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Abstract

The modification of the surface of surgical implants with cell adhesion ligands has emerged as a
promising approach to improve biomaterial-host interactions. However, these approaches are
limited by the non-specific adsorption of biomolecules and uncontrolled presentation of desired
bioactive ligands on implant surfaces. This leads to sub-optimal integration with host tissue and
delayed healing. Here we present a strategy to grow non-fouling polymer brushes of
oligo(ethylene glycol) methacrylate by atom transfer radical polymerization from dopamine-
functionalized clinical grade 316 stainless steel. These brushes prevent non-specific adsorption of
proteins and attachment of cells. Subsequently, the brushes can be modified with covalently
tethered adhesive peptides that provide controlled cell adhesion. This approach may therefore have
broad application to promote bone growth and improvements in osseointegration.

Graphical Abstract

.Y 4 Cu'nr.ulled cell
Bk ~ A Mon-fouling & e
ol L\:r'?sf‘,“"-i"_ O . Isurrace & . t
\'\.}._/.\\ Madification ?\\ *a \\ ":/. \ .
\j"/ N with ligands S .\i-"" .\;"/

Stainless steel implants

“Corresponding Authors: Prof. Andrés J. Garcia, Woodruff School of Mechanical Engineering, Petit Institute for Bioengineering and
Bioscience, Georgia Institute of Technology, Atlanta, GA 30332-0363 (USA), andres.garcia@me.gatech.edu. Prof. David M. Collard,
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, GA 30332-0400 (USA),
gavid.collard@chemistry.gatech.edu.

Authors contributed equally

Conflict of interest
The authors declare no competing financial interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alas et al. Page 2

Keywords

surface modification; biomaterials; polymer brush; non-fouling surfaces; mesenchymal stem cells;
RGD peptide

1. Introduction

Stainless steel (SS) is used widely in medical devices for bone, dental, and cardiovascular
applications [1, 2]. Type 316 SS is attractive for orthopaedic applications such as fracture
fixation by virtue of its high shear strength relative to that of other metals that are commonly
used in such applications (e.g., titanium), along with its resistance to corrosion, cost
effectiveness, and ease of manufacturing [1, 3]. However, SS implants are subject to
relatively high rates of failure over long periods of time due to implant loosening,
inflammation and bone resorption [4, 5]. For example, in osteoporotic fracture repairs,
unstable fixation occurs in 5-23% of cases due to screw loosening and cutout [6-8].
Loosening rates of 18-27% have been reported for pedicle screws [9-11], and implant
loosening results in pain, loss of spinal alignment and pseudoarthrosis. Various strategies
have been explored to improve osseointegration of metal implants [12-17]. However, there
is still a significant need to further improve performance.

Passive adsorption of cell adhesive proteins onto metallic implants provides biological
coatings that promote osseointegration [18—-20]. These proteins provide instructive cues to
mediate cell attachment and differentiation [20-24]. However, passive adsorption of proteins
onto the surface of the implant often leads to denaturation and loss of activity [25, 26]. Pre-
adsorbed proteins can also be replaced by other proteins that have stronger affinity for the
surface [27]. Therefore, significant efforts have centered on the development of stable
coatings that prevent non-specific protein adsorption and which present selected ligands to
promote adhesion and stimulate function of specific cells [28-31].

Self-assembled monolayers (SAMSs) have long been explored to modify implant surfaces and
thereby allow for control over protein adsorption and cell adhesion [28-33]. However, such
coatings are often limited by the type of substrate. Most studies of SAMs have focused on
gold and silver substrates, which are not ideal as implantable biomaterials. Another
drawback of this approach is the limited resistance of SAMs to biofouling [28, 29]. In
contrast, films consisting of polymer brushes on metallic substrates can provide stable, non-
fouling coatings that do not elicit negative inflammatory responses [18, 34]. In “grafting to”
approaches, pre-synthesized polymers are chemically attached to the surface. Whereas this
has served as a successful strategy to attain control over protein adsorption and the
attachment of cells, steric crowding between polymer chains limits the graft density and
functionality [30, 35, 36]. On the other hand, “grafting from” approaches involve
polymerization of monomers from an initiator that is bound to the substrate. The diffusion of
small molecule monomers to the interface presents a low barrier for the preparation of dense
polymer brushes. This strategy allows for the formation of dense films with control of the
thickness by variation of polymerization conditions. Such “grafting from” polymerization of
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oligo(ethylene glycol)-based monomers on titanium provides robust polymer brushes that
resist protein adsorption and biofouling [35].

Controlled radical polymerizations such as atom transfer radical polymerization (ATRP) and
reversible addition fragmentation chain transfer (RAFT) provide facile routes for the growth
of polymer brushes on metallic substrates [30, 37-39]. Surface-initiated ATRP of
oligo(ethylene glycol) methacrylate (OEGMA) provides a polymer brush that consists of a
poly(methacrylate) backbone with pendant poly(ethylene glycol) (PEG) side chains. This
provides the substrate with a robust hydrophilic coating that resists protein adsorption and
cellular attachment [34]. The non-fouling properties of these brushes may be attributed to
the presence of a high density of hydrated and dynamic PEG chains [40, 41].

Xiao et al. recently described a “grafting to” approach to attach functionalized PEG chains
on to SS surfaces [42]. They demonstrated that this modification resulted in a decrease in
platelet adhesion to the surface. However, the presence of residual levels of adherent
platelets on the surfaces might be attributed to the inherently low-density of the brush
formed by the “grafting to” approach. In addition, the lack of reactive functional groups on
the grafted polymer chains limits the opportunity to decorate these surfaces with adhesive
peptides that direct cell adhesion and signaling. Here, we present a modified approach to
graft polymer brushes from medical-grade SS using surface-initiated ATRP to provide a
non-biofouling surface. The strategy relies on the covalent attachment of an ATRP initiator
to a layer of polydopamine on the substrate surface. We further show that these brushes can
be modified with peptide ligands that control cell adhesion. These peptide-modified surfaces
could improve the osseointegration of SS implants, such as screws and rods. The wide use of
SS in biomedical devices suggests that this approach may be of broad applicability.

2. Materials and methods

2.1. Materials

Foils (100 mm x 100 mm) of 316 SS and 316L polished SS (Goodfellow, Pittsburgh, PA,
USA) were cut into 10 mm x 10 mm coupons and a 0.8 mm hole was drilled in one corner.
316L SS 20-gauge wire was obtained from Beadlon (Valley Township, PA, USA).
Oligo(ethylene glycol) methacrylate (OEGMA), Cu(1)Br, 2,2”-bipyridyl, ethyl 2-
bromoisobutyrate, dopamine hydrochloride, anhydrous pyridine, hydrogen
hexachloroplatinate (1) hexahydrate, anhydrous dimethylformamide (DMF), 10-
undecen-1-ol, dimethylchlorosilane, 1-ethyl-3-(3- NV, N-dimethylaminopropyl)carbodiimide
hydrochloride, 2-bromoisobutyryl bromide and A~hydroxysuccinimide (NHS) were
purchased from Sigma-Aldrich (Milwaukee, W1, USA). Succinic anhydride was purchased
from Alfa Aesar (Wardhill, MA, USA). For the polymerization of OEGMA, DI H,0 and
methanol (MeOH) (VWR, Atlanta, GA, USA) were degassed by bubbling a stream of argon
through the solvents for 3 h. Peptide ligands (RGD (GRGDSPC) or RDG (GRDGSPC) or
RGD-FITC (GRGDSPK conjugated to fluorescein isothiocyanate(FITC))) were custom
synthesized by GenScript (Piscataway, NJ, USA)
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2.2. Preparation of polymer brush thin films

2.2.1. Preparation of SS surface—SS coupons were cleaned by soaking them for 1 min
in H,O and then acetone, and drying under a stream of N,. The coupons were then placed in
a ceramic slide holder and submerged into stirred piranha solution (3:1 conc. H,SO4:30%
H»0,) for 1 h at room temperature. The coupons were soaked for 1 min in a large volume of
H»0 twice, acetone twice, and for 10 seconds in methanol, 1 min in THF, and 1 min in
hexane. They were then dried under a stream of N».

2.2.2. Deposition of dopamine layer on SS surface—Dopamine hydrochloride (91
mg, 0.47 mmol) was dissolved in a stirred solution of 10 mM Tris buffer (pH 8.5) at 60 °C.
Freshly cleaned 316 SS coupons were suspended on a 316L SS wire and submerged into the
heated solution of dopamine for 2 h. The suspended coupons were rinsed by immersion in
MeOH (200 mL) for 10 min and DI H,0 (200 mL) for 10 min. The coupons were rinsed
with MeOH for 10 sec, and immersed in THF (1 min) and hexane (1 min), and dried under a
stream of N, immediately prior to attachment of the initiator.

2.2.3. Covalent attachment of initiator—An oven-dried glass reactor was subjected to
three cycles of vacuum and back-filling with argon. Anhydrous pyridine (1.6 mL, 20 mmol)
and anhydrous THF (80 mL) were placed in the reactor under a stream of argon. The reactor
was cooled in an ice bath for 1 h, and the wire-suspended dopamine-modified SS coupons
were immersed into the solvent. 2-Bromoisobutyryl bromide (2.4 mL, 19 mmol) was added
slowly to the solvent with stirring. The reactor was removed from the ice bath and the
mixture was vigorously stirred for 1 day to prevent precipitate from depositing onto the
surface of the steel.

2.2.4. Deposition of poly(OEGMA) brush polymer on 316 SS—A flask containing
a mixture of MeOH (40 mL) and DI water (10 mL) under argon was immersed in liquid
nitrogen and subjected to three freeze-pump-thaw cycles (freezing the solution in liquid
nitrogen for 15 min, applying vacuum for 20 min, and then thawing the solution in a warm
water bath until the evolution of gas bubbles had ceased). The degassed solution was frozen
in liquid nitrogen and CuBr (0.44 g, 3.7 mmol), OEGMA (24 mL, 44 mmol), and 2,2-
dipyridyl (0.96 g, 6.3 mmol) were added under a flow of argon. The reaction mixture was
allowed to warm to room temperature. The polymerization solution was subjected to three
additional freeze-pump-thaw cycles. Cooling was performed step-wise, with cooling in an
ice-cold water followed by an acetone-dry ice bath for 15 min prior to cooling in liquid
nitrogen. This prevents the violent release of dissolved gas upon application of vacuum.
Initiator-modified 316 SS coupons were suspended from a wire which was then mounted in
a Soxhlet extraction thimble. This was placed atop the frozen polymerization solution under
a strong flow of argon. The reactor was closed and subjected to three cycles of vacuum and
back-filling with argon. The cooling bath was removed and the polymerization mixture was
allowed to thaw. The Soxhlet extractor thimble was lowered into the solution, thereby
filtering out undissolved solids (which deposit on the SS substrates in the absence of the
thimble). The vessel was placed on a platform rocker and polymerization was allowed to
proceed for 20 h. The coupons were removed from the polymerization mixture and
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immersed in MeOH for 15 min, dried under a stream of N5 gas and immersed in a sealed
container of PBS for storage.

2.2.5. Characterization of poly(OEGMA) films—The polymer brush thin films were
characterized by X-ray photon spectroscopy (XPS), water contact angle measurements, and
ellipsometry. XPS spectra were recorded on a Surface Science Instruments S-probe
spectrometer at the Surface Analysis Center for Biomedical Problems (NESAC/BI0),
Seattle, WA, USA. Surfaces were tested for hydrophilicity by water contact measurements
using a contact angle goniometer under ambient conditions (Ramé-Hart, Succasunna, New
Jersey, USA). Ellipsometry measurements were performed using a Sopra GES5 variable
angle spectroscopic ellipsometer (Sopra Inc., Palo Alto, CA) and the accompanying
GESPack software package for data analysis. Samples were placed in DI water and scanned
from 1.5 eV to 6.0 eV at 0.05 eV intervals using an incident angle of 70°. The thickness of
all layers on each surface was determined using the regression method in Sopra’s Winelli
software (version 4.08).

2.3. Peptide coupling to poly(OEGMA) surfaces

2.3.1 Treatment of poly(OEGMA) side chain termini with succinic anhydride—
Poly(OEGMA) brush-modified SS coupons were removed from PBS and soaked in MeOH
for 10 sec, in THF for 1 min and in hexane for 1 min, and dried under a flow of argon. The
coupons were mounted in an oven-dried ceramic holder that was placed in a solution of
succinic anhydride (1.6 g, 16 mmol) in anhydrous DMF (60 mL) in an oven-dried, argon-
purged jointed glass vessel. The mixture was heated to 60 °C under argon for 4 h. The
coupons were then removed from the reaction mixture, rinsed twice with DMF, and
immersed of DI H,O for 5 min and in fresh DI H,O for an additional 1 min. The coupons
were stored in PBS.

2.3.2 Peptide conjugation—Succinic anhydride-modified poly(OEGMA) coupons were
immersed in 1 mL of 0.1 M MES buffer (pH 5.5) solution containing 2 mM 1-ethyl-3-(3-
N, N-dimethylaminopropyl)carbodiimide hydrochloride and 5 mM A-hydroxysuccinimide
for 30 min at room temperature. The coupons were washed with PBS and immediately
incubated in solutions of peptide for 2 h (100 pg/mL RGD, RDG or RGD-FITC in PBS, pH
7.4). Peptide-treated surfaces were then incubated in 20 mM glycine for 4 h to quench any
unreacted active esters. The coupons were rinsed with PBS and stored in PBS.

2.3.3 Quantification of peptide coupling on succinic modified brushes—A
standard curve was prepared by drying known quantities (0 to 5 nmol) of FITC-RGD on SS
coupons and imaging using a Nikon Eclipse E400 fluorescent microscope. Three images
were taken for each coupon and analyzed for average fluorescence using ImageJ (NIH,
Bethesda, MD, USA). RGD-FITC reacted brushes were then similarly imaged and the
amount of immobilized peptide was determined by comparison to the standard curve.

2.4. Analysis of protein adsorption

To test the non-fouling nature of modified SS surfaces, protein adsorption assays were
performed using donkey anti-mouse 1gG antibody conjugated to alkaline phosphatase (ALP)
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(Jackson Immunoresearch, West Groove, PA, USA) and human plasma fibronectin (Life
Technologies, Carlsbad, CA, USA). Unmodified and modified coupons were incubated with
1.0 pg/mL of protein in PBS for 30 min and then extensively washed with PBS containing
0.05 % (v/v) Triton-X-100. For ALP-conjugated IgG, samples were incubated with 5-methyl
umbelliferyl phosphate substrate (60 mg/mL) for 20 min at room temperature and
fluorescence was determined at excitation/emission of 360 nm/465 nm on a HTS 7000 Plus
plate reader (Perkin Elmer, Akron, Ohio, USA). For fibronectin, samples were incubated in
1% wiv casein blocker (Life Technologies) and probed in a modified immunoassay using 1
mg/mL HFN?7.1 antibody (Developmental Hybridoma Studies Bank, lowa City, lowa, USA).
After several washes in buffer, the coupons were incubated in (ALP)-conjugated antibody (1
ug/mL in PBS) for 30 min. The coupons were washed with PBS buffer containing 0.05%
Triton-x-100 and incubated with 5-methyl umbelliferyl phosphate substrate (60 mg/mL) for
20 min at room temperature prior to determination of fluorescence intensity.

SS 316 grade screws (McMaster Carr, Atlanta, GA, USA) (2.0 mm in thread length, 1.52
mm thread diameter) were used as a substrate for synthesis of brush polymer. Using a 1.5
mm diameter drill bit, a hole was made in an explanted rat tibia. Untreated and OEGMA
screw implants were screwed into the hole. Screws were removed and then tested for protein
adsorption as described above.

2.5. Analysis of cell adhesion

Poly(OEGMA)-SS coupons were rinsed with PBS, sterilized by brief immersion in 70%
ethanol, rinsed with PBS, and incubated in PBS overnight at 37 °C to hydrate the
poly(OEGMA) surface. Human mesenchymal stem cells (hnMSCs) were obtained from the
Institute of Regenerative Medicine at Texas A&M (College Station, TX, USA), cultured in
Lonza mesenchymal stem cell medium (MSCM), and passaged every 3 to 4 days. Each
coupon was seeded with 10,000 hMSCs in a separate well in a 24 well plate. Cells were
allowed to adhere for 18 h at 37 °C and 5% CO,. After 18 h, the coupons were washed with
PBS, stained with Calcein-AM (1 pg/mL, Life Technologies) and imaged using a Nikon
Eclipse E400 fluorescent microscope. Five images were taken for each coupon and analyzed
for cell density and cell spreading area using ImageJ.

2.6. Analysis of cell proliferation

Each coupon was seeded with 10,000 hMSCs in a separate well in a 24-well plate. Cells
were seeded in serum-containing media and allowed to adhere for 18 h at 37 °C and 5%
COsy. Proliferation was measured using the Click-iT® EdU AlexaFluor® 488 Imaging Kit
(Life Technologies). Cells were incubated in EAU for 18 h, stained with Hoechst 33342 and
imaged using a Nikon Eclipse E400 fluorescent microscope. Three images were taken for
each coupon and analyzed for number of proliferating cells (AlexaFluor 488) and total
number of nucleus (Hoechst 33342) using ImageJ.

2.7. Statistics

All data is presented as a mean with the standard deviation. Results were analyzed by two-
tailed Student’s t-test or one-way ANOVA followed by Tukey’s multiple comparisons in
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GraphPad Prism software. A confidence level of 95% was considered significant. All assays
were conducted at least in triplicate.

3. Results
3.1. Deposition of poly(OEGMA) brushes on SS

We used a thin film of polydopamine as a foundation to attach an ATRP initiator to the SS
substrate [43-47]. This strategy is illustrated in Figure 1. Immersion of cleaned SS
substrates in a heated aqueous solution of dopamine results in the deposition of a red-brown
layer of polydopamine. This resulted in a hydrophilic surface, as determined by water
contact angle measurements (Table 1). The coupons were then immersed in a solution of 2-
bromoisobutyryl bromide and pyridine in THF to covalently attach the ATRP initiator to the
dopamine layer. The successful attachment of the 2-bromoisobutyryl group was confirmed
by a dramatic increase in the water contact angle (Table 1) and through the presence of a
bromine signal in the XPS spectra (Figure 2C, Table 2).

The initiator-modified SS surfaces were placed inside a cellulose Soxhlet extraction thimble
and immersed in a solution of OEGMA, CuBr, 2,2"-bipyridyl in a 4:1 mixture of methanol
and water. The extraction thimble serves to filter the reaction mixture to prevent excess
insoluble CuBr from depositing onto the metal surfaces while allowing the soluble 2,2’ -
bipyridyl copper complex to catalyze formation of the polymer brush. Non-fouling surfaces
were obtained only when the thimble was used to filter the polymerization mixture.
Attempts to conduct the polymerization in the absence of the thimble resulted in the
deposition of CuBr on the coupons and surfaces that were not non-fouling. The deposition of
cell-resistant poly(OEGMA) polymer brushes also required stringent removal of oxygen
from the polymerization reaction vessel.

3.2 Characterization of poly(OEGMA) brushes

The composition of the film deposited on the SS coupons, after deposition of polydopamine,
modification with 2-bromoisobutyryl bromide, and polymerization of OEMGA, was
analyzed using measurement of water contact angle, ellipsometry and XPS. XPS spectra of
unmodified coupons show the expected peaks for SS, including peaks for nickel, iron,
chromium, oxygen and carbon (Figure 2, Table 2). The addition of the dopamine layer was
evident from a decrease of the signals from the SS substrate and the appearance of a new
signal corresponding to nitrogen. Upon treatment of the dopamine-modified SS coupons
with 2-bromoisobutyryl bromide, the XPS spectra showed the presence of a peak for
bromine at 68.7 eV. After surface-initiated ATRP of OEGMA, the XPS spectra of the
coupons only showed the expected peaks for carbon and oxygen of the polymer brushes.
This is consistent with the formation of a relatively thick layer of poly(OEGMA) that fully
attenuates the signal from the metallic substrate.

A high resolution scan was performed for the C1sregion of the spectrum to evaluate the
chemical composition of the polymer brush. The integration of the peaks in this region of the
spectrum (C-C, 17.4%; C-0O, 76.3%; and O-C=0, 6.3%) is in good agreement with the
theoretical values that are expected for poly(OEGMA\) (Figure 3, Table 3). For the analysis
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of initiator attachment, a C=0 peak is observed from the oxidation of catechol portion of
polydopamine into the quinone form (not shown) [48]. Ellipsometric analysis of hydrated
surfaces indicated a thickness of 122 + 26 nm for the dopamine anchoring sublayer and 107
+ 13 nm for poly(OEGMA) coating. This thickness of poly(OEGMA) is well above the
value of 10 nm that has previously been reported as necessary for anti-fouling behavior [30,
49].

brushes prevent protein adsorption onto SS

Protein adsorption assays were performed to examine the non-fouling nature of the polymer
brush-modified SS coupons. The coupons were incubated in a solution of ALP-conjugated
IgG or human fibronectin and assayed for adsorption of protein. These assays show a
significant reduction in the adsorption of both proteins to the poly(OEGMA) brush-grafted
SS compared to untreated SS (p<0.001) (Figure 4). This result demonstrates that the
poly(OEGMA) brush coating significantly reduces non-specific protein adsorption
compared to unmodified SS.

To examine the mechanical stability of the grafted brushes, brush-coated SS screws were
inserted into cadaveric bone, removed, and then tested for resistance to protein adsorption by
ELISA. As shown in Figure S1, such screws retained their non-fouling properties indicating
that the polydopamine/poly(OEGMA) coating is strongly attached and stable to the
mechanical load experienced during insertion.

brushes prevent cell attachment on SS

Cell adhesion assays were performed using human mesenchymal stem cells (hMSCs) in the
presence of serum. Serum contains proteins such as fibronectin and vitronectin which
typically adsorb onto surfaces and mediate cell adhesion [50]. Since poly(OEGMA) brush-
grafted surfaces resist protein adsorption, our expectation was that these surfaces would not
support cell attachment or spreading. hMSCs were cultured for 18 h on SS surfaces.
Samples were rinsed and then stained with Calcein-AM for fluorescence imaging of
adherent cells. As shown in Figure 5A-B, poly(OEGMA) surfaces displayed a significant
reduction (>95% decrease) in the density of adherent cells compared to unmodified SS (p <
0.001) (Figure 5C). Cell spreading was also significantly reduced on poly(OEGMA)-
modified substrates compared to unmodified SS (~60% decrease in surface area; p < 0.03)
(Figure 5D). Reduction in cell density and spreading compared to untreated SS was not
observed on dopamine and initiator-modified surfaces, indicating that the polymer brush is
essential to prevent cell adhesion.

3.5 Modification of the polymer brush with adhesive ligands restores cell adhesion

Having demonstrated the cell adhesion-resistant nature of poly(OEGMA) brushes on SS, we
evaluated whether the brushes could be functionalized with adhesive peptide ligands so as to
direct cell adhesion. We focused on the immaobilization of a short synthetic peptide that
contains the arginine-glycine-aspartic acid (RGD) binding motif of the adhesive protein
fibronectin. As a negative control, we used a peptide that contains the scrambled RDG
sequence that does not support cell adhesion. The poly(OEGMA)-modified SS coupons
were treated with succinic anhydride [51] to provide carboxylic acid groups at the termini of
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the pendant PEG chains (Figure 6A). Whereas the use of base to promote the ring-opening
of succinic anhydride has been reported for other PEG-containing brush polymers [52, 53],
our attempts to use base to modify the dopamine-anchored poly(OEGMA) brush polymer
films resulted in loss of non-fouling properties (supplementary methods, Figure S2). This
might be explained by the previous observation that polydopamine is subject to degradation
in the presence of base [43], or, by the base promoted hydrolysis of the ester linkages
between the PEG side chains and the methacrylate backbone. Accordingly, we performed
the ring-opening reaction of succinic anhydride on the poly(OEGMA)-bearing SS coupons
in the absence of base.

The carboxyl acid groups of succinic anhydride-treated poly(OEGMA) films underwent
reaction with Athydroxysuccinimide (NHS) in the presence of 1-ethyl-3-(3-A, -
dimethylaminopropyl)carbodiimide hydrochloride (EDC) to provide active NHS-esters prior
to exposure to peptides. XPS was performed on RGD-modified surfaces to detect the
nitrogen signal associated with the peptide. However, no nitrogen signal was detected,
mostly likely due to the low density of peptide on the surface. A surface density of 2.0
nmol/cm? of tethered ligands was determined by using a fluorescently-labeled RGD peptide.

hMSCs were cultured on RGD- and RDG-modified poly(OEGMA) surfaces for 18 h in
serum-containing media. As shown in Figure 6B-E, RDG-modified brushes showed
minimal cell adhesion and spreading, whereas RGD-conjugated brushes supported
significantly higher cell adhesion and spreading. This result shows that cell attachment was
specific to the RGD peptide and that these surfaces supported cell adhesion and spreading.
Furthermore, we tested the ability of cells to proliferate on RGD-modified surfaces. Analysis
of substrates after incubation with cells indicated that the RGD-modified polymer brushes
support hMSC proliferation (Figure S3). As expected, RGD-modified surfaces supported
lower cell densities compared to untreated SS. In this study, we focused on linear RGD
peptide as a model peptide. We performed additional experiments with a cyclic RGD that
has higher affinity for cell adhesion [54] and showed high cell densities on peptide-modified
OEGMA surface (Figure S4).

4. Discussion

Passive adsorption of cell adhesive proteins onto metallic implants improves
osseointegration [18, 19, 55, 56]. Although promising, such strategies have resulted in
limited improvements due to uncontrolled presentation of ligands on the implant interface,
denaturation of adhesive proteins, and displacement of physisorbed adhesive proteins by
other molecules that have a strong binding affinity for the surface [25-27]. We hypothesized
that controlled and stable presentation of adhesive peptides from SS surfaces, on a cell-
resistant background, would lead to reduced non-specific protein adsorption and directed
cell adhesion. We have previously demonstrated a significant level of control over the
presentation of biomolecules on thin films of poly(OMEGA) brushes on titanium that were
deposited on a monolayer of silane-bound initiator [35]. Such controlled presentation of cell
adhesive ligands resulted in functional improvement for bone implants /n vivo [18, 57].
However, our attempts to translate the polymerization of OEGMA on monolayers of silane—
bound initiator to SS failed to produce non-fouling surfaces (see supplemental methods and
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Figures S5, S6). This motivated us to change the surface modification strategy to use a
foundation layer of polydopamine to attach an ATRP initiator for the controlled surface
polymerization of OEGMA.

Dopamine has previously been used as a foundation coating layer for the formation of a
brush polymer via ATRP [43-46]. Lee et al. showed that dopamine polymerizes to form thin
films on a wide range of inorganic and organic substrates [43]. Reaction of the primary
amines of the polydopamine surface can be performed to further modify the surface [43].
For example, Sin et al. have prepared non-fouling SS by deposition of a zwitterionic
poly(sulfobetaine methacrylate) brush polymer on a polydopamine layer [47]. While this
brush polymer prevented biofouling, it lacked functionality for the attachment of biological
ligands or to provide additional functionality. Others have employed the approach of
layering polydopamine on substrates to deposit polymer brushes on nylon, polyethylene
terephthalate, and aluminum oxide surfaces [44-46].

We used a “grafting from” approach to deposit non-fouling polymer brushes whereby a
polydopamine coating on SS was modified with an ATPR initiator to promote the
polymerization of OEGMA (Figure 1). The Kkinetics for polymer growth by ATRP are
governed by the interchange between the inactivated bromine-substituted form of the
terminal methacrylate unit and the active copper complexed chain end. This results in a
uniform and controlled growth of the poly(OEGMA) brush [58]. Indication that
polymerization had occurred comes from surface analysis using XPS and ellipsometry
(Figures 2 and 3). While ATRP provides a robust method for providing brush polymers, it
does not allow for the characterization of molecular weight or grafting density. Sacrificial
initiator has been previously used to characterize the molecular weight of surface bound
brush polymers [59-61]. However, adding a sacrificial initiator and using the bulk
polymerization as an indication of the degree of polymerization on the surface would alter
the polymer growth on substrate. Nevertheless, the surface characterization, peptide density,
and reproducible antifouling properties presented indicate high quality brush polymer of
sufficient thickness and density.

The deposition of poly(OEGMA\) brushes on SS resulted in surfaces that resist protein
adsorption (Figure 4). Cell adhesion experiments with hMSCs also showed minimal cell
attachment on poly(OEGMA\) surfaces compared to untreated SS (Figure 5). An important
aspect of this study was the ability to modify the non-fouling polymer brushes with adhesive
ligands which could then be used to control cell adhesion. The ability to graft to the terminal
ends of the brush polymer on stainless steel is an attractive technology as it allows for
enhance customization for the attachment of a wide range of biological ligands. Polymer
brushes were treated with succinic anhydride to impart the surface with carboxylic acid
groups. These are subject to routine carbodiimide coupling with peptides. Polymer brushes
modified in this manner with integrin ligands (RGD) demonstrated cell adhesion and
spreading (Figure 6). We present this as a proof-of-concept for the promotion of cell
adhesion and activities on SS substrates through the well-defined presentation of adhesive
ligands on a substrate that has been modified to prevent non-specific protein adsorption.
RGD, which binds to several receptors on cell surface [50], has wide application in
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promoting bone formation on implant surfaces [21]. This approach might also be extended
to other peptides (e.g., GFOGER) that display specific integrin signaling [19].

The methods described here provide a reproducible strategy to produce thick polymer
brushes that prevent fouling with proteins and cells and also provide a method to allow for
the facile coupling of biologically relevant ligands. Adhesive ligand-modified polymer
brushes support cell adhesion and proliferation while still maintaining the non-fouling
properties of the brush. Surfaces modified with scrambled peptide sequences (e.g., RDG) do
not support cell adhesion.

5. Conclusions

We have presented a robust approach to modify medical grade stainless steel with
poly(OEGMA) brushes that prevent protein adsorption and cell adhesion. This strategy is
amenable to modification of complex geometries of implants such as screws, pins and stents,
which are challenging to functionalize using dry anisotropic approaches such as vapor
deposition. The poly(OEGMA) brushes significantly reduce protein adsorption and cell
adhesion compared to the unmodified substrate surface. While preventing the passive
adsorption of proteins, the brushes also allow for controlled tethering of bioactive peptide
ligands to provide for control of cell adhesion. The approach may therefore have broad
application to improve osseointegration and promote bone growth and regeneration on
stainless steel implants in surgical bone repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Stainless steel (SS) implants are widely used clinically for orthopaedic, spinal, dental and
cardiovascular applications. However, non-specific adsorption of biomolecules onto
implant surfaces results in sub-optimal integration with host tissue. To allow controlled
cell-SS interactions, we have developed a strategy to grow non-fouling polymer brushes
that prevent protein adsorption and cell adhesion and can be subsequently functionalized
with adhesive peptides to direct cell adhesion and signaling. This approach has broad
application to improve osseointegration onto stainless steel implants in bone repair.
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Figure 1.
Scheme for the formation of poly(OEGMA) brushes on SS.
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XPS survey spectra of untreated and poly(OEGMA) brush-modified SS: (A) untreated SS
surfaces, (B) polydopamine SS surfaces, (C) attached initiator polydopamine SS surface, (D)
poly(OEGMA) SS, (E) poly(OEGMA) with tethered succinic acid, and (F) poly(OEGMA)

with tethered ligand.
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Figure 3.

High resolution XPS scan of the carbon 1sregion of the spectrum of SS coupons: Untreated
SS (top), polydopamine + initiator (middle), and poly(OEGMA)-madified SS (bottom)
(C=0 in spectrum of polydopamine + initiator results from the oxidation of catechol unit

[48]).
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poly(OEGMA) brush results in reduced protein adsorption on SS surface. Protein adsorption
on untreated and poly(OEGMA\) coupons: (A) alkaline phosphatase-conjugated antibody,
and (B) human fibronectin.
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Figure 5.
poly(OEGMA) brush prevents cell attachment on SS surface. Fluorescent microscope

images of human mesenchymal stem cells (hMSCs) stained with Calcein-AM: (A) untreated
SS surfaces, and (B) poly(OEGMA) SS surfaces. Quantification of hMSC density and
spreading on untreated and poly(OEGMA\) brushes: (C) adherent cell density, and (D) cell
spreading area.
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Figure 6.
Peptide functionalized poly(OEGMA) brushes result in controlled cell attachment to SS

surface. (A) Scheme for modification of poly(OEGMA) brushes with peptides. Fluorescent
microscope images of hMSCs stained with Calcein-AM on peptide modified poly(OEGMA)
brushes: (B) RDG modified surfaces, and (C) RGD treated brushes. Quantification of (D)
adherent cell density, and (E) cell spreading area for hMSCs on RDG- and RGD-maodified
poly(OEGMA) brushes.
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Water contact angle measurements for SS coupons.

Treatment water contact angle
clean SS 6+3°
polydopamine 31+£3°
initiator attachment 77+5°
poly(OEGMA) growth 52 + 4°
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XPS non-metal surface composition of SS modification (%)

C (0] N Br
untreated 269 50.7 0
polydopamine 714 205 77 O
initiator attachment 69.8 206 45 22
poly(OEGMA) 655 324 0 0
succinc acid modification 67.4 316 0 0
peptide tethering 66.7 313 0 0
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