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ABSTRACT: This manuscript describes a simple and versatile approach to
engineering surface roughness gradients via combination of microfluidics and
photopolymerization. Through UV-mediated polymerization, N-isopropylacry-
lamide with concentration gradients are successfully grafted onto PDMS
surface, leading to diverse roughness degrees on the obtained PDMS substrate.
Furthermore, the extent of surface roughness can be controllably regulated via
tuning the flow rate ratio between the monomer solution and deionized water.
Average roughness ranging from 2.6 + 0.7 nm to 163.6 + 11.7 nm has been
well-achieved in this work. Such PDMS samples are also demonstrated to be
capable of working as supporting substrates for controlling cell adhesion or
detachment. Because of the different degrees of surface roughness on a single
substrate, our method provides an effective approach for designing advanced
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surfaces for cell culture. Finally, the thermosensitive property of N-
isopropylacrylamide makes our sample furnish as another means for controlling the cell detachment from the substrates with

correspondence to the surrounding temperature.
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1. INTRODUCTION

Over the past decades, it has been well-demonstrated that the
microenvironment in which cells reside plays a pivotal role in
regulating a variety of cellular behaviors such as adhesion,
differentiation, migration, etc.'™ Apart from the biochemical
signals of the extracellular matrix (ECM),>* cells have also been
recognized to be capable of reacting to the physical nature of
the underlying substrates,””® e.g, the mechanical stiffness,
topographic features, or surface roughness.”'’ Thanks to the
rapid progress in micro/nanofabrication approaches, nowadays
researchers can engineering or synthesize custom-designed
substrates. Such synthetic microenvironments provide advanta-
geous opportunities for investigators to figure out the
interactions between the physical environment and the cellular
behaviors.' "

Surface roughness, which commonly relates to the texture of
the uppermost layer of a bulk material, is one of the most
important physical factors that influence cell functions. To date,
several kinds of approaches have been developed to produce
controlled surface roughness including nanoparticle/nanofiber
formation,"® surface grafting,14 chemical processing,15 etc. It has
also been indicated from extensive evidence that the roughness
degree of the supporting substrate can effectively manipulate a
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host of cellular behaviors, e.g., proliferation16 and osteointegra-
tion."” Particularly, roughness gradients on one substratum are
typically more favorable, as they enable systematic inves-
tigations performed within a single experiment while preserving
varying surface parameters.ls_zo For instance, by a two-step
roughening and smoothening process, T. P. Kunzler et al. have
found that the proliferation of human gingival fibroblasts
(HGF) decreased with increasing roughness on one substrate.'
Recently, roughness gradients of polycaprolactone were
designed via A. B. Faia-Torres et al. as a platform to identify
the impact of roughness on osteogenic fate of stem cells in
vitro.”" Even though systematic studies have been performed
on account of surface roughness gradients, it has yet been
limitedly focused on the flexible modulation of roughness
degrees in a straightforward manner. The capability to alter
average roughness (R,) of the substrate for cell culture
facilitates a simple approach to search for optimal testing
parameters within minimum time consumption. In regard of
this, here we present a novel method via combination of
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Figure 1. (a) 3D configuration of microfluidic chip for concentration gradient generation with six branches. The branches were combined together
close to the outlet O2 as a collection chamber. (b) Fabricated microfluidic chip with injected green/red ink solutions for better contrast. The bottom
right figure provides the tunable concentration gradients in six branches via changing the values of Q,/Q, as described.

microfluidics and photopolymerized grafting to flexibly
restructure surface roughness gradients on native Polydime-
thylsiloxane (PDMS) surface.

Up to now, microfluidics has been extensively demonstrated
as a powerful means for generation of chemical concentration
gradients.”” ™" As presented in our previous work, concen-
tration gradients can be simply established via a microfluidic
network and each particular concentration can be flexibly tuned
via changing the flow rates between two incoming micro-
streams.”> Here, such microfluidic design is employed to build
concentration gradients of N-isopropylacrylamide (NIPAM) in
microchannels, which will then be grafted onto native PDMS
surface via photopolymerization. NIPAM is a thermoresponsive
polymer that has been well-established and adopted in all sorts
of biological aspects such as protein adsorption and cell
manipulation.”*~** NIPAM is of great interest for its reversible
conformational transition from expanded coil to compact
globule related to the temperature change around the lower
critical solution temperature (LCST) of 32 °C, which is in a
physiologically relevant temperature range.””** In this report,
we will demonstrate that not only the surface roughness
gradients could be used to systematically figure out the
relationships between cell behaviors and substrate morpholo-
gies but the change in ambient temperature can also facilitate
regulating cell adhesion or detachment from the supporting
substrates.

2. METHODS

Figure la shows the configuration of our microfluidic network design
for generation of controllable concentration gradients. The fabrication
process of PDMS-based microfluidic device follows conventional soft-
lithography technique and replica molding method.*** As shown in

the figure, I1 and I2 are inlets for injections of solutions with different
concentrations, whereas O1 and O2 are outlets for solution exports.
Both inlets were connected with individual syringe pump (PHD 2000,
Harvard Apparatus, Holliston, USA) such that the flow rates could be
adjusted separately. Design principle of the concentration gradient
generator has been previously discussed in detail in our previous
work.”® The basic principle of the gradient generator lies in diffusion
and convection during liquid transports inside the microchannel. Via
changing the flow rates of two inlets (Q, and Q, for Il and 12,
respectively), the localized concentration in each branch can be
promptly adjusted due to the redistribution of the flows inside the
microfluidic channel. Key dimensional parameters of a critical part of
the microfluidic chip were provided via the inset. The height and the
width of the entire microfluidic channel are designed as around 250
and 300 pm, respectively. The collection chamber, where all six
branches were combined together, has a total surface area of 15 mm X
9 mm as depicted. Figure 1b provides the image of the real
microfluidic device which is placed on a glass slice. The microchannels
were injected with red (Q,) and green (Q,) dye solutions for a better
contrast. To demonstrate the flexible control of concentration
gradients, the bottom right picture gives the dye distributions inside
the branches which can be simply tuned via regulating the ratios
between Q; and Q,. Here the flow rate ratios (Q;/Q,) were set of
three conditions namely 1.0/1.5, 1.5/1.5, and 2.0/1.5 as presented.
The change of color in the collection chamber represents the variation
of concentrations inside each branch channel (yellow dashed ellipse in
Figure 1b). As a consequence, it can be confirmed that not only can
concentration gradients be established via our design but the particular
concentration values in each branch can also be flexibly regulated
based on the flow settings.

Recently, grafting of polymers onto substrate surfaces has been
extensively developed as the subject of numerous experimental studies.
Although kinds of polymer materials (e.g, NIPAM, acrylic acid) have
been successfully grafted onto various surfaces (e.g, PDMS, nylon),
rare reports focused on controllable grafting of polymers with
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Figure 2. Procedure schematic of grafting NIPAM with concentration gradients onto native PDMS surface via combination of microfluidic approach
and post photopolymerization process. (a) Injection of photoinitiator (benzophenone) dissolved in acetone into the microfluidic chip for
photoinitiator absorption; (b) microfluidic chip was vacuumed dried for residual removal; (c) generation of monomer (NIPAM) concentration
gradients in the collection chamber; (d) photopolymerization to graft NIPAM onto the native PDMS surface with concentrated gradients.
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Figure 3. Optical images of PDMS surface grafted with NIPAM concentration gradients. Five samples were demonstrated with tunable Q; and fixed
Q,. Branch 1 is the branch with highest NIPAM concentration and branch 6 corresponds to the one of lowest NIPAM concentration.

concentration gradients.*>™*° Figure 2 depicts the preparation
procedure of grafting NIPAM with concentration gradients onto
native PDMS surface. First, a PDMS slab patterned with microfluidic
structures was bonded to another flat PDMS slab after 2 min oxygen
plasma cleaning. Prior to the injection of NIPAM solutions,
benzophenone (10 wt % in acetone) was flushed through the
assembled microchannel via port O2 with a constant flow rate of 5.0
mL/h for 10 min. By this means, hydrophobic benzophenone
molecules can be freely adsorbed into the microfluidic PDMS inner-
walls thanks to the acetone-induced swelling of PDMS matrix.***” The
whole microfluidic system was then vacuum-dried for ~10 min to
remove residual solvents from the microfluidic channel. Monomer
solution (20 wt % NIPAM in DI water) and DI water were then
injected simultaneously into the microchannel via I1 and 12,
respectively. As described in Figure 1, stable but tunable concentration
gradients could thus be flexibly established via regulating the ratios
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between two incoming flow rates. It can be thus achieved that the
NIPAM concentrations will gradually increase from branch 6 to
branch 1. For a typical condition of Q,/Q;, we waited for 5 min to
ensure the stable establishment of concentration gradients inside the
collecting chamber. Afterward, injection was stopped and the
microfluidic device was immediately moved onto an ice-pack and
irradiated under ultraviolet light for 15 min, with a fixed distance of
~10 cm between the UV lamp (50 mW/cm?) and the microfluidic
sample. Upon such UV-mediated polymerization process, NIPAM can
be successfully grafted onto the uppermost layer of the bulk PDMS
substrate. Finally, the NIPAM-grafted PDMS slab was gently detached
from the microfluidic assembly and sequentially flushed with ethanol
and DI water to completely remove residuals.
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Figure 4. (a) Optical image of the obtained PDMS sample GS grafted with NIPAM concentration gradients; (b) FTIR spectra of NIPAM gradients-
grafted PDMS compared to native PDMS. Three branches (branch 1, 3, and S) from sample G5 (indicated in panel a) were selected for spectral
measurement. (c) AFM images of the six branches from sample GS. All of the AFM images were obtained in ambient conditions with scan area of
(20 um)?. The average roughness degrees of the six selected regions were found to be 163.6 + 11.7 nm, 125.6 + 10.8 nm, 92.4 + 6.1 nm, 69.1 + 1.1

nm, 12.9 + 4.2 nm, and 2.6 + 0.7 nm, respectively.

3. RESULTS AND DISCUSSIONS

3.1. Surface Characterization. As mentioned above, the
exact concentration in each branch can be flexibly tuned via
changing the flow rate ratios. Here, we fixed the flow rate of DI
water (Q,) while gradually changed the flow rate of the
monomer solution (Q,) for tuning the specific concentrations
in each branch. Q, was set as 1.2 mL/h and Q; gradually
increased from 0.4 to 2.0 mL/h with a step of 0.4 mL/h. For
each condition, the obtained sample was named as G1, G2, and
so forth, where G1 stand for sample with Q; of 0.4 mL/h and
Q, of 1.2 mL/h (as described in Figure 3). For each sample,
branch 1 corresponds to the branch with highest NIPAM
concentration and branch 6 corresponds to the one with lowest
concentration. Figure 3 shows the optical images of the PDMS
surface where NIPAM has been grafted with gradients. It can be
obviously found that the feature size of the investigated surface
gradually decreased from branch 1 to 6 with consistence to the
concentration gradients of NIPAM. By this means, it can be
concluded that the NIPAM concentration plays an important
role in defining the surface morphologies of PDMS. In addition,
via tuning the flow rate ratios, we could also obtain different
feature sizes of different samples even within the same branch.

For example, the feature size of branch 1 from sample GS is
apparently larger than that from sample G3 due to the relative
high concentration of NIPAM in this branch before photo-
polymerization. Typically, a higher Q,;/Q, will render a higher
NIPAM concentration in the specific branch, such that the
feature size of the surface can be found increased as shown in
Figure 3.

To confirm the successful grafting of NIPAM onto PDMS
surface, Fourier transform infrared spectrometer (FTIR) was
introduced for surface composition analysis with a resolution of
2 cm™. Figure 4a gives the optical images of the obtained
PDMS sample GS with grafted NIPAM gradients. Such sample
has been cut from the microfluidic channel for further
investigation and experiment. Figure 4b shows the FTIR
spectra of PDMS surface grafted with NIPAM gradients
compared with native PDMS sample. Without loss of
generality, here branches 1, 3, and S from sample GS were
chosen for qualitative measurement. Compared to the
unmodified PDMS (reference spectrum), the N—H stretch at
3350 and 1540 cm™' as well as C=0 stretch at 1631 cm™
confirmed the presence of amide groups in the PDMS surface
grafted with NIPAM.** Furthermore, the characteristic
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Figure S. Fluorescence images of cell attachment on the surface with different roughness degrees. HepG-2 cell were stained by cell tracker dye
(Green). MSCs were transfected with GFP (green). A is utilized to define the total area of cell adhesion, whereas A, as the total area of the vision.

The scale bar is 50 pm.

absorption bands at 1368 and 1387 cm™' indicated that the
isopropyl groups existed in the scanned regions of the sample.
It should be noted that a higher concentration of NIPAM does
not exactly render a higher absorbance phenomena in the FTIR
spectrum as observed. One possible explanation should be that
the flatness of the measured surface also play an important role
of the relative intensities of the absorbance. Surface topography
of sample G5 was examined via atomic force microscopy
(AFM) as found in Figure 4c with a scan area of (20 um)>
Figure 4c provides typical AFM images of the six branches from
sample GS. The average surface roughness (Ra) for the
measured positions was 163.6 + 11.7 nm, 125.6 + 10.8 nm,
924 + 6.1 nm, 69.1 + 1.1 nm, 12.9 + 42 nm, and 2.6 + 0.7
nm, respectively. From the results, we could simply find that
the successful grafting of NIPAM gradients results in different
roughness degrees of the PDMS surface. In addition, it can be
concluded that the roughness degrees gradually decreased from
the branch related to higher NIPAM concentration to the
branch of lower NIPAM concentration.

3.2. Cell Culture on Sample G5. In this section, sample
GS will be introduced as the supporting substrate for cell
culture to demonstrate the impact of roughness degrees on the
cellular behaviors. Mesenchymal stem cells (MSCs) derived
from mouse bone marrow and Hepatocellular carcinoma cell
lines HepG-2 were adopted in this demonstration. The MSCs
and HepG-2 cells were maintained in Alpha-MEM (minimum
essential medium) and high glucose DMEM (Dulbecco’s
modified eagle’s medium) with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 yg/mL streptomycin at 37
°C in a humidified atmosphere containing 95% air and 5%
CO,, respectively. To trace the live cell, the MSCs have been
transfected with GFP (green fluorescent protein), whereas
HepG-2 cells were stained by Cell Tracker Probes Green
CMFDA (S-chloromethylfluorescein diacetate). Furthermore,
the cell F-actin has also been stained with Alexa Fluor 488
phalloidin in order to characterize the cell morphology on the
PDMS substrate. The MSCs were obtained from Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,

China and the HepG-2 cells were purchased from ATCC. The
cell culture medium (Alpha-MEM and high glucose DMEM),
FBS, penicillin, streptomycin were obtained from GIBCO
Invitrogen. The Cell Tracker Probes Green CMFDA and the
Alexa Fluor 488 phalloidin were purchased from Life
Invitrogen. All the cell staining processes were following
standard product instructions. Cells were visualized using
Olympus fluorescence microscopy (Olympus IX 71, Japan) and
the collected images were then analyzed via Image Pro Plus 6.0.

Before each cell culture cycle, the NIPAM-grafted PDMS
substrate was soaked in 75% ethanol for half an hour, followed
by washing with sterile water and rinsing with Phosphate-
Buffered Saline (PBS) for three times. After that, the sample
was directly transferred to sterile culture dish and covered with
cell culture mediums for further biological experiment. Before
the cell seeding process, the above cell culture mediums were
completely removed from the PDMS sample and the culture
dish. Fresh cell culture mediums with preadjusted cell densities
were then provided to the culture dish. MSCs and HepG-2
were respectively seeded onto the PDMS substrate with density
of approximately 1 X 10°/cm? here. After 24h in the 37 °C
incubator, the fluorescence images were recorded and given as
Figure 5. Pictures labeled with control are control experiments
of cell culture based on native PDMS substrate. It can be
observed from the figure that both kinds of cells can attach to
the surface of the substrate within the investigated branches.
This is consistent with other reports that under such
temperature, the NIPAM-grafted surface can be adopted as a
substrate for successful cell attachment.”” However, the number
of the attached cells (both HepG-2 and MSCs) obviously
differs from each branch as provided by the data in Figure S.
The ratio between the total area of cell adhesion and the
captured vision (A /A,) was calculated in order to character-
ize the cell attachment results based on different roughness
regions. The right part of Figure 5 gives the values of A /Ay
for all six branches where B1 stands for branch 1 and so forth.
The data showed that with the increase of surface roughness,
the value of A /A,y became relatively smaller which indicated
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that fewer cells could be capable to attach well onto such
particular region. In addition, from the images we also observed
that, with the increase of surface roughness the cell could not
freely flatten and spread. It suggested that the number of
attached cells as well as the areas of attached cells were both
reduced with correspondence to the increase of the degrees of
surface roughness.

To characterize the cell morphology on PDMS substrate, the
cell F-actin and nucleus were further stained with Alexa Fluor
488 phalloidin and DAPI (4',6-diamidino-2-phenylindole),
respectively. Such processes of cell staining were conducted
at room temperature (approximately 20 °C) and the
corresponding fluorescence images were shown in Figure 6.
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Figure 6. Fluorescence images of cell F-actin on Sample GS. Cell F-
actin and nucleus were stained with Alexa Fluor 488 phalloidin (red)
and DAPI (blue), respectively. The scale bar is S0 ym.

As NIPAM alone could undergo reversible phase transition in
response to the surrounding temperature as mentioned above,
grafting of NIPAM makes the obtained PDMS surface (sample
GS) temperature sensitive. For such case with temperature of
~20 °C, the surface of the PDMS substrate commonly got
swollen due to the presence of NIPAM. Such a change of the
surface characteristic would result in obvious cell detachment
from the substrate. We observed that with the increase of the
grafted NIPAM concentrations, more cells, especially MSCs,
could detach from the substrate among branches 1—4, whereas
for branches 5 and 6, it was found that most MSCs can still rest
on the substrate compared to the other branches. One possible
reason for this phenomenon is that for these two branches
(branch S and 6), relative smaller concentrations of NIPAM
were grafted onto the PDMS surface. As a consequence, the
temperature change will not result in obvious surface
morphology alternation which is required for successful cell
detachment. However, for HepG-2 cells, it could be perceived
that to some extent portion of the cells could still reside well on
the substrate for all six branches under the same condition as
MSCs with temperature of around 20 °C. This may be due to
the fact that HepG-2 cells do not present an obvious response
to the alternation of the supporting substrates, which would
finally lead to cell detachment as mentioned above. As a result,
the swollen change of the substrate surface will not dramatically
affect the attachment results of HepG-2 cells.

4. CONCLUSIONS

In summary, we have successfully grafted NIPAM onto PDMS
surface with concentration gradients via combination of
microfluidic concentration gradient generators and photo-
polymerization process, leading to realization of surface
roughness gradients in a highly controllable manner. Such a
simple and effective method can be adopted to quickly generate
substrates with a wide range of surface roughness in nanoscale.
The magnitude of the average surface roughness in this work
was well controlled within range up to ~163.6 + 11.7 nm. Via
tuning the flow rate ratios between two injecting streams
containing NIPAM monomer and DI water, five samples with
different extents of roughness values were successfully prepared.
Finally, sample GS was adopted as the substrate for cell culture
where the diverse degrees of surface roughness reveal to be
playing an important role to define the cell behaviors. It was
concluded that the number of attached cells and the areas of
attached cell were both reduced with correspondence to the
degree increase of surface roughness. We believe that such a
versatile approach of engineering surface roughness gradients
can be broadly applied in various aspects from tissue
engineering to cell investigations.
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