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ABSTRACT

Biofouling on silicone implants causes serious complications such as fibrotic encapsulation,
bacterial infection and implant failure. Here we report the development of antifouling-
antibacterial silicones through covalent grafting with a cell membrane-inspired zwitterionic
gel layer composed of 2-methacryolyl phosphorylcholine (MPC). To investigate how sub-
strate properties influence cell adhesion, we cultured human blood-derived macrophages and
Escherichia coli on polydimethylsiloxane (PDMS) and MPC gel surfaces with a range of 0.5
kPa-50 kPa in stiffness. Cells attach to glass, tissue culture polystyrene and PDMS surfaces,
but they fail to form stable adhesions on MPC gel surfaces due to their superhydrophilicity
and resistance to biofouling. Cytokine secretion assays confirm that MPC gels have much
lower potential to trigger pro-inflammatory macrophage activation than PDMS. Finally, mod-
ification of the PDMS surface with a long-term stable hydrogel layer was achieved by sur-
face-initiated atom transfer radical polymerization (SI-ATRP) of MPC, and confirmed by the
decrease in contact angle from 110 ° to 20 °, and >70% decrease in attachment of macrophag-
es and bacteria. This study provides new insights into the design of antifouling and antibacte-

rial interfaces to improve the long-term biocompatibility of medical implants.
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1. INTRODUCTION

Biofouling on medical devices'™ causes adverse complications, such as fibrotic encapsula-
tion', thrombosis*, and biomaterial-associated infection’. Silicone is a widely used material in
medical applications due to ease of fabrication, nontoxicity, high flexibility and transparency.6
Despite these advantages, silicone often endures a high extent of nonspecific protein fouling
after implantation owing to its superhydrophobicity. Protein adsorption facilitates the attach-
ment and activation of immune cells (macrophages), recruitment of fibroblasts, and formation
of a collagen capsule around the implant. This complication has been termed as the foreign
body response (FBR)’, which significantly potentiates bacterial infections.® FBR-associated

infections® are often promoted by bacterial attachment on surfaces'®"!

and subsequent bio-
film formation."? Furthermore, the increasing occurrence of antimicrobial resistance” * asks
for new all-in-one strategies that minimize initial attachment of immune cells and bacteria on
implant surfaces to mitigate FBR and associated infection risks.

Increasing efforts have been devoted to improving the biocompatibility of silicone. Unlike
most polymers, modification of poly(dimethyl siloxane) (PDMS) is a challenging task due to
its low glass transition temperature (Ty). A conventional approach to prepare hydrophilic
PDMS is through surface oxidization via UV-ozone or plasma treatment. While the treated
surface remains hydrophilic for a period of a few minutes to hours, PDMS networks are grad-
ually rearranged due to the low T, (ca. -123°C) and a hydrophobic surface is regenerated in
the longer term.

Recent advances in materials science have witnessed a number of antifouling materials based
on neutral and zwitterionic polymer brushes.'*' For instance, polyethylene glycol (PEG) de-
rivatives have been exploited to render silicon wafers, PDMS and other materials hydrophilic

via silanization.'® Zhang et al. reported a low-fouling surface based on poly(oligo(ethylene

glycol) methacrylate) (POEGMA) ' brushes grafted on silicon wafers via surface-initiated at-
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om transfer radical polymerization (SI-ATRP).'” However, PEG systems lack long-term sta-
bility since PEGs are prone to oxidative degradation.'®

Zwitterionic molecules have shown several promising features such as superhydrophilicity,
resistance to protein adsorption, and long-term stability."”*> Three commonly used types of
zwitterionic systems are phosphorylcholine, carboxybetaines, and sulfobetaines. For instance,

26
0° “° and surfaces

carboxybetaine-modified surfaces have water contact angles of less than 1
based on poly(carboxybetaine methacrylates) have shown resistance against fibrinogen ad-
sorption for up to 74 days.”> Recently, Jiang and co-workers reported zwitterionic polymer
brushes as well as hydrogels made of polycarboxybetaines as antifouling surfaces preventing
FBR." Polycarboxybetaine zwitterionic hydrogels were transplanted into mice and the for-
mation of a FBR was abolished for a period of 3 months. This success was attributed to the
antifouling properties of polycarboxybetaine, which prevents nonspecific protein adsorption
as well as cellular response such as macrophage activation.

While surface chemistry is an important factor for protein fouling on implants, biophysical
factors such as substrate stiffness and topography have a crucial influence on cellular respons-
es to implants.”” Of note, macrophage attachment and activation are tightly linked to the ex-
tent of acute and chronic inflammation, fibrosis and encapsulation of implants.*® Activated
macrophages are known to express different phenotypes in response to microenvironmental
signals.”’ These phenotypes have been classified as M1-like (pro-inflammatory) or M2-like
(anti-inflammatory) macrophages. M1-like macrophages are crucial players in the inflamma-
tion phase during tissue injury, whereas M2-like macrophages are linked to tissue repair. The
M1-like phenotype is characterized by high expression of pro-inflammatory chemokines and
cytokines (e.g. IL-8, TNF-q, IL-6) and surface markers (e.g. CD197). In contrast, M2-like

macrophages are associated with high expression of mannose receptors (e.g. CD206) on their

surface. It is now apparent that polarized macrophages are key players of the FBR.>" Strate-
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gies reducing attachment of inflammatory cells and promoting macrophage polarization to-

wards the M2-like phenotype at the implant interface are needed.
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Scheme 1. A) lllustration of cell seeding on MPC gels and PDMS surfaces with varying stiffness using
blood derived monocyte or E.coli; B) Chemical structures of materials used for preparing MPC and
PDMS samples.

While previous studies have demonstrated the antifouling properties of cell-membrane-
mimicking polymers based on 2-methacryloyloxyethyl phosphorylcholine (MPC), to date no
studies have successfully transferred these functional materials onto PDMS surfaces through
covalent attachment. Furthermore, a comprehensive investigation into how macrophages and
bacteria interact with biomaterial surfaces are required to design long-term biocompatible im-
plant interfaces that circumvent foreign response and bacterial infection. In this study, we re-
port a new approach to functionalize PDMS with a stable zwitterionic hydrogel surface with
antifouling and antibacterial properties. We cultured human blood-derived macrophages and
Gram-negative bacteria on PDMS and zwitterionic gels composed of MPC with different de-
grees of stiffness (Scheme 1). Photocrosslinking of MPC generated cell-membrane mimick-
ing materials that resist protein fouling. Distinct cell responses were found between PDMS
and MPC gels. In contrary to PDMS, MPC gels have much lower potential to trigger pro-
inflammatory macrophage activation and bacteria adhesion. Inspired by these findings, a new

strategy was designed to functionalize PDMS surfaces. Firstly, an ATRP initiator was cova-
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lently attached to the PDMS surface using a high M,, poly(glycidyl ether) linker. Subsequent-
ly, a zwitterionic MPC gel layer was grafted via SI-ATRP. The functionalized PDMS surface
is nontoxic and shows excellent stability against protein adsorption, macrophage activation

and bacterial attachment.
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2. RESULTS and DISCUSSION

2.1 Materials design and characterization

To investigate how substrate properties influence cell behavior, we prepared PDMS substrates
and zwitterionic MPC gels spanning a range of compliance. PDMS has been widely used for
studying cell-material interactions due to its low toxicity and tunable mechanical properties.
MPC is selected as the gel precursor for several reasons. MPC is a zwitterionic, cell mem-
brane-mimicking molecule containing a hydrophilic polar head group of phospholipids and a
photocrosslinkable methacrylate group. Furthermore, MPC has been previously used as coat-
ing material for improving the hemocompatibility of medical implants.’'”* We prepared
PDMS and MPC substrates with bulk stiffness (Table 1) in the 0.5 kPa-50 kPa range by vary-
ing the base:crosslinker (PDMS) or monomer:crosslinker (MPC) ratio from 40:1 to 10:1, re-
spectively. The formation of MPC gels by light-initiated polymerization was monitored by re-
al time photo-rheology as shown in Figure 1A. Both the kinetics of photocrosslinking and the
gel moduli were determined (Figure S1). After UV-curing, the MPC gels were soaked in PBS
solution for 4 days to reach a swelling equilibrium. It was found that the volumetric swelling
ratio decreases with increasing crosslinking density (Figure 1C). In contrast, all PDMS sam-

ples are non-swellable in PBS due to their inherent superhydrophobicity.

Rheology measurements show that the elastic modulus (G’) of PDMS and MPC gels is in the
range of 0.5 — 42 kPa (Figure 1B), which is comparable to moduli of various soft tissues.™

Accordingly, the theoretical mesh size of these networks is in the range of ca. 5 - 22 nm (Ta-

ble 1).
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Table 1. Properties of MPC gels and PDMS as a function of crosslinker concentration.

PDMS base catalyst gel modulus mesh size contact angle (°)
® ® (kPa) (nm)

Soft 40 1 1.3+£0.05 14.8+0.2 121.2+2.6

Middle 20 1 14.1£3.1 6.7+0.5 118.9+1.8

Hard 10 1 418+ 14 4.6 £0.1 110.2 +£2.1

MPC monomer EGDMA gel modulus mesh size contact angle
(mM) (mol %) (kPa) (nm) ©

Soft 2.0 2.5 0.4+0.02 21.9+£0.2 <5.0

Middle 2.0 5 42+0.1 10.0£0.2 82+1.4

Hard 2.0 10 28.7+3.5 53+0.2 18.7+2.1
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Figure 1. Physical characterization of PDMS and MPC gels. A) Schematic of plate-to-plate
oscillatory rheology measurement. B) Elastic modulus (G’) of PDMS and MPC gels measured by in
situ rheology at 0.1% strain, 10 rad/s angular frequency. C) Volumetric swelling ratio (Q,) of MPC
gels in PBS. D, E) Dynamic oscillatory rheological analysis of PDMS (D) and MPC gels (E) at

constant strain (0.1%) and temperature, angular frequency from 0.05 — 500 rad/s.

Next, the deformability and fluidity of PDMS and MPC gels were tested via dynamic rheome-
try (Figure 1D, E). For PDMS, G’ as a measure of the stored energy by the gels during de-
formation were nearly independent of frequency. The viscous modulus (G’”) represents the

energy loss during deformation. In all measurements, G’ is much higher than G’’°, indicating
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that the elastic behavior (i.e. gel-like) is dominant over the viscous (i.e. liquid-like) behavior.
For the soft PDMS, G’ is frequency dependent, showing the fluidity of this material. A similar
trend was observed for MPC gels with different extent of crosslinking (Figure 1E).
Hydrophobicity of different substrates was measured with water contact angle (Figure S2).
PDMS substrates show contact angles in the range of 110°-120° while the MPC gels have
contact angles below 20°. For PDMS, it was found that the hydrophobicity is dependent on
the extent of crosslinking. For the MPC gels, the contact angle of soft gels is even not meas-
urable due to complete wetting of the surface, indicating their superhydrophilicity.

2.2 Protein adsorption

It is generally accepted that hydrophobic surfaces absorb more proteins than hydrophilic sur-
faces.*® Therefore, hydrophobic surfaces like PDMS are expected to induce much higher level
of protein adsorption and cellular interactions in comparison to superhydrophilic MPC gels.
To prove this hypothesis, we incubated solutions of fluorescently labelled fibrinogen with dif-
ferent substrates for 72 h. After thorough washing, quantification of fluorescence intensity re-
veals substantial levels of protein adsorption on TCP, glass and all PDMS substrates (Figure
2). In contrast, much lower extent of protein adsorption was observed on all MPC gel surfaces

studied.
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*%

Fluorescence
intensity (a.u
a o
o (=]
2 °Q
=
w

ACS Paragon PRUs Environment



oNOYTULT D WN =

Langmuir

Figure 2. Protein adsorption on various susbstrates. Data presented as mean + SD of the arbitrary
units of fluorescence intensity of adsorbed Alexa-488 labelled fibrinogen. One-way ANOVA:*P <
0.05, **P < 0.01.

2.3 Macrophage-material interactions

Differentiation of monocytes into macrophages, their attachment to material surfaces and cy-
tokine release from those cells play a key role in the inflammatory response to implanted ma-
terials and FBR. In this study, we used human blood derived monocytes, which are the first
cells colonize on the surface of the implant. The use of human blood derived monocytes on
FBR studies is essential since other cell types and animal studies cannot adequately recapitu-
late the human immune response.3 > Freshly isolated monocytes from human peripheral blood
were seeded on tissue culture polystyrene (TCP), glass, PDMS and MPC substrates. Cells are
firstly stimulated by macrophage colony-stimulating factor (M-CSF) for 6 days for differenti-
ation into macrophages and then polarized for 24 h in either M1-type stimulating medium
containing lipopoly-saccharides (LPS) and interferon gamma (IFN-y) or M2-type stimulating

medium containing interleukin-4 (IL-4) (Figure 3A).
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45 Figure 3. Macrophage-material interactions. A) Scheme of cell culture experiments. B) Bright-field
47 images of macrophages after 6 d culture. C) Number of non-attached cells on different surfaces meas-
48 ured by CASY cell counter: *P < (.05 and **P < 0.01. D) Cytotoxicity triggered in macrophages on
50 different substrates measured by the LDH assay. Cells on TCP treated with lysis buffer served as posi-

51 tive control. Data presented as mean + SD (n=4), scale bar= 50 um.

60 ACS Paragon Phds Environment



oNOYTULT D WN =

Langmuir Page 12 of 35

Macrophage attachment and activation is crucial in the inflammatory response to implanted
materials. Previous studies have shown that macrophages actively adhere to the surface of
many foreign objects.’® Macrophage attachment and morphology on various substrate types

were found to be dependent on substrate stiffness and surface chemistry.’’
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Figure 4. Quantification of cell adhesion and surface-dependent cell morphology. A) Average
number of cells on different surfaces quantified by ImageJ analysis of confocal images of actin-nuclei
stained macrophages on day 6, data presented as mean = SD (n=3), *P < 0.05, **P < 0.01, ***P <
0.001. B) Representative confocal images of actin/nuclei (green/blue) stained macrophages on differ-
ent surfaces. Cells were imaged at low-magnification (top) and high-magnification (middle). Podo-

somes are shown in bottom row. Scale bars: 50 um (top), 20 um (middle) and 5 pm (bottom).

Figure 3B shows macrophages on different substrates in culture. While a high number of
cells attached to TCP and glass (positive controls) and all types of PDMS, very few cells ad-
hered to MPC gels. This is consistent with the quantification of non-adherent cells in the su-

pernatants using a CASY cell counting analyzer (Figure 3C), showing the increased cell
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number in a trend: TCP < soft PDMS ~ glass ~ hard PDMS < hard MPC ~ soft MPC. Cyto-
toxicity of PDMS and MPC gels was assessed via lactate dehydrogenase (LDH) assay. Figure
3D shows that all samples exhibit negligible toxicity to macrophages. Similar findings were

also observed in a toxicity study using THP-1 cells (data not shown).

We next investigated how substrate properties influence macrophage morphology (Figure 4).
For cells cultivated on TCP, a high number of monocytes becomes adherent after differentia-
tion into macrophages at an average density of 655+156 cells per mm” (Figure 4A). The av-
erage cell number on different surfaces increases in a trend: soft MPC ~ hard MPC < soft
PDMS ~ hard PDMS ~ glass < TCP. There was no statistical difference in cell number be-
tween glass and PDMS surfaces, but significantly fewer cells were observed on MPC gel sur-
faces. This is consistent with the results of non-adherent cells (Figure 3C) determined by
CASY. High-magnification staining of the cytoskeleton shows that most macrophages have
fine protrusions (podosomes) to the surfaces of glass, TCP and PDMS. However, cells seeded
on MPC gels do not attach to the surface and hence do not form podosomes. While a small
number of cells was observed on MPC gels during culture (Figure 3B), cell number was sub-
stantially reduced after washing with PBS during immunostaining, likely due to a weaker in-
teraction with the substrate and weaker attachment. This is likely due to the superhydro-
philicity of MPC gels and their robustness against protein adsorption. Cells fail to form stable

adhesion on such antifouling substrates.

To study if macrophage polarization is also affected by substrate properties, at day 6 macro-
phage medium was changed into stimulating medium that promotes either the M1-like or M2-
like phenotype. To evaluate macrophage polarization, we assessed the expression profiles of
CD197 and CD206/CD163 surface markers by flow cytometry (FACS), which correspond to

the pro-inflammatory (M1-like) and anti-inflammatory (M2-like) phenotype, respectively.
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Figure 5. Macrophage polarization towards the M1-like phenotype on different surfaces. A) Rep-
resentative flow cytometry histogram showing CD197 positive cells with fluorescent intensity on soft
PDMS and soft MPC gel surfaces. B) Percentage of CD197 expression of macrophages on different
surfaces after polarization, n=3, *P < 0.05. C-E) ELISA analysis of cell-secreted pro-inflammatory
chemokine IL-8 (C), cytokines IL-6 (D) and TNF-a (E) after LPS administration. Two-way ANOVA
analysis: **P < 0.01, ***P <(.001, ****P <(.0001.

It is appreciated that long-term presence of M 1-like macrophages elicits a severe FBR, granu-
loma and fibrous encapsulation and eventually failure of implanted devices.”® We measured
the expression of CD197 marker on LPS- stimulated macrophages (M1-like) on different sur-
faces by flow cytometry (Figure SA-B). It was found that macrophages on soft MPC gels had

lower expression of CD197 marker compared to those on TCP, glass and PDMS.

Furthermore, we assessed the release of pro-inflammatory chemokines and cytokines IL-8,
IL-6 and TNF-a by ELISA. IL-8 is a key mediator in inflammation for neutrophil recruitment
and IL-8 expression is downregulated with resolution of inflammation.”® *° Figure 5C shows
that cells on PDMS secrete IL-8 in a similar level to those on TCP. In contrast, the level of IL-

8 is significantly lower for cells on MPC gels when compared to PDMS and TCP.
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IL-6 is often considered as a pro-inflammatory cytokine, can increase neutrophil production,
stimulate lymphocyte proliferation and maturation, and is found at higher levels in foreign
body giant cells.* No significant difference was found in the level of IL-6 between soft MPC
and soft PDMS but cells on soft MPC expressed significantly lower amounts of IL-6 than on
hard PDMS, TCP and glass surfaces (Figure 5D). Notably, IL-6 expression was higher on
hard PDMS than soft PDMS, which correlates with the concept that pro-inflammatory media-
tor secretion elevates as substrate stiffness increase.*'

Macrophage secretion of pro-inflammatory marker TNF-a (Figure SE) exhibited a similar
pattern to IL-6 production, with TNF-a being increased in cells on TCP and glass controls.
Although no significant differences were observed for non-stimulated macrophages on differ-
ent surfaces (Figure S4), upon LPS stimulation soft MPC gels significantly reduced the pro-
duction of TNF-a when compared to soft PDMS surfaces, showing a similar trend as ob-
served in flow cytometry analysis (Figure 4B). Although cells on PDMS showed higher
expression of TNF-a in comparison to cells on MPC gels, their expression was significantly
lower than on TCP. This is in good agreement with a report by Anderson and colleagues, who
demonstrate that monocytes/macrophages seeded on PDMS express lower levels of IL-6 and
TNF-a cytokines when compared to those on polystyrene control.** Overall, these results sug-
gest that despite LPS and I[FN-y treatment, macrophages on MPC soft gels minimally polarize

towards the M1 phenotype.
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Figure 6. Macrophage polarization towards the M2-like phenotype on different substrates.
CD163 and CD 206 surface marker expression of macrophage populations on each surface after M2
polarization.

For the Elisa analysis, it is important to note that the total levels of cytokines from different
surfaces are presented without normalization to cell number (Figure 5 C-E). While there is an
overall reduction in cytokine level on MPC gels, this result is correlated with less adherent
cells (Figure 3C). It is probable that macrophages attached on MPC gels have very low adhe-
sion force as they subsequently detached from the surface after medium change steps (on day
3 and day 6). Cell detachment was even more dramatic on MPC gels as seen in confocal im-
ages as a consequence of additional washing steps in immune staining (Figure 4). It is already
known that secretion profile differs between adherent and non-adherent macrophages.!"” Giv-
en that supernatants collected for Elisa include cytokines from both cell types, exact normali-

zation is not feasible merely based on the number of adherent cells. However, flow cytometry
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experiments are independent on cell number. The results show that in particular soft MPC

gels suppress M 1-like polarization (Figure SB).

To further characterize macrophage populations on different surfaces, we treated cells with
IL-4 to polarize them toward the M2-like phenotype. CD206, also known as MRC1 (C-type
mannose receptor 1), is a 175-kDa type-I transmembrane glycoprotein that binds and internal-
izes glycoproteins and collagen ligands. CD163, a member of the scavenger receptor, is high-
ly expressed in M2-like macrophages.*” In human monocytes and tissue-resident macrophages,
CD206 and CD163 expressions are amplified in response to IL-4.** Figure 6 shows percent-
age of M2-like macrophage populations on different surfaces that are positive for both CD163
and CD206 surface markers: TCP 77.91%, Glass 34.19%, soft PDMS 9.61%, hard PDMS
16.53%, soft MPC 74.69% and hard MPC 54.99%. The soft MPC gels showed higher per-
centage of M2-like macrophages in comparison to PDMS. Importantly, these results correlate
with reduced expression of CD197 on soft MPC gels. The phenotypical differences between
soft MPC and hard MPC gels are likely due to their different stiffness. While the stiffness of
TCP (ca. 1 GPa) is about one magnitude lower than that of glass (ca. 10 GPa), we observed a

larger fraction of CD206 positive cells on TCP than on glass.

Differences in hydrophilicity between soft and hard MPC gels are very small, suggesting that
the lower gel stiffness may account for a lower extent of cellular response on soft MPC gels.
Soft MPC gels represent a promising substrate to decrease macrophage attachment, diminish
the pro-inflammatory response and induce an anti-inflammatory activity with the aim to min-

imize FBR.

2.4 Bacteria-material interactions
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Bacterial adhesion is highly dependent on substrate properties, such as hydrophobicity, charge,
and topography. Here we investigated the influence of different substrates on bacterial adhe-

sion using the Gram-negative Escherichia coli as a model strain.
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Figure 7. Bacteria adhesion on different substrates. A) The average cell number per mm® quanti-
fied by fluorescence imaging and ImagelJ. Data presented with mean + SD (n=3). One-way ANOVA:
ns, no significant difference, *P < 0.05, **P < 0.01. B) Representative images of Syto9-stained E.coli
on different surfaces. Arrows indicate the position of single bacteria. Scale bar, 100 um.

After an incubation of 2 h, the adherent cells on different surfaces were stained with SYTO9.

Fluorescence imaging (Figure 7) reveals that a high number of bacteria attached to TCP,

glass and PDMS surfaces, exhibiting a high bacterial colonization with ca. 650 - 1000 cells
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per mm”. In contrast, MPC gels exhibited significantly reduced bacterial adhesion with ca. 5 -
200 cells per mm”. These results clearly show that MPC gel surfaces strongly resist bacterial
adhesion in comparison to PDMS surfaces.

2.5 Surface modification

Since MPC gels show promising features in blocking macrophage and bacteria attachment,
we decided to functionalize PDMS with MPC as a superhydrophilic antifouling layer to miti-
gate the FBR and bacterial colonization in context with silicone substrates. Conventional
methods to modify PDMS surfaces rely on plasma treatment and suffer from ‘hydrophobic re-
covery’ and lack of long term stability. In this study, we cultured macrophages on plasma-
treated PDMS as the reference. A high number of adherent macrophages were observed (Fig-
ure S3), indicating that conventional plasma treatment is ineffective in preparing stable hy-

drophilic PDMS surfaces that avoid macrophage attachment.

To address this issue, a new surface modification approach was devised in this study. Instead
of immobilizing small molecules, we chose to firstly modify PDMS surfaces with a high My,
poly(glycidyl methacrylate) linker to introduce epoxide groups to stabilize the surface. It is
hypothesized that this step would minimize the potential for hydrophobic recovery. Second,
an ATRP initiator bearing a hydroxyl group is attached to the surface to introduce alkyl bro-
mide groups for initiating polymerization of vinyl monomers. Finally, zwitterionic MPC hy-
drogels can be grafted via SI-ATRP. Importantly, SI-ATRP has been used for surface modifi-

cation of glass, gold and silicon wafers with functional polymers.'**

Figure 8A depicts the procedure of a three-step surface modification approach. First, plasma-
treated PDMS (PDMS-OH) was reacted with a commercial poly(glycidyl methacrylate) linker
(M, 10-20 kDa) through a SN2 nucleophilic substitution reaction. Second, an ATRP initiator
(2-Hydroxyethyl 2-bromoisobutyrate) was immobilized on the surface under the catalysis of

KOH, to generate a reactive surface (PDMS-Br).
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Figure 8. A) Scheme of the new surface modification strategy: 1) plasma-treated PDMS (PDMS-OH)
was reacted with a high My, poly(glycidyl methacrylate) linker to introduce epoxide groups and stabi-
lize the surface; 2) an ATRP initiator bearing —OH groups was attached to the surface to introduce al-
kyl bromide groups (PDMS-Br); 3) a zwitterionic hydrogel layer was grafted on PDMS-Br via SI-
ATRP of MPC and EGDMA in water (PDMS-MPC). B) Water contact angle images of an unmodi-
fied PDMS surface and a MPC-grafted PDMS surface. C) XPS survey spectra of for PDMS, PDMS-
Br and PDMS-MPC and high-resolution spectra of characteristic elemental signals: Cls, Si2s, Br3d,
and N1s.

Finally, a MPC hydrogel was grafted on the surface via SI-ATRP using ethylene glycol di-
methacrylate (0.1 equiv. to molar amounts of MPC) as the crosslinker. After modification, the
MPC-grafted PDMS (PDMS-MPC) has a contact angle of 15° whereas the unmodified PDMS
has a contact angle of ca. 115° (Figure 8B). After 10 weeks, the PDMS-MPC surfaces re-

mained superhydrophilic with contact angles of ca. 18° (data not shown), indicating the suc-

cess of grafting and excellent stability.
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The surface chemistry of modified PDMS substrates was evaluated by XPS (Figure 8C) in
comparison with unmodified PDMS. After immobilization of the ATRP initiator, the carbon
signals at 289 (O-C=0) and 284 eV (C-0O) increased significantly. These signals are associat-
ed with the organic part of the attached high My, linker. In parallel, the intensity of C-Si and
Si 2s signals decreased. Importantly, the bromine signals at 70 eV were observed on the spec-
trum of PDMS-Br at a concentration of 0.9 % (Table 2). After the grafting with MPC, we on-
ly observed a slight increase of signals corresponding to the nitrogen atoms of MPC. This
might be due to the fact that an estimated detection limit for N1s signals in the range below
0.5 at.% has to be considered. However, there is a remarkable level of bromide signals on the
PDMS-MPC surface, which corresponds to the residual initiating alkyl bromide group. AFM
analysis (Figure S5) reveals that the MPC layer has an average thickness of 2-3 nm. The rela-
tively low grafting density of MPC is likely due to the low amount of initiator immobilized on
the surface, which is essential for the efficiency of SI-ATRP. Furthermore, the SI-ATRP was
performed in water in which a complete removal of O, is more challenging compared with
organic solvents.**” Additional work to increase the grafting efficiency of MPC is warranted.

Table 2. Atomic concentrations on different surfaces measured by XPS.

Surfaces Cls (%) O1s(%) Si2p (%) Br3d (%)

PDMS 46.28 30.19 23.53 *ND
PDMS-Br 56.43 31.25 11.47 0.86
PDMS-MPC 55.84 29.78 13.64 0.74

*ND, not detectable

ACS Paragon PAds Environment



oNOYTULT D WN =

39

Langmuir

2.6 Cell behavior on MPC-grafted PDMS

To assess if the modified PDMS-MPC surfaces have toxic effects due to the presence of initi-
ating bromide groups, the modified samples were extracted in sterile PBS for 2 weeks. Possi-
ble cytotoxicity of the extracts was subsequently analyzed by LDH and MTS assays with hu-
man fibroblasts. Both experiments (Figure 9A-B) confirm that the extracts of modified
PDMS are nontoxic. After seeding monocytes onto the PDMS-MPC surfaces, it was found
that the MPC-grafted surfaces show the effectiveness against macrophage attachment. Confo-
cal images of immunostained macrophages show that there is only negligible macrophage at-
tachment on PDMS-MPC in comparison to unmodified PDMS (Figure 9C), being compara-
ble to the observations on MPC gels (Figure 4). Importantly, ELISA analysis (Figure 9D)
evidenced that the secretion of TNF-a is greatly suppressed on the modified surface in com-

parison to unmodified PDMS.
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Figure 9. Biological characterization of MPC-modified PDMS. A-B) Cytotoxicity studies of ex-
tracts of MPC-modified PDMS (PDMS-MPC) surfaces measured by LDH (A) and MTS (B) assay.
Data presented as mean + SD (n=4). C) Confocal images of Phalloidin-stained macrophages on un-
modified PDMS and MPC-modified PDMS. D) Analysis of cell-secreted inflammatory marker TNF-a
on hard PDMS and PDMS-MPC. E) Fluorescent images of Syto9-stained E.coli. F) Average cell
number of E.coli observed on unmodified and modified PDMS surfaces. Scale bars, 100 um. *P <

0.05, **P < 0.01, ***P < 0.001, ****P < (.0001
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Finally, we investigated if the modified PDMS surfaces retain the antibacterial property of
MPC gels. E.coli were seeded on PDMS and PDMS-MPC surfaces for 2h and subsequently
imaged after SYTOO staining. As shown in Figure 9E, a significant decrease of bacterial col-
onization was found on MPC-grafted PDMS surfaces (163 + 63 cells per mm?) when com-
pared with unmodified PDMS surfaces (635 + 176 cells per mm?). These results suggest that a
MPC gel layer was successfully grafted onto PDMS surfaces, remaining superhydrophilic and

resistant to bacterial colonization.

3. CONCLUSION

In summary, we studied how substrate properties influence cell-material interactions such as
macrophage activation and bacterial adhesion using PDMS and zwitterionic cell membrane-
inspired MPC gels with varying mechanical properties. We find that MPC gel surfaces dimin-
ish cell adhesion, especially soft MPC gels inhibit expression of pro-inflammatory markers,
thereby decreasing M1-like macrophage activation and favoring M2-like macrophage polari-
zation. Furthermore, we also demonstrate that MPC gel surfaces strongly resist attachment of
E. coli. Since MPC gels show excellent antifouling and antibacterial properties, we developed
a novel approach to functionalize PDMS substrates with a long-term stable hydrogel layer
composed of MPC. These new surfaces are nontoxic to mammalian cells and strongly resist
macrophage attachment and bacterial colonization. This work provides new insights into the
design of antifouling and antibacterial interfaces to improve the long-term biocompatibility of

medical devices.
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4. EXPERIMENTAL SECTION

4.1 Materials and Reagents

All materials and reagents were purchased from Sigma-Aldrich (Buchs, Switzerland) and
used as received unless otherwise noted.

4.2  PDMS Preparation

PDMS composed of Sylgard 184 (Dow Corning) elastomers were prepared with different
stiffness by thoroughly mixing base with curing agents at varying ratios: 40:1 (soft), 20:1
(middle), and 10:1 (hard). The base is predominantly divinyl-terminated
poly(dimethylsiloxane) while the curing agent is comprised of dimethylhydrogen-terminated
poly(dimethylsiloxane). The formulations were degassed for 30 min under vacuum and sub-
sequently poured into 30 cm petri dishes. After curing at 60 °C overnight, the samples were
punched into defined size (diameter 20 mm) and dried under vacuum. The samples were ex-
tracted in isopropanol for 24 h to remove uncrosslinked molecules and dried under vacuum at
50 °C for 12 h.

4.3  Hydrogel Preparation

MPC gels were prepared by photoinduced copolymerization of 2-methacryloyloxyethyl phos-
phorylcholine (MPC) and ethylene di-methacrylate (EDMA) as the monomer and crosslinker,
respectively. To tune their mechanical properties, the molar concentration of EDMA was var-
ied at 2.5% (soft), 5% (middle) and 10% (hard), respectively. Briefly, 807 mg of MPC and
appropriate amounts of EDMA were dissolved in 0.5% Irgacure 2959 solution. After soni-
cation for 5 min, the solutions were pipetted into a multi-well Teflon mold with a thickness of
700 um and subsequently covered with cover slips. After UV curing for 10 min, the gels were
transferred into PBS and swollen for 72 h till reaching equilibrium.

4.4  Mechanical testing
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The mechanical properties of MPC gels and PDMS were measured via plate-to-plate rheome-
try (Anton-Paar 301, Graz). Briefly, the cylindrical samples (thickness: 0.7 mm; diameter: 20
mm) were transferred to the bottom plate. The tool-master was then positioned to 0.5 mm
above the sample surface. Time-sweep rheological measurement was performed at a constant
frequency of 10 rad/s and strain of 0.1 %. Elastic modulus (G’) is reported as sample’s stift-
ness. Frequency sweep measurement was run at angular frequencies of 0.05-500 rad/s and
strain of 0.1 %.
The mesh size (¢) in PDMS and MPC networks was determined by the mechanical properties
from rheological analysis. The complex shear modulus (G*) was determined by equation:

¢ = [TV
where G* is the complex shear modulus, G’ is the shear storage modulus, G"” is the shear loss
modulus.

The mesh size (¢) was calculated according to equation:

6RT \'/3
- (nNAG*)

where T is the absolute temperature, R is the gas constant, Ny is the Avogadro’s number, G*
is the complex shear modulus.

4.5 Protein adsorption

Protein adsorption was measured as described elsewhere.* In brief, after being equilibrated in
PBS at RT overnight, samples with a defined size (diameter: 10 mm) were immersed in a
freshly prepared Alexa-488-labelled fibrinogen (10 pg mL™"). Adsorption was allowed to pro-
ceed at RT for 2 days under gentle shaking. After four times washing with PBS, fluorescence
intensity was measured on a confocal laser microscope (Zeiss LSM780) at Aex/ Aem = 490 nm /
525 nm. Average fluorescence was collected from 5 positions per image (1.05 x 1.05 mm?) in
two replicates.

4.6 Cell culture and analysis
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For experiments investigating macrophage attachment and polarization, human blood derived
monocytes were used. Peripheral blood samples of 10 donors were obtained under informed
consent according to an ethical approval (BASEC Nr. PB_2016-00816 from the local ethics
committee, St. Gallen, Switzerland).

Isolation of peripheral blood mononuclear cells (PBMC) from fresh human peripheral whole
blood was performed with ficoll gradient separation and monocyte isolation kit II (Miltenyi
Biotec, 130-091-153) by negative selection. The magnetically labeled cells are separated from
monocytes by using a MACs column. Purified monocytes were suspended in RPMI-1640
medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and
100 pg/mL streptomycin. Monocytes were seeded on each surface with a cell density of 1 x
10° cell per cm®. Cells were differentiated with 20 ng/mL human M-CSF (PHC9501, Invitro-
gen, Switzerland) for 6 days, medium was refreshed on day 3. To induce polarization, 100
ng/mL LPS (L7770, Sigma) and 20 ng/mL IFN-y (Miltenyi Biotec) were used for M1-like po-
larization, 20 ng/mL IL-4 (Miltenyi Biotec) for M2-like polarization. After 7 days, superna-
tants were collected for ELISA analysis and macrophages were harvested by trypLE™
(12605010, Thermo Fisher Scientific) enzyme treatment and the adherent cells were collected
for flow cytometry analysis.

For flow cytometry, cells were detached, washed with precooled flow cytometry buffer (PBS
containing 1% BSA) and incubated on ice for 30 min with 5 pL of Fc blocking reagent human
IgG (422302, Biolegend) to prevent non-specific binding of antibodies to Fc receptors. Hu-
man antibodies CD14 FITC (ab 28061, abcam), IgG1 FITC isotype control (ab 91356, abcam),
CD16 APC (ab140477, abcam), IgG1 APC isotype control (ab 37391, abcam), CD206 PE
(321106, Biolegend), IgG1 PE isotype control (400113, Biolegend), CD197 Alexa Fluor 647
(353218, Biolegend), IgG2a Alexa Fluor 647 isotype control (400234, Biolegend) were incu-
bated for 45 min. After staining, cells were washed twice with flow cytometry buffer, centri-

fuged for 5 min and suspended in flow cytometry buffer including 3 pL of propidium iodide.
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Samples were immediately run on the Gallios-Beckman Coulter flow cytometer and data was
processed using Kaluza® analysis software. FL-6 (Alexa 647), FL-5 (PE-Cy7) and FL-2 (PE)
channels were used for detection of CD197, CD163 and CD206 surface markers respectively.
Living single cells were gated according to their forward- and side-scatter characteristics, and
dead cells were excluded using propidium iodide. The positive gate was set according to the
staining with the isotype control of each antibody for each group.

Cytocompatibility of MPC gels and extracts of MPC-modified PDMS was evaluated by Cy-
toTox96® Non-Radioactive Cytotoxicity Assay. Release of lactate dehydrogenase (LDH)
from damaged cells was measured by supplying lactate in the presence of diaphorase. Cell-
secreted pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6)
and chemokine interleukin-8 (IL-8) were quantified by enzyme-linked immunosorbent assays
(ELISA) per the manufacturers protocol.

Cells were fixed in 4% PFA, permeabilized with 0.1% Triton in PBS and finally counter-
stained with Alexa-488 Phalloidin and DAPI. The samples were directly imaged on a confo-
cal laser scanning microscope (Zeiss LSM 780).

4.7 Evaluation of Bacteria Adhesion

Escherichia coli BW25113 were used to study the interaction between bacteria and substrates.
Bacterial cells at exponentially growing phase were obtained after pre-cultures in Lennox
broth (LB, Roth, Germany) and were then centrifuged (4500 rpm, 4°C, 5 min), washed three
successive times and suspended in phosphate-buffered saline (PBS) to an optical density of
0.01 at 600 nm, corresponding to about 5 x 10° colony forming units (CFU)/mL.

PDMS and MPC substrates were sterilized by UV-230nm irradiation for 30 min in 48-well
plates, subsequently immerged in the bacterial suspension for 2 h at 37°C. The samples were
washed in PBS for three times to remove non-adherent bacteria. The adherent bacteria were
quantified with an inverted epifluorescence microscope (Nikon Eclipse Ti2, Nikon Corpora-

tion, Japan) using a 40x objective (S Plan Fluor 40x/0.60, Nikon Corporation, Japan). Bacte-
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ria were fixed with 4% paraformaldehyde and 2.5% glutaraldehyde, treated with 0.1% bovine
serum albumin to block the bare substrates without bacterial cells in order to reduce the back-
ground staining of SYTOY. The adherent bacteria were stained with SYTO9 (Invitrogen,
S34854, USA) for 15 minutes. Five randomly acquired images having an area of 0.198 mm®
were taken per substrate with 2 parallel replicates for each substrate. Bacterial populations
from each image were quantified using ImageJ 1.50 software through direct cell counting.

4.8 Initiator immobilization

PDMS was functionalized with zwitterionic MPC layers in a multi-step procedure. First, the
PDMS surface was activated using a low frequency air plasma treatment for 60 s. After acti-
vation, the sample was rinsed with ethanol for 10 min and the same procedure was repeated
twice. The air-dried sample was covered with 0.5 mL of poly(glycidyl methacrylate) solution.
After drying under ambient conditions for 30 min, the sample was annealed at 110 °C under
N, protection for 30 min. Afterwards, the sample was rinsed with 2-Butanone 3 times in 15
min. After air-drying for 20 min, the sample was covered with a solution containing 20 pL of
2-Hydroxyethyl 2-bromoisobutyrate, 0.1 mL of 1 M NaOH and 0.9 mL of dimethylforma-
mide. This reaction was performed at 70 °C for 6 h. Afterwards, the sample was rinsed with

ethanol 3 times and finally air-dried for 30 min.

4.9 ATRP

Surface-initiated ATRP was performed according to a procedure adapted from Keefe et al.”’
Briefly, Cu(Il)Br; (2.8 mg, 0.0125 mmol) and Cu(I)Br (7.2 mg, 0.05 mmol) were carefully
placed in a Schlenk flask and sealed with septum under N, protection. In a large Schlenk flask,
60 mg (2.0 mmol) of MPC monomer and a PDMS substrate with immobilized initiator were
placed under N, protection. Both flasks were deoxygenated by repeated vacuum and backfill
of nitrogen. Deoxygenated water was added to the flasks: 2 mL for the first flask and 20 mL

for the second flask. For preparing the metal complex, 17 pL of HMTETA was added into the
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copper solution and stirred for 30 min for complexation. To initiate polymerization, 1.0 mL of
the catalyst solution was added to the flask with MPC/PDMS. The reaction was maintained at

room temperature for 2 h.

4.10 Surface analysis

Contact angle evaluation was performed on a Drop Shape Analyzer (DSA-100, Kriiss). Atom-
ic force microscope (AFM) analysis was performed on a Nanosurf device. The surface com-
position was measured using X-ray photoelectron spectroscopy (XPS) on a PHI 5000 Ver-
saProbe II instrument (USA) with a monochromatic AlKa X-ray source. Energy resolution
was set to 0.8 eV/step at a pass-energy of 187.85 eV for survey scans and 0.125 eV/step and
29.35 eV pass-energy for high resolution region scans, respectively. Carbon Is at 284.5 eV
was used as a calibration reference to correct for charge effects. Elemental compositions were
determined using instrument dependent atom sensitivity factors. The photoelectron-transitions
Cls, Ols, Nls, Si2p and Br3d were selected to determine the elemental concentrations and
the chemical shifts within the region scans. Data analysis was performed by use of CasaXP

software (Casa Software Ltd, United Kingdom).

4.11 Statistical analysis

Statistical analysis was performed using Graph Pad Prism 4.0. Student’s t-test and one-way
ANOVA was used for comparing differences between two groups and multiple groups, re-

spectively. Two-way ANOVA was applied for flow cytometry and ELISA analysis.

ASSOCIATED CONTENT

ACS Paragon Pds Environment



oNOYTULT D WN =

Langmuir

Supporting figures S1-S5 contain following: rheology and contact angle measurement of dif-
ferent gels, confocal images of non-treated and plasma treated PDMS, TNF-alpha ELISA

analysis of surfaces and AFM image of MPC-modified PDMS.
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