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Abstract

Poly(N-substituted glycine) “peptoids™ are a class of peptidomimetic molecules receiving significant
interest as engineered biomolecules. Sarcosine (i.e. poly(N-methyl glycine)) has the simplest sidechain
chemical structure of this family. In this contribution, we demonstrate that surface-grafted polysarcosine
(PSAR) brushes exhibit excellent resistance to non-specific protein adsorption and cell attachment.
Polysarcosine was coupled to a mussel adhesive protein inspired DOPA-Lys pentapeptide, which
enabled solution grafting and control of the surface chain density of the PSAR brushes. Protein
adsorption was found to decrease monotonically with increasing grafted chain densities, and protein
adsorption could be completely inhibited above certain critical chain densities specific to different
polysarcosine chain-lengths. The dependence of protein adsorption on chain length and density was also
investigated by a molecular theory. PSAR brushes at high chain length and density were shown to resist
fibroblast cell attachment over a 7 wk period, as well as resist the attachment of some clinically relevant
bacteria strains. The excellent antifouling performance of PSAR may be related to the highly
hydrophilic character of polysarcosine, which was evident from high-pressure liquid chromatography
measurements of polysarcosine and water contact angle measurements of the PSAR brushes. Peptoids
have been shown to resist proteolytic degradation and polysarcosine can be produced in large quantities
by N-carboxy anhydride polymerization. In summary, surface grafted polysarcosine peptoid brushes

hold great promise for antifouling applications.



1. Introduction

Protein adsorption and subsequent cell-surface interactions constitute the acute biological response to
biomedical materials. It is therefore hypothesized that an antifouling surface design that can prevent
non-specific protein adsorption and cell attachment may be able to improve the performance of a range
of biomedical devices."® Surface-induced thrombosis initiated by plasma protein adsorption, and the
activation of the coagulation system, are major complications in blood-contacting devices (e.g. small-
diameter, synthetic vascular grafts and cardiac valve prosthetics).”” The non-specific adsorption of
plasma proteins also recruits various cells involved in immunological cascades that lead to chronic
inflammation and fibrous encapsulation of orthopedic and other biomedical devices.'"!' Medical device-
related infection caused by bacterial adhesion and biofilm formation affect a significant number of
patients.'”'* Nanoparticle theragnostics, biosensors and tissue engineering constructs that deploy
biorecognition elements also require an “inert” background surface free from non-specific adsorption
for optimal function."”"’

Peptide-based surfaces, such as oligopeptide self-assembled monomers'® and serum albumin blocking
layers,””” have been proposed for antifouling applications. However, such surfaces can be
proteolytically degraded and their long-term in vivo application is limited. Poly(/N-substituted glycine)
“peptoids” are a class of peptidomimetic molecules receiving significant interest as bioactive peptide
mimics.>' > In contrast to peptides, peptoid sidechains are attached to the backbone nitrogen to form
tertiary amide bonds. This shift in the sidechain position is believed to be responsible for the ability of

12425 and peptoids could therefore be advantageous for long-term

peptoids to resist protease degradation,
biomedical applications such as antifouling material coatings.

Surface-grafted water-soluble polymer brushes are actively being investigated as antifouling surfaces.
Such surface brushes present large energetic barriers, constituted by the balance between volume
exclusion, conformational entropy, and segment interactions of the polymer brush, that must be
overcome for protein adsorption to occur on the brush-functionalized surface.*** A range of polymers

have been demonstrated as antifouling surface brushes, including poly(ethylene glycol) (PEG),””!



3% and various surface-initiated polymerizable systems.”*”® Peptoid systems have

zwitterionic designs,
been relatively unexplored: a beta-peptoid system has been investigated,” and our previous research
demonstrated the antifouling performance of peptoid polymers with PEG-inspired methoxyethyl and
hydroxypropyl sidechains.***

Polysarcosine (i.e. poly(N-methyl glycine)), with only methyl groups as sidechains, is the elementary
peptoid in terms of the complexity in sidechain chemical structure. It has been used as the hydrophilic
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block in amphiphilic peptoid block copolymers,™" and model peptide studies have found that sarcosine
substitutions in a peptide sequence are far more hydrophilic than alanine and even lysine residues.*
Lacking chiral centers and intra-molecular hydrogen bonds (no hydrogen bond donors), polysarcosine

9 and is found to

has also long served as a model for studying peptide secondary structure formation,
possess relatively flexible backbone twist angles.® A lack of hydrogen bond donors is also considered to
be a beneficial characteristic in conferring resistance to protein adsorption,” and a tri(sarcosine)-
terminated alkyl-thiol self-assembled monolayer has been found to exhibit remarkable antifouling
properties.”’ We therefore hypothesize that the water-soluble polysarcosine, when surface-grafted as a
polymer brush, would be an excellent peptidomimetic antifouling surface design.

In this contribution, we present an evaluation of the antifouling performance of polysarcosine brushes
in terms of the resistance against protein adsorption as well as in vitro cell attachment. Polysarcosine
polymers were synthesized with a sub-monomer solid-phase synthesis protocol to precisely control the
chain length, and to couple polysarcosine with a proven mussel adhesive protein-inspired DOPA-Lys
surface anchor (DOPA = 34-dihydroxyphenylalanine; Lys = lysine) for convenient control of the
grafting chain density.* The interaction of the polymer with water was characterized by reverse-phase
high-pressure liquid chromatography (RP-HPLC) and surface wetting of the grafted polymer brush was
characterized by dynamic water contact angle measurements. The DOPA-Lys surface anchor enabled
the measurement of protein adsorption as a function of the grafted chain density and the identification of

the critical density” for inhibiting protein adsorption. We also employed a molecular theory we

previously introduced®** to characterize the polymer-protein interaction. Finally, the long-term



resistance of the polysarcosine brush surface against mammalian cell attachment over several weeks,
and the resistance against three strains of bacteria attachment were characterized. Our results show that
polysarcosine is a promising antifouling polymer and suggests that this simplest of peptoids may confer
outstanding antifouling properties.

2. Experimental
2.1. Materials

All chemical reagents and buffer salts were sourced from Aldrich (Milwaukee, WI) at ACS reagent
grade or higher. High purity solvents were purchased from VWR (Radnor, PA). Solid phase peptide
synthesis reagents (Rink amide-MBHA resin LL, HBTU, Fmoc-Lys(Boc)-OH, Fmoc-
DOPA (acetonide)-OH, Fmoc-Ala-OH) were purchased from Novabiochem/EMD Chemicals (San
Diego, CA). Silicon wafers were purchased from Silicon Quest (Reno, NV). Ultrapure water (UP H,O)
(resistivity = 18.3 MQ cm; total organic content of 5 ppb) was obtained from a NANOpure Infinity
System from Barnstead (Dubuque, IA).

2.2. Synthesis and Characterization of Polysarcosine Brush Polymers (PSAR)

Polysarcosine of various chain lengths (PSAR-n) with the DOPA-Lys pentapeptide surface grafting
anchor were synthesized using the solid phase synthesis protocol described for our previously
introduced peptoid antifouling brushes.***'** Briefly, the C-terminal DOPA-Lys-DOPA-Lys-DOPA
pentapeptide surface anchor was first synthesized on a rink amide resin using conventional Fmoc solid-
phase peptide synthesis (SPPS);* the polypeptoid portion was then coupled using the conventional

submonomer protocol.”

Methylamine, dissolved in tetrahydrofuran at 2 M (commercially sourced) and
diluted in an equal volume of N-methylpyrrolidone, was used as the sarcosine sidechain submonomer.
Pure polysarcosine peptoids without the DOPA-Lys anchor (20-mers) were also synthesized by
initiating the submonomer protocol directly on the resin. For comparison purposes, the peptide analog
polyalanine (20-mers) was synthesized by standard Fmoc SPPS initiated directly on the resin. The N-

termini of all peptoid/peptide chains were acetylated with 1 M acetic anhydride in DCM for 30 min. All

reactions were carried out on a C S Bio 036 automated peptide synthesizer (C S Bio, Menlo Park, CA).



Cleavage from the resin and deprotection of all the polymers were accomplished by standard 95% TFA
treatment. The crude products were purified by diethyl ether precipitation and preparative RP-HPLC.
The purity of the final products was confirmed by analytical RP-HPLC and MALDI-MS. All HPLC
measurements were performed on a Waters system (Waters, Milford, MA) using Vydac C18 columns.
2.3. Preparation of PSAR Brush Surfaces on TiO, Surfaces

3.5 nm thick TiO, native oxide films were deposited on Si wafers by electron beam evaporation
(Edwards Auto500; 6x107° Torr, 0.1 nm/s) as previously demonstrated.”” The TiO, wafers were cleaved
into 11 x 12 mm’ samples and individually marked for measurements. The substrates were cleaned by
sonication in successive water, acetone and 2-propanol baths and dried under N,, and then by a reactive
O, plasma (120 mTorr, 100 W, 3 min; Harrick Scientific, Ossining, NY). PSAR-n brushes were then
grafted by immersing the TiO, samples in PSAR-n solutions (3M NaCl buffered with 0.1M MOPS, pH
6, 60°C) at different concentrations and durations to obtain a range of grafted chain densities. All wafers
within a batch of preparation were placed face up in sealed cell culture flasks and the coating solution
was constantly swirled within a heated orbital shaker. After coating, the substrates were extensively
rinsed with UP H,O and dried in a stream of filtered N,.

Sterile PSAR-20 brush surfaces were used for the cell culture experiments. The O, plasma cleaned
TiO, samples were transferred into a sterile cell culture hood and placed on sterilized tissue soaked in
70% ethanol to sterilize the substrate backside, and irradiated with UV light of the cell culture hood for
at least 30 min to sterilize also the top side. The sterilized substrates were then placed in sterile 12.5 cl
flasks, and coated with PSAR solutions that were filter sterilized using 0.2 micron filter membranes.
The coated samples were rinsed with sterilized water inside the cell culture hood before being placed at
the bottom of sterile 24-well plates for cell culture.

2.4. PSAR Brush Density Characterization

The dry brush thickness (d) of each sample was measured by spectroscopic ellipsometry (M-2000,

J.A. Woollam, Lincoln, NE) and the grafted chain density (o) was calculated from the thickness values:



o=N,pd/ M,, where N, is Avogadro’s number, p is the surface mass density and M,, is the molecular
weight. Ellipsometry spectra (377 to 1000 nm) were analyzed with a multilayer optical model. The
refractive index (npg,p(h) = 1.503 + 0.006/A%) of polysarcosine was measured from thick spin-coated
polysarcosine films using a previously described protocol.” The mass densities of PSAR-10 and PSAR-
20 (Opsar=i1o and Ppsaro) Were calculated by dividing their M,, (precisely known for the monodisperse
solid phase synthesized polymers) by their molecular volumes (obtained from atomistic models of the
polymers; see supporting information). Ppsag-io = 1.46 g/cm’ and Ppgap_re = 1.42 g/cm’. Atomistic model
values were also verified by comparison of the model sarcosine monomer volume with experimental
measurements using the aforementioned protocol on spin-coated films; both methods yielded a
sarcosine monomer volume of 0.09 nm’.
2.5. Contact Angle Measurements

Advancing and receding water contact angles were measured using the dynamic sessile drop method
with a contact angle goniometer fitted with a high-frame-rate video camera and an automated pipette
(Model 190 CA, Ramé-Hart, Succasunna, NJ). To begin the measurement, a 1 pul UP H,O drop was first
placed on the substrate, and the tip of the automated pipette was lowered into the drop just behind the
drop apex (to minimize distortion of the drop shape from the viewpoint of the camera). Water was
supplied to the drop in steps of 0.08 ul at ~2 Hz. At the end of the advancing sequence, the drop volume
was ~5 pl, the pipette tip was immediately withdrawn, and an image of the drop was saved (within ~ 1 s
after the drop has stopped moving). To record the receding angle, the pipette tip was lowered back into
position, and water was withdrawn, also in steps of 0.08 ul at ~2 Hz. The contact angles were
determined by automated image analysis of the water drop in profile (DropImage, Ramé-Hart,
Succasunna, NJ).
2.6. Protein Adsorption Measurements

Lyophilized human fibrinogen (Fg; Sigma, Milwaukee, WI) was dissolved in pH 7.4, 10 mM hepes

buffer, 150 mM NaCl at a concentration of 3 mg/ml. The normal physiological concentration of



fibrinogen is between 2-4 mg/ml. Each PSAR coated TiO, sample was cleaved in half, with the
experimental half-sample placed in protein solution and the control half placed in unloaded buffer. The
samples were incubated at 37°C for 20 min or 18 h and then rinsed in UP H,O, and dried under a stream
of N,. The amount of adsorbed proteins was obtained from ellipsometer measurements in air of the
adlayer thickness relative to the peptoid brush thickness of the control immersed in unloaded buffer
(assuming n = 1.45 + 0.01/A*; N = 3; previous measurements showed that a mass density of 521 ng/cm’
corresponded to a 3.7 nm Fg layer adsorbed on uncoated TiO,"). Note that the present measurement
approach with a rinsing step only measured the majority fraction™ of fibrinogen that is irreversibly
adsorbed on the surface. The fraction of reversibly bound proteins may be important components of the
protein adsorption process for certain biological responses related to protein adsorption.’”*** The drying
step also likely introduced significant conformational changes to the adsorbed fibrinogen.
2.7. Mammalian Cell Attachment Assay

Swiss albino 3T3 fibroblasts (CCL-92, ATCC, Manassas, VA) were cultured with Dulbecco’s
Modified Eagles media incorporating 10% calf bovine serum (CBS) and 1% penicillin-streptomycin
(PS) solution following standard ATCC protocol. They were harvested using 0.25% trypsin-EDTA and
counted using a hemocytometer immediately before use. Cells were seeded on PSAR-20 brush coated
TiO, and on uncoated TiO, controls placed in 24-well plates at a density of 5000 cells/well (N = 3). At
specified time points, the cell suspension was exchanged with 4 uM calcein AM dissolved in phosphate
buffered saline (20 min incubation at 37°C) to stain (30 min) for live, surface-attached fibroblasts. The
substrates were then transferred to new culture plates with fresh buffer and imaged with an
epifluorescence microscope while immersed in solution. After imaging, substrates were reseeded with
fresh cells in the standard DMEM/CBS/PS media and placed back into the incubator; media were
changed every 3 days. The samples were reseeded after imaging, or at least twice weekly, whichever

was sooner. The cell-covered surface area was quantified by image analysis (three images per substrate).



2.8. Bacteria Attachment Assay

Escherichia coli (ATCC 35218) glycerol stock was streaked on LB agar plates and Staphylococcus
epidermidis (RP62A) and Pseudomonas aeruginosa (ATCC 27853) glycerol stocks were streaked on
tryptic-soy agar plates for overnight culture at 37°C. To generate stock cultures, 3-4 colonies were
transferred to LB broth for E. coli and tryptic-soy broth for S. epidermidis and P. aeruginosa. Following
overnight incubation at 37°C, approximate CFU counts were computed based on absorbances (at 600
nm) from previously established growth curves. To prepare the inocula, cells were centrifuged at 10,000
rpm at 4°C and the obtained pellets re-suspended in sterile 0.85% NaCl solution. Subcultures of the
inocula were performed to confirm cell concentrations to be within a log unit of 1x10* CFU/ml.

Dynamic attachment assays were performed using E. coli and P. aeruginosa to mimic the surface
flow conditions in biomedical catheters. Sample substrates were placed into a 70 ml flat-bottom tissue
culture flask, covered with 5 ml of the inoculum solution, and placed on an oscillating stage (60 rpm).
Static attachment assays were performed using S. epidermidis, which avoids surface-attachment under
shear.”® Samples for S. epidermidis were placed into wells of a 24-well tissue culture plate and covered
with 1 ml of the inoculum solution. All samples were then incubated for 24 h at 37°C (N = 3).
Afterwards, the inoculum solutions were exchanged with 0.85% NaCl solution (“rinsing”), stained with
a live/dead stain (Syto-9/Propidium-Iodide) for 15 minutes, rinsed again with 0.85% NaCl, and mounted
on glass microscope slides using mounting medium. The relative area covered by cells was determined
using ImagelJ.
2.9. Molecular Theory

The calculation details have been described in previous publications.”******” The basic idea is to
consider conformations of the grafted polymer molecules and proteins. By minimization of the system’s
free energy, the probability of each of those conformations is determined depending on the solution
conditions. This enables the investigation of both structural and thermodynamic properties of the
equilibrium state of the explicit molecular system studied, for the complete range of surface coverages

from very dilute (mushroom), to intermediate, and to highly stretched (brush) regimes. In applying the



molecular theory to PSAR peptoid brushes, the polymer was considered to have one large headgroup
representing the DOPA-Lys pentapeptide anchor (volume = 0.3 nm’ and binding energy with TiO,
= -84 kT, as described in ref. 37), and multiple smaller sarcosine monomer segments (volume = 0.09
nm’; see section 2.3). Fibrinogen was modeled as a molecule composed of three spheres, which
represents the 3-lobed elongated structure of the actual protein, and was based on previous success in
predicting experimental observations.”*”* In accordance with the experimental observations of the
present study, the polymer-polymer and polymer-protein interaction strengths were taken to be -50/T
and -170/T, respectively.

3. Results and Discussion
3.1. Characterization of Polysarcosine Polymer Brushes (PSAR-n)

The chemical structure of the PSAR-n brush molecule is shown in Scheme 1. Polysarcosine chain
lengths of n = 10 and 20 sarcosine units were studied experimentally. Solid phase synthesis and HPLC
were used to obtain monodisperse polymers for comparison with molecular theory. The polymers were
grafted onto TiO, substrates using a DOPA-Lys pentapeptide surface-grafting anchor (DOPA = 3 4-
dihydroxy-phenylalanine and Lys = lysine) inspired by mussel adhesive proteins.””*> DOPA and Lys
amino acids are found enriched in the adhesive plaques that marine mussels use to attach strongly on a
variety of wet surfaces.””® As many biomedical implants make use of titanium alloys,”” TiO, was
chosen as a model substrate. As previously demonstrated,”** the use of the DOPA-Lys anchor not only
enables secure grafting of a peptoid brush monolayer onto TiO, substrates, but also the convenient
control of the brush grafting density by a solution grafting-to approach.

Figure 1 illustrates, using PSAR-20 as an example, that the grafted chain density can be controlled
across a wide range. Higher deposition concentrations and longer deposition durations promoted the
insertion and accommodation of PSAR chains at higher surface densities within the peptoid layer.
Further, to promote monolayer grafting, the depositions were performed at pH 6 to prevent the catechol

crosslinking and polymerization that is observed at basic pH, and which give rise to disordered coatings
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of greater thickness.”®' The highest PSAR-20 density achieved was 0.87 nm™, corresponding to a dry
brush thickness of 2.3 nm and an average chain separation of 1.2 nm (assuming a close-packed array of
the DOPA-Lys anchors). For PSAR-10, the highest chain density achieved was 0.95 nm™ (dry thickness
= 1.7 nm and average chain separation = 1.1 nm). This range of chain separations (1.1~1.2 nm) is
similar to the estimated footprint diameter of the DOPA-Lys pentapeptide segment® and chain densities
could not be increased significantly further within a monolayer.

The solution phase behavior of grafted polysarcosine was also investigated with liquid AFM
measurements (see supporting information). AFM imaging showed a smooth PSAR-20 surface when
grafted at 0.82 nm™ and did not reveal any obvious defects in the brush layer. AFM contact mode
“scratching” experiments also revealed a wet thickness of ~6 nm for the 0.82 nm™> PSAR-20 brush (dry
thickness = 2.2 nm). The contour length of the polysarcosine 20-mer is 6.8 nm, and that of the DOPA-
Lys pentapeptide anchor is 1.7 nm (using the value of 0.34 nm per residue for amino acids). The
absolute thickness of the PSAR-20 layer is difficult to measure because the height position of the
(dynamic) polymer brush depends on the force applied by the AFM tip during imaging, and because
AFM scratching cannot guarantee that all the polymer material has been displaced with the AFM tip.

To obtain insight into the hydrophilicity of the PSAR brush, the water wetting behavior of the grafted
PSAR brush and the partitioning of the standalone polysarcosine peptoid in water were characterized.
Figure 2 shows that the advancing water contact angle measured on PSAR-20 was reduced by
increasing the density of the polysarcosine chains from > 20° at low brush densities to a minimum of
13° at high densities. In contrast, the advancing angle of a homogeneous layer of the DOPA-Lys anchor
without the peptoid segment was measured at 39°.* The advancing contact angle measured on PSAR-10
at the highest chain densities was 33° (see supporting information) and likely indicated the influence of
the underlying DOPA-Lys anchor layer. Receding contact angle measurements revealed that both
PSAR-10 and PSAR-20 brushes at all chain densities were nearly completely wetting (6,.. =5 ~ 7°) and

suggested the strong interaction of the polysarcosine peptoid with water.
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The observations above were corroborated by RP-HPLC measurements of the standalone 20-mer
polysarcosine peptoid (i.e. without the DOPA-Lys anchor) using a water-acetonitrile (ACN) gradient
(Figure 3). A C,; alkyl-chain-modified column was used to probe the relative hydrophobic interactions
of the test molecules between the column material and a range of water-ACN solvent compositions.
More hydrophobic and/or larger molecules interact more strongly with the column and elute only with a
less hydrophilic solvent (i.e. higher ACN content in the present measurement). As shown in Figure 3
the pure polysarcosine 20-mer eluted at 81% water (19% ACN) and the longer PSAR-20 with both the
polysarcosine and DOPA-Lys pentapeptide eluted at 78% water (22% ACN). In comparison, the much
shorter DOPA-Lys pentapeptide eluted at only a slightly higher 84% water (16% ACN), while a pure
polyalanine 20-mer peptide eluted at a much lower 63% water (37% ACN). Thus the elution of PSAR
species at relatively high water contents indicates a relatively strong interaction of polysarcosine with
water. This is consistent with observations that discrete sarcosine substitutions along model polypeptide
sequences are more hydrophilic than alanine and even lysine residue.** Although a low water contact
angle is not required for good antifouling behavior (e.g. non-fouling PEG brush surfaces exhibit contact
angles typically in the range of 30-40°), the water contact angle and HPLC data (Figures 2 and 3) do
indicate a strong interaction of polysarcosine with water, which could benefit antifouling performance.
3.2. Protein Adsorption on PSAR Brushes

As a biomaterial comes into contact with body fluids, the process of protein adsorption occurs rapidly
and the adsorbed proteins may mediate subsequent cell-interactions.>'' The resistance against protein
adsorption is therefore one indication of the performance of an antifouling surface. Fibrinogen (Fg) was
chosen as a model protein to probe the resistance of PSAR brushes against protein adsorption because it

is an important protein in platelet and monocyte adhesion, in the coagulation pathway, and in

3,63 5,63

inflammation.”™ (However, other plasma proteins may play a higher regulatory role.””) Fg adsorption
data on a range of antifouling polymer brushes, including PEG, have also been reported and are

compared with the present polysarcosine system in the supporting information.

12



PSAR brushes were prepared at a range of chain densities and challenged with Fg solutions (3 mg/ml,
the average concentration in blood plasma). As seen in Figure 4, the amount of proteins adsorbed
decreased monotonically with increasing chain density, likely because protein insertion into the tethered
peptoid layer is increasingly prevented by the excluded volume repulsions of a larger number of grafted
chains, as well as the decreasing entropic degrees of freedom of the chains if a protein was inserted.*
(Note that the present measurement approach with a rinsing step only measured the majority fraction™
of fibrinogen that is irreversibly adsorbed on the surface.)

Furthermore, it was observed that short-term fibrinogen adsorption was essentially inhibited above the
“critical” densities of ~0.5 nm™ for PSAR-20 and approximately 1 nm™ for PSAR-10. We have
previously shown that the critical density to preventing protein adsorption is an important parameter to
quantitatively characterize the antifouling performance of surface-grafted polymer brushes.” By this
measure, the brushes composed of PSAR are comparable to the performance of our previously
introduced peptoid with PEG-mimetic sidechains (critical density ~0.5 nm?),” and also that of
conventional PEG of similar molecular weight.**® A comparison of fibrinogen adsorption as a function
of chain density on PSAR-20 with literature data concerning surface grafted PEG and acrylate polymers
with oligo(ethylene glycol) and with phosphorylcholine sidechains is included in the supporting
information.

The experimental data in Figure 4 actually consist of results from both 20 min and 18 h experiments.
Consistent, albeit slight, decreases in the polysarcosine chain densities were measured from control
samples after extended immersion of the brush coated substrates in protein solution, and the chain
densities plotted in Figure 4 correspond to these final values. However, no obvious difference in the
trends of protein adsorption vs. chain density was observed between the 20 min and 18 h sample sets.
We also note that the current fibrinogen adsorption measurements were performed under static
conditions and involved sample rinsing, and hence were designed only to illustrate the potential of
PSAR surfaces to resist protein adsorption instead of as an explicit model of blood plasma-surface

interactions.
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The increasing ability of the PSAR brushes to inhibit protein adsorption at higher chain densities is
generally reproduced by the molecular theory, shown also in Figure 4 (solid curves). In particular, a
longer chain is able to inhibit protein adsorption at a lower chain density because a relatively higher
density of polymer segments is maintained even at a lower chain density for longer chains, and because
the time required for an initial adsorption event is predicted to grow rapidly with the chain length.”® This
effect is illustrated in the inset of Figure 4, which plots the critical densities predicted by molecular
theory for completely preventing fibrinogen adsorption over an extended range of PSAR chain length. It
is seen that the marginal reduction in chain density required to inhibit protein adsorption (i.e. the
“improvement” in antifouling performance for increasing the chain length) decreases rapidly with
increasing chain length. Specifically, the molecular theory predicts that a shift from PSAR-10 to PSAR-
20 would provide more than half of the potential improvement towards the long chain length limit (the
predicted critical chain density at a chain length of 50 monomers is 0.39 chain/nm’, and appears to
approach the asymptotic value). Indeed, the present protein adsorption experimental results indicate that
the use of PSAR-20 instead of PSAR-10 dramatically decreased the critical chain density from ~1 nm™
to ~0.5 nm™. The molecular theory applied has also been corroborated by experimental observations of
protein adsorption on PEG and other peptoid brushes.”*** Knowledge of the critical density behavior
for an antifouling polymer brush system is important because grafting longer polymer chains at higher
densities can be increasingly inconvenient (e.g. in requiring longer processing conditions and/or larger
amounts of polymer material; see Figure 1).

3.3. Prevention of Mammalian Cell and Bacteria Attachment

Based on the excellent resistance of the PSAR-20 brush against protein adsorption, evaluation of the
PSAR system against cell attachment focused on this 20-mer chain length. PSAR-20 brush coated
surfaces were challenged by the long-term culture of mouse fibroblasts (3T3-Swiss albino) to evaluate
the antifouling performance against mammalian cell attachment. Although not directly related to
surface-induced thrombosis and hemocompatibility, fibroblasts are responsible in another important

area of biocompatibility —the synthesis of collagen during fibrous encapsulation and their proliferation
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leads to the formation of granulation tissue.'" Therefore, resistance to fibroblast attachment has been
considered a characteristic of hemocompatible surfaces.”® The extents of fibroblast attachment on
PSAR-20 as well as on the uncoated TiO, control are compared in Figure SA. An initial PSAR chain
density of 0.87 nm™, above the critical density to prevent fibrinogen adsorption, was chosen for these
experiments. Consistent with the inhibition of protein adsorption at high chain densities, it is seen that
fibroblast attachment on PSAR-20 was severely limited. The number of attached fibroblasts, stained
green by calcein AM (Figure 5B) and represented by the total cell surface coverage (Figure SA), was
maintained at a very low level (= 1%) over the prolonged experimental time frame (7 weeks). In
contrast, fibroblasts proliferated on uncoated TiO, controls and attained full coverage (corresponding to
5x10* cell/cm®) 1 week after initial cell seeding. Fibroblasts require an attachment surface in order to
survive and proliferate. However, they were unable to do so on PSAR-20 and the still suspended cells
were removed during media exchange for the cell-staining procedure. To test for long-term antifouling
effectiveness, new cells were seeded twice a week to continuously challenge the PSAR-20 surface. For
the small number of cells that remained on the PSAR-20 surface at each time point, all exhibited a
rounded morphology and extended no or very few filopodia (Figure 5B), indicating that the cells were
very limited in their ability to interact with the antifouling surface. In contrast, the fibroblasts spread
very well on the uncoated TiO, surface. A comparison of long-term fibroblast attachment on PSAR-20
with literature data for surface grafted PEG and acrylate polymers with oligo(ethylene glycol) and with
sulfobetaine sidechains is included in the supporting information.

Although we were unable to correlate protein adsorption with the cell culture data throughout the 7
wk experimental period, we were able to measure, over the course of 8 d, the amount of protein
adsorption from the cell culture media (incorporating 10% bovine serum) on control PSAR-20
substrates (see supporting information). It was observed that 20~40 ng/cm’ of material was adsorbed on
PSAR-20 substrates after overnight immersion in the cell culture media, but that the amount of adsorbed
matter stayed relatively constant up to 8 d. In contrast, the amount adsorbed on TiO, control substrates

was 570 ng/cm” on day 8. Therefore the adsorption of 20 ~ 40 ng/cm’ of cell culture media on PSAR-20
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was not able to support fibroblast attachment within the first week of experiments, and this relatively
low level of adsorption might also be correlated the long-term inability of fibroblasts to attach on
PSAR-20.

The resistance against bacteria attachment was also evaluated (Figure 6). Two gram-negative strains,
Pseudomonas aeruginosa and Escherichia coli, and a gram-positive strain, Staphylococcus epidermidis,
were selected due to biofilm-forming behavior and prevalence in medical device-related infections.
Both gram-positive and gram-negative bacteria can be found as part of an infectious biomass associated
with pneumonia, and urinary tract, surgical site, and blood stream infections.'>"” While P. aeruginosa
only accounts for approximately 11% of nosocomial infection pathogens, pseudomonal pneumonia is
often associated with high morbidity, with 70 to 90% mortality reported.””*

In these experiments, the samples were rinsed for bacteria staining, and only the surface-attached
bacteria cells were counted. As a surface with no antimicrobial activity that resists attachment only by
physico-chemical means, the PSAR-20 brush was found to be quite effective against the attachment of
both P. aeruginosa and E. coli. Attachments of these two strains were reduced by >95% as compared to
the uncoated TiO, control. Incidentally, conventional PEG is known to be relatively ineffective against
P. aeruginosa attachment.” PSAR-20 was also significantly more effective than PSAR-10 at resisting
the attachment of these two gram-negative strains. However, a small but significant amount of S.
epidermidis attached on the PSAR-20 brush (~80% reduction). The performance of PSAR-10 against S.
epidermidis attachment was expected to be lower and was not tested. Notwithstanding, based on the
protein adsorption results and the reduced attachment of P. aeruginosa and E. coli on PSAR-20 as
opposed to PSAR-10, PSAR brushes at longer chain lengths may further inhibit the attachment of all the
bacteria strains tested.

4. Conclusions

Polysarcosine, the elementary poly(/N-substituted glycine) peptoid, was demonstrated to be an
excellent antifouling polymer when surface grafted as a polymer brush. Polysarcosine brushes (PSAR-

n) were surface grafted on TiO, by a mussel-adhesive-inspired DOPA-Lys pentapeptide. This grafting
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strategy enabled fine control over the surface chain densities over a wide range. At high chain densities,
the grafted PSAR-20 brushes exhibited very low water contact angles, and HPLC measurements showed
that standalone polysarcosine is much more hydrophilic than its peptide analogue —polyalanine. These
measurements indicated that the polysarcosine peptoid backbone possesses a strong and favorable
interaction with water. The control over grafting densities also allowed the identification of the critical
chain densities above which PSAR-10 (1 nm?) and PSAR-20 (0.5 nm™) can effectively inhibit
fibrinogen adsorption. Molecular theory calculations of fibrinogen adsorption on the PSAR-n brushes
corresponded well with the experimental data, and showed that the critical chain density could be
further reduced at longer PSAR chain lengths. Moreover, the good predictive power of the theory
reinforces the idea that the main mechanism for preventing protein adsorption by the polypeptoid brush
is due to steric repulsions, i.e. the restriction on the number of peptoid conformations and the high local
osmotic pressure that results from protein insertion into the peptoid layer.

Consistent with the high resistance against protein adsorption, PSAR-20 at a high brush density was
demonstrated to resist mammalian cell (mouse fibroblast) attachment over an extended period of 7 wk
while being challenged with repeated seeding with fresh cells. This suggests polysarcosine brush
coatings could prevent undesirable protein adsorption and cell attachment. The PSAR-20 brushes were
also shown to resist the attachment of both E. coli and P. aeruginosa. In addition to the excellent
antifouling properties demonstrated, polypeptoid have been shown to resist proteolytic degradation®'***
and polysarcosine can be produced in large quantities by N-carboxy anhydride polymerization.”* In

summary surface grafted polysarcosine peptoid brushes hold great promise as an antifouling design for

biomedical applications.
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Figure 1. The surface density of grafted PSAR-20 chains (left axis) and the corresponding brush
thickness in the dry-state as measured by ellipsometry (right axis). A wide range of surface chain
densities was achieved by solution grafting of PSAR-20 from varying solution concentrations and

durations of exposure. The error bars indicate +1 SD.
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Figure 2. The advancing and receding water contact angles recorded on PSAR-20 surfaces with a range
of different grafted chain densities. The inset shows the optical image of a 7 pl water drop in profile, at
the end of an advancing contact angle measurement, and illustrates the low water contact angles a

polysarcosine brush surface makes at high chain densities. The error bars indicate 1 SD.
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Figure 3. RP-HPLC elution of the pure polysarcosine (SAR-20), pure polyalanine (Ala-20), the
standalone DOPA-Lys pentapeptide anchor (DOPALYys-5) and the PSAR-20 brush molecule using an
analytical C18 column. The HPLC gradient used was an increase of 1% ACN/min starting at 2% ACN
in water with 0.1% added TFA. The UV absorbances of the amide moieties along the peptoid/peptide
backbone (at 214 nm) were background subtracted and normalized for comparison. The disturbance at 2

min was the injection peak.
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Figure 4. The amount of adsorbed fibrinogen protein as a function of PSAR surface chain density.
Black diamonds represent experiment data for PSAR-10; the black line shows the corresponding
adsorption behavior predicted from molecular theory. Red squares represent experiment data for PSAR-
20; the red line shows the corresponding theoretical prediction. The experiments were performed with 3
mg/ml fibrinogen in HEPES buffer at 37°C. The experimental critical chain densities for inhibiting
fibrinogen adsorption are ~0.5 nm™ for PSAR-20, and ~1 nm™ for PSAR-10. The error bars represent +1
SD. The inset shows the theoretical critical chain densities for chain lengths = 10 and 20, as well as for

an extended range of chain lengths up to 50 mers for which experimental data is not available.
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Figure 5. The resistance of the PSAR-20 brush surface (chain density = 0.87 nm™) against 3T3 mouse
fibroblast attachment. The cells were stained with calcein AM. (A) plots the surface coverage of
fibroblasts observed on the PSAR-20 brush over 49 d (7 wk). Fresh fibroblasts were reseeded on the
samples twice a week. The number of cells attached on PSAR-20 was very low throughout, while a
confluent layer (coverage = 1) was achieved on the uncoated TiO, control surface after 7 d. Although
some cells were observed on the PSAR-20 surface, (B) shows that their morphologies were rounded,
exhibiting few filopodia, and were poorly attached. In contrast, cells on the TiO, control spread very

well and formed a confluent cell sheet after 1 wk of cell culture (A). The error bars indicate +1 SD.
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Figure 6. The ability of PSAR-10 and PSAR-20 brushes to resist attachment of bacteria over 24 h.

Pseudomonas aeruginosa was seeded at 3x10" CFU/mL and Escherichia coli was seeded at 6x10°

CFU/mL. Staphylococcus epidermidis was seeded at 4x10" CFU/mL. The PSAR-20 chain density was

0.87 nm?, and the PSAR-10 chain density was 0.95 nm™. Seeding of S. epidermidis was not performed

on PSAR-10. Normalization is performed for data obtained for measurements of each specific bacterial

strain. For a given strain, the seeding density is maintained between all sample conditions tested. The

normalized data are specific to individual species and not between all 3 strains. The error bars indicate

+1 SD.
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Scheme 1. Chemical structure of the polysarcosine peptoid with DOPA-Lys surface-anchoring

pentapeptide (PSAR-n), as well as the structures of the pure polysarcosine 20-mer (SAR-20) and

polyalanine 20-mer (Ala-20).
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