fluor 594 Conjugate) was dissolved in a sodium bicarbonate solution
to make a solution containing fibrinogen. The PDMS thin films
treated with and without surface coatings on the silicon wafer were
incubated in glass vials containing the BSA or human fibrinogen
solution at 37 °C for 1, 3, 7, 14, 21, and 30 days, respectively. A Nikon
A1R HD confocal microscope was used to capture high-resolution
confocal images at excitation wavelengths of 488 nm (for BSA) and
558 nm (for fibrinogen).
Characterization of the Antiprotein Adsorption Property

on 3D PDMS Microfluidic Channels. 3D PDMS microfluidic
channels (cross section width, 200 μm; height, 50 μm) were prepared
by using standard soft lithography and a molding process on a SU-8
mold. The above-mentioned reactive solution was pumped into
oxygen-plasma-treated channels for 10 min to form the slippery
surface coatings. The functionalized 3D microfluidic channels were
then rinsed with DI water several times and dried in a 75 °C oven.
Characterization of the antiprotein adsorption property started by

infusing a protein-rich solution (1 mg/mL BSA in 1× PBS or 1 mg/
mL fibrinogen in a sodium bicarbonate solution) with a flow rate at 1
μL/min into microfluidic channels that connected with a plastic tube.
Confocal images were captured at 0, 5, 10, 15, and 20 min. Z-stack
scanning (150 μm in total, with each step of 10 μm) was performed at
a scanning speed of 1.56 s/step. Repeated experiments were
performed at least three times for each group.

hiPSC Culture. The culture of hiPSCs was performed following
our previous publications.39,40 Human iPSK3 cells were derived from
human foreskin fibroblast transfected with plasmid DNA encoding
reprogramming factors OCT4, NANOG, SOX2, and LIN28. Briefly,
the 6-well tissue culture plate was coated with Matrigel (1:30 dilution
in DMEM/F12) and incubated at 37 °C. The cells were dissociated
by Accutase for 5−10 min at 37 °C. Then, 1.5 × 106 cells were seeded
onto the Matrigel-coated 6-well plate in the presence of 10 μM Y-
27632 in a mTESR medium. The medium was changed every day,
and the cells were passaged once a week.

Cortical Spheroid Differentiation from hiPSCs. The cortical
spheroid differentiation was performed as shown in our previous
publications.41,42 Briefly, the dissociated hiPSCs were seeded into an
ultralow attachment 24-well plate at 3 × 105 cells/well in the
differentiation medium (DMEM/F12 + 2% B-27) and 10 μM Y-
27632. After 24 h of incubation, the culture medium was changed to
DMEM/F12/2% B27 with 10 μM SB431542 (a potent and selective
inhibitor of the transforming growth factor-β pathway) and 100 nM
LDN193189 (a potent inhibitor of the bone morphogenetic
pathway). The medium was changed every other day. On day 8,
the medium was changed to DMEM/F12/2% B-27 with 10 ng/mL
FGF2 and 5 μM RA. This culture was maintained for another 8 days.
The formed cortical spheroids were then replated onto Matrigel-
coated surfaces until the neural network was established (around 10
days). This cell population was referred to as hiPSC-derived iNPCs.

MTT Assay for Biocompatibility Study. For a short-term
biocompatibility study, the day-16 iNPCs were replated to the 96-well
tissue culture plate containing PDMS with the slippery surface coating
in neural differentiation medium. There are three groups used for
comparison of the MTT activity. PDMS and cell-only conditions were
tested as the control groups. The cells were incubated with a 5 mg/
mL MTT solution at days 1, 3, 5, and 7 for 2−4 h. Then, the
formazan crystals were centrifuged and hydrolyzed by dimethyl
sulfoxide (Sigma). Afterward, the pink solution was read at 570 nm by
the microplate reader (BioRad Laboratories, Hercules, CA).

Live/Dead Assay Analyzed by Two-Color Flow Cytometry.
The cell viability of PDMS with or without coatings in the coculture
system was determined using the Live/Dead staining kit (Molecular
Probes) according to the manufacturer’s protocol. For the short-term
biocompatibility study, after a 7-day culture, the replated iNPCs were
dissociated by Accutase for 40 min to make single-cell solutions. For
the long-term biocompatibility study with neural cells, after a 21-day
coculture, iNPCs were dissociated by Accutase for 40 min to make
single-cell solutions. Then, 50 μM calcein AM and 2 mM ethidium
homodimer-1 were added to the cell suspensions. The cells were
incubated for 15−20 min at room temperature, protected from light.
The stained cells were acquired by a BD FACSCanto II flow
cytometer using 488 nm excitation and measuring green fluorescence
emission for calcein (i.e., 530/30 bandpass) and red fluorescence
emission for ethidium homodimer-1 (i.e., 610/20 bandpass) within
1−2 h. The acquired events were analyzed with proper color
compensation against negative controls using FlowJo software.

Statistical Analysis. A Student’s t test was used for statistical
analysis of the protein adsorption experiments. A one-way analysis of
variance (ANOVA) was conducted to compare the cell viabilities by
MTT assay. All groups were compared with each other with Tukey’s
multiple comparisons test. ImageJ software was utilized to calculate
and fully interpret the intensity of the fluorescence signals.
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