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Peptidomimetic polymers consisting of poly-N-substituted glycine oligomers (polypeptoids)

conjugated to biomimetic adhesive polypeptides were investigated as antifouling surface coatings. The

polymers were immobilized onto TiO2 surfaces via an anchoring peptide consisting of alternating

residues of 3,4-dihydroxyphenylalanine (DOPA) and lysine. Three polypeptoid side-chain

compositions were investigated for antifouling performance and stability toward enzymatic

degradation. Ellipsometry and XPS analysis confirmed that purified polymers adsorbed strongly to

TiO2 surfaces, and the immobilized polymers were resistant to enzymatic degradation as demonstrated

by mass spectrometry. All polypeptoid-modified surfaces exhibited significant reductions in

adsorption of lysozyme, fibrinogen and serum proteins, and were resistant to 3T3 fibroblast cell

attachment for up to seven days. Long-term in vitro cell attachment studies conducted for six weeks

revealed the importance of polypeptoid side-chain composition, with a methoxyethyl side chain

providing superior long-term fouling resistance compared to hydroxyethyl and hydroxypropyl side

chains. Finally, attachment of both gram-positive and gram-negative bacteria for up to four days

under continuous-flow conditions was significantly reduced on the polypeptoid-modified surfaces

compared to unmodified TiO2 surfaces. The results reveal the influence of polypeptoid side-chain

chemistry on short-term and long-term protein, cell and bacterial fouling resistance.

Introduction

Biofouling, in the form of protein, cell and bacterial attach-

ment on medical devices, can alter device performance and

lead to patient infection, device removal and increased

healthcare costs. Some common examples of biofouling

include accumulation of proteins and cells on biosensor

surfaces,1 stents and cardiovascular implants,2–4 and the

colonization of bacteria on catheters,5,6 contact lenses7 and

surgical tools.8 Fouling resistance of materials can be

improved by surface-immobilization of self-assembled mono-

layers (SAMs) and antifouling polymers; a number of

strategies and molecular compositions for accomplishing this

have been reviewed by others.9–12 Among the more commonly

employed systems are oligo(ethylene glycol)-terminated

SAMs,10,13–15 grafted polymers based on poly(ethylene glycol)

(PEG),16–23 zwitterionic polymers,24–26 and glycomimetic

polymers.27 Although much progress has been made toward

preventing short-term adhesion of proteins and cells, long-

term biofouling resistance remains a challenge.

We recently reported the design and synthesis of a new

class of antifouling polymers composed of N-substituted

glycine (peptoid) chains.28 Through the addition of an

adhesive peptide containing residues found in mussel-adhesive

proteins,29,30 an N-methoxyethyl glycine peptoid adsorbed

strongly to Ti surfaces and exhibited low protein adsorption

and cell-fouling resistance for over five months in vitro.

In addition to attractive features such as protease resistance

and low immunogenicity,31,32 peptoid polymers also offer

vast potential for chemical tailoring through the use of both

natural and unnatural side-chain functional groups. In the

present study we begin to explore this chemical versatility

through synthesis and characterization of two new antifouling

peptidomimetic polymers comprising different polypeptoid

side-chain compositions. The antifouling performance of

the polymers grafted on TiO2 was assessed by protein-,

cell- and bacterial-adhesion measurements. All three peptido-

mimetic polymers provided good short-term resistance to

protein, cell and bacterial fouling. However, long-term cell-

attachment studies revealed significant differences in fouling

performance, which can be attributed to peptoid side-chain

composition.

Experimental

Materials

Methoxyethylamine, ethanolamine, triisopropylsilyl chlo-

ride, (¡)-1-amino-2-propanol, triisopropylsilane (TIS),
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dimethylformamide (DMF), acetonitrile (ACN), N-morpho-

linopropanesufonic acid (MOPS) buffer salt, chicken

egg-white lysozyme, fibrinogen, 4-(2-hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES) buffer salt, trypsin, pronase,

Tris buffer salt, sodium tetraborate, 2-propanol, sinapic acid

matrix and a-cyano-4-hydroxycinnamic acid (CHCA) matrix

were purchased from Aldrich (Milwaukee, WI, USA). Rink

amide resin, Fmoc-Lys(Boc)-OH, and Fmoc-DOPA(aceto-

nide)-OH were purchased from Novabiochem (San Diego,

CA, USA). Acetic anhydride and N-methylpyrrolidone (NMP)

were purchased from Applied Biosystems (Foster City, CA,

USA). Trifluoroacetic acid (TFA) was obtained from Fisher

Scientific (Pittsburgh, PA, USA). Silicon wafers were pur-

chased from University Wafer (South Boston, MA, USA).

Lyophilized whole human serum (Control Serum N) was

purchased from Roche Diagnostics (Indianapolis, IN, USA).

Immobilized TPCK trypsin was purchased from Pierce

(Rockford, IL, USA). 1,19-Dioctadecyl-3,3,39,39-tetramethyl-

indocarbocyanine perchlorate (DiI), calcein-AM, and Syto 9

were purchased from Molecular Probes (Eugene, OR, USA).

3T3-Swiss albino fibroblasts, Dulbecco’s modified Eagle’s

medium, fetal bovine serum, penicillin/streptomycin, trypsin-

EDTA, Staphylococcus epidermidis RP62A (ATCC 12228),

and Escherichia coli (ATCC 53323) were obtained from

American Type Culture Collection (Manassas, VA, USA).

Tryptic soy agar and broth and Luria-Bertani, Miller agar and

broth were obtained from Becton, Dickinson and Co. (Sparks,

MD, USA). The chemostat and modified Robbins device

(MRD) were custom designed and constructed by Tyler

Research (Edmonton, Alberta, Canada). Ultrapure water

(U.P. H2O) used for all experiments was purified (resistivity

¢ 18.2 MV cm, total organic content ¡ 5 ppb) with a

NANOpure Infinity System from Barnstead/Thermolyne

Corp. (Dubuque, IA, USA).

Synthesis of peptidomimetic polymers

The peptidomimetic polymers were synthesized as described

previously,28 using an ABI 433A (Applied Biosystems, Foster

City, CA, USA) automated peptide synthesizer. Three poly-

mers were synthesized with identical peptide anchors, but

with different polypeptoid side chains as shown in Fig. 1. The

C-terminal DOPA-Lys-DOPA-Lys-DOPA peptide anchor was

synthesized on Rink amide resin using conventional Fmoc

strategy of solid-phase peptide synthesis; the polypeptoid

portion was then synthesized using a submonomer protocol33

and appropriate primary amine.34 The submonomer process

was repeated until the desired number of monomers was

added, after which acetic anhydride was used to acetylate the

N-terminus of the polypeptoid.

Cleavage of the polymers from the resin and deprotection of

the amino acid side chains was accomplished by treating the

resin with 95% (v/v) TFA, 2.5% H2O and 2.5% TIS for

20 minutes, after which the cleaved polymer was removed by

filtering and rinsing several times with TFA. Solvent was

removed using a rotary evaporator; the oily product was

dissolved in water–acetonitrile (1 : 1), frozen and lyophilized.

The crude products were purified by preparative reversed-

phase high performance liquid chromatography (RP-HPLC)

(Waters, Milford, MA, USA) using a Vydac C18 column,

and purified fractions were frozen and lyophilized. The

purity of each final product was confirmed by RP-HPLC

and matrix-assisted laser desorption–ionization mass

spectrometry (MALDI-MS) (Voyager DE-Pro, Perspective

Biosystem, MA, USA).

Surface modification

Silicon wafers were coated with a 20 nm thick layer of TiO2

(99.9% pure, West Cerac, Milwaukee, WI, USA) by electron-

beam evaporation (Edwards Auto306, ,1025 Torr), and the

coated wafers were cut into 8 by 8 mm pieces. The substrates

were cleaned ultrasonically for ten minutes in 2-propanol and

dried under N2. Surfaces were then exposed to O2 plasma

(Harrick Scientific, Ossining, NY, USA) at ¡150 Torr and

100 W for three minutes. OWLS waveguide sensors were

purchased from MicroVacuum Ltd (Budapest, Hungary) and

coated with a 10 nm thick layer of TiO2 by electron-beam

evaporation as described above. Sensors were cleaned follow-

ing the same procedure as TiO2 substrates. After use, OWLS

waveguides were regenerated for subsequent use by sonication

Fig. 1 Chemical structures of PMP1, PMP2 and PMP3.
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cycles (10 minutes) in 0.1 M HCl, U.P. H2O and 2-propanol

followed by exposure to O2 plasma to remove adsorbates.

Clean substrates and sensors were immersed in a 1 mg mL21

solution of peptidomimetic polymer in 3 M NaCl buffered

with 0.1 M MOPS (pH = 6) at 50 uC for 24 hours. After

modification, substrates were extensively rinsed with U.P. H2O

to remove any unbound polymer, and then dried in a stream of

filtered N2.

Surface characterization

Contact-angle measurements. The wettability of surfaces

before and after modification was measured using a contact-

angle goniometer with an auto pipetting system (Ramé-Hart,

Mountain Lakes, NJ, USA). Advancing and receding contact

angles were measured three times on each surface with U.P.

H2O and the mean and standard deviation were reported.

Spectroscopic ellipsometry measurements. Prior to modifica-

tion, substrates were cleaned as described above and measured

using a M-2000 spectroscopic ellipsometer (J.A. Woollam,

Lincoln, NE, USA). Measurements were made at 65u, 70u and

75u using wavelengths from 193–1000 nm. After modification,

substrates were rinsed and dried as described above and

measured again. The spectra were fit with multilayer models in

the WVASE32 software (J.A. Woollam). Optical properties of

the substrate were fit using a standard TiO2 model, while

properties of the polymer layer were fit using a Cauchy model

(An = 1.45, Bn = 0.01, Cn = 0).35 The obtained ellipsometric

thicknesses represent the ‘‘dry’’ thickness of the polymer under

ambient conditions. The average thickness and standard devia-

tion of three or more substrates is reported for each polymer.

X-Ray photoelectron spectroscopy (XPS)

Survey and high resolution XPS spectra were collected on an

Omicron ESCALAB (Omicron, Taunusstein, Germany) con-

figured with a monochromated Al Ka (1486.8 eV) 300-W

X-ray source, 1.5 mm circular spot size, a flood gun to counter

charging effects, and an ultrahigh vacuum (,1028 Torr). The

takeoff angle was fixed at 45u. Substrates were mounted on

standard sample studs using double-sided Cu adhesive tape.

All binding energies were calibrated using the aliphatic

hydrocarbon component of the C1s carbon signal (284.6 eV).

Analysis consisted of a broad survey scan (70.0 eV pass energy)

and high-resolution scans (26.0 eV pass energy) at 274–294 eV

for C1s, 390–410 eV for N1s, 450–470 eV for Ti2p and 520–

540 eV for O1s. Spectra were fitted using CasaXPS software;

specifically a Shirley background subtraction and the sum of

90% Gaussian and 10% Lorentzian function were used.

Atomic sensitivity factors were used to normalize peak areas

from high-resolution spectra to intensity values, which were

then used to calculate atomic compositions.36

Susceptibility to enzymatic degradation

Polymers in solution. In order to test the resistance of

polypeptoid bonds to enzymatic degradation, a short poly-

peptoid consisting of 5 repeats of N-methoxyethyl glycine

(NMEG5) was synthesized using the submonomer approach

and purified using methods described previously. The purified

NMEG5 was dissolved at a concentration of 1 mg mL21 in

10 mM Tris buffer (pH = 7.5) and 1 mg of trypsin (y37 U) or

pronase (y6 U) was added. Control samples with only enzyme

or NMEG5 in buffer were prepared. Samples were incubated

at 37 uC for 24 h with mild shaking. Solutions were filtered and

analyzed by RP-HPLC using a 2–90% ACN gradient.

Additionally, peptidomimetic polymers (1.0 mg) were

incubated with 0.25 mL immobilized TPCK trypsin

(¢50 TAME units) in 0.75 mL of 0.1 M borate buffer

(pH = 8.5) for 4 h at 37 uC. The trypsin was separated

by centrifugation, and the remaining solution was dialyzed

(MWCO 100) in U.P. H2O overnight to remove buffer

salts and then lyophilized. Liquid chromatography-electro-

spray ionization mass spectrometry (LC-ESI-MS) (LCQ

Advantage, Thermo Finnigan, Waltham, MA, USA) was used

to analyze the degradation products for PMP1 solutions. For

PMP2 and PMP3, the dialyzed solutions were purified by

RP-HPLC (Waters, Milford, MA, USA) using a Vydac C18

column, and the appropriate fractions were collected, frozen

and lyophilized. The fractions were analyzed using ESI-MS

(LCQ Advantage).

Polymers adsorbed onto TiO2 substrates. TiO2 substrates

were modified with PMP1, PMP2, or PMP3 as described

previously, and incubated in 48 well plates with solutions of

soluble trypsin or pronase (1 mg mL21 in 10 mM Tris buffer

solution, pH = 7.5). As controls, modified substrates were also

incubated with buffer only and bare TiO2 substrates were

incubated with the enzymes. Trypsin and pronase solutions

were refreshed every 2 days; substrates were removed after

7 days, rinsed with U.P. water, and dried with N2. At the time

of substrate removal, the solution from each well was

collected, dialyzed (100 MWCO), lyophilized, and analyzed

with ESI-MS. Substrates were spin-coated with CHCA matrix

and analyzed using surface-MALDI-MS.

Protein-adsorption experiments

Proteins. The proteins investigated include whole human

serum, lysozyme from chicken egg-white and fibrinogen from

human plasma. Serum was reconstituted in water to reach the

typical concentration in blood; lysozyme and fibrinogen were

each dissolved at 3 mg mL21 concentrations in HEPES buffer

(10 mM HEPES, 150 mM NaCl, pH = 7.4).

Optical waveguide lightmode spectroscopy (OWLS). OWLS

is a technique that is well suited for monitoring of in situ

protein adsorption because the sensitivity is near 0.5 ng cm22,

which correlates to approximately 0.5% of an average protein

monolayer.37,38 For in situ protein-adsorption experiments,

TiO2-coated waveguide sensors were modified with peptidomi-

metic polymers as described above. The sensors were then

inserted into the measurement head of an OWLS110

(MicroVacuum Ltd) and exposed to HEPES buffer through

the flow-through cell (16 mL volume) for at least 24 hours to

allow for equilibration. The measurement head was mounted

in the sample chamber and heated to 37 uC; the signal was

recorded to ensure a stable baseline. A protein solution (1 mL
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total volume) was injected into the flow-through cell in stop-

flow mode. The waveguide sensor was exposed to the protein

solution for 20 minutes, subsequently rinsed with HEPES

buffer (2 mL), and allowed to equilibrate for another

30 minutes. The measured incoupling angles, aTM and aTE

were converted to refractive indices NTM and NTE by the

MicroVacuum software, and changes in refractive index at the

sensor surface were converted to adsorbed mass using de

Feijter’s formula.39

The refractive indices of solutions were measured using

a refractometer (J157 automatic refractometer, Rudolph

Research) under identical experimental conditions. A refrac-

tive index value of 1.33127 was used for the HEPES buffer,

and a standard value of 0.182 cm3 g21 was used for dn/dc in

the protein-adsorption calculations.40 The large mass increase

upon injection of protein solution reflects protein adsorption

as well as the change in refractive index of the covering

solution near the surface.

Mammalian cell-adhesion experiments

Cell culture. 3T3-Swiss albino fibroblasts were maintained at

37 uC and 5% CO2 in Dulbecco’s modified Eagle’s medium

(DMEM) containing 10% fetal bovine serum (FBS) and

100 U ml21 of penicillin/streptomycin. Immediately before

use, fibroblasts of passage 12–16 were harvested using 0.25%

trypsin-EDTA, resuspended in DMEM with 10% FBS and

counted using a hemacytometer.

Cell-adhesion assays. Modified and unmodified TiO2 sub-

strates were placed in a 12-well tissue-culture polystyrene

(TCPS) plate and sterilized by exposure to UV light for

10 minutes, after which 1 ml of DMEM containing FBS was

added to each well and incubated for 30 minutes at 37 uC and

5% CO2. The fibroblast cell suspension was diluted, and cells

were seeded on each substrate at a density of 2.9 6
103 cells cm22. For short-term studies, the substrates were

maintained in DMEM with FBS at 37 uC and 5% CO2 for

4 hours, after which adherent cells were fixed in 3.7%

paraformaldehyde for 5 minutes and stained with DiI for

epifluorescent microscope counting. For long-term adhesion

experiments substrates were reseeded with 3T3 fibroblasts at a

density of 2.9 6 103 cells cm22 twice per week. For live-cell

staining, the medium was aspirated from each well to remove

any non-adherent cells and PBS was used to rinse the

substrates and wells. Fibroblasts were stained with 2.5 mM

calcein-AM in complete PBS for 1 hour at 37 uC, transferred to

new culture plates with fresh media and imaged weekly. After

imaging, substrates were reseeded and placed back into the

incubator; media was changed every three days.

Quantification of cell attachment and spreading. Quantitative

cell-attachment data were obtained by acquiring nine images

(106 magnification) from random locations on each substrate

using a Leica epifluorescent microscope (W. Nuhsbaum Inc.,

McHenry, IL, USA) equipped with a SPOT RT digital camera

(Diagnostics Instruments, Sterling Heights, MI, USA). Three

identical substrates for each experiment were analyzed for

statistical purposes, resulting in a total of 27 images per time

point for each modification. The microscopy images were

quantified using thresholding in Metamorph (Molecular

Devices, Downingtown, PA, USA).

Bacterial cell-adhesion experiments

Bacterial culture and assay. Staphylococcus epidermidis

(S. epidermidis) were streaked from frozen glycerol stocks

onto tryptic soy agar and incubated overnight at 37 uC. A few

colonies were then used to inoculate 25 mL of sterile tryptic

soy broth (TSB) and grown overnight at 37 uC. The MRD,

chemostat containing 500 mL TSB and a dewar containing

TSB (diluted to 1/10 strength) were connected together and

sterilized by autoclaving. Once the broth cooled, the chemostat

was inoculated with 1 mL of the bacteria culture grown

overnight. The chemostat was maintained at 37 uC with a

dilution rate of 0.048 h21 to allow the population of bacteria

to stabilize as indicated by CFU count. The bacterial

suspension was then pumped through the MRD containing

unmodified and PMP1-, PMP2- and PMP3-modified TiO2

samples at a rate of 8 mL min21. Half of the samples were

removed from the device after 1 day, and half of the substrates

were left in the device for 4 days to examine longer-term

adhesion and stability of the coating under flow conditions.

The same procedure was repeated for Escherichia coli (E. coli)

using Luria-Bertani, Miller broth and agar.

Quantification of bacterial adhesion. Samples were removed

from the MRD, placed into 24-well plates and gently rinsed

with PBS to remove loosely adherent and planktonic bacteria.

The attached bacteria were then stained with 2 mL mL21

Syto 9 in PBS and visualized using a Leica epifluorescence

microscope (406 magnification). Images were taken from 9

random places on each substrate and the bacterial cell area

coverage was determined by threshold image analysis as

explained previously for fibroblast cell adhesion.

Results and discussion

The chemical structures of the peptidomimetic polymers used

in this study are shown in Fig. 1. Each polymer contains an

identical peptide anchor consisting of a pentapeptide of

alternating DOPA and lysine residues, which was previously

shown to provide adequate attachment of peptoid polymers on

Ti surfaces during extended exposure to biological fluids.28

The peptoid portions of the polymers were synthesized using

the submonomer approach, which allows for easy alteration

of the side-chain chemistry through the use of different

primary amines.34 Following cleavage from the resin and

standard work-up, the polymers were found to be pure and

monodisperse as determined by RP-HPLC and MALDI-MS,

respectively (ESI{, Fig. S1–S2).

In addition to the previously reported PMP1,28 which

contains a methoxyethyl side chain reminiscent of the repeat

unit of PEG, two additional polymers containing hydroxyl side

chains were investigated (PMP2, PMP3). Hydroxyl-containing

side chains were chosen for this study based on existing

evidence that hydroxyl-terminated SAMs8,16 as well as

hydroxylated polymers27,41 offer good biofouling resistance.
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The three different side chains employed also offered an

opportunity to investigate the influence of peptoid wettability

on fouling performance.

Surface modification and characterization

Titanium oxide was selected as the substrate material for this

study because of its relevance to several titanium-based alloys

that are used in medical devices,42 but also for the strong

interaction that is known to exist between DOPA-containing

peptides and TiO2 surfaces.43 The DOPA–lysine pentapeptide

anchor was previously shown to provide robust anchorage to

TiO2 surfaces over many months in vitro,28 thus allowing us to

focus in this study on the effect of peptoid side-chain chemistry

on fouling performance.

The purified polymers were grafted onto TiO2 substrates

under marginal solvation or near ‘cloud point’ conditions, in

which reduced chain repulsion leads to greater grafted polymer

density.44,45 Temperature-dependent solubility behavior was

expected for the peptidomimetic polymers because of the PEG-

like peptoid side chains; a grafting temperature of 50 uC in 3 M

NaCl buffered with 0.1 M MOPS (pH = 6) was selected based

on temperature-solubility experiments (ESI{, Fig. S3).

Modification of TiO2 surfaces was confirmed by analyzing

the wettability, thickness and chemical composition of the

polymer-modified surfaces. Advancing and receding contact-

angle results for water on unmodified TiO2 and polymer-

modified substrates are shown in Table 1. PMP2-modified

surfaces were considerably more hydrophilic than PMP1- and

PMP3-modified surfaces. These results are consistent with

published data for self-assembled monolayers on gold, which

indicate that the hydrophilicity of terminal functional groups

increases in the order methyl , methoxy % hydroxy.46 Polymer

thickness was measured using spectroscopic ellipsometry and

the results are reported in Table 1. Thickness values for the

polymer-modified surfaces are between 40 and 50 Å, with no

statistically significant differences detected between the three

polymers (ANOVA), suggesting that side-chain functional

groups did not have a measurable effect on polymer thickness.

Atomic compositions for the modified surfaces were

determined from high-resolution XPS spectra and are shown

in Table 2. The polymer-modified substrates exhibited peaks

for the titanium oxide substrate, as well as oxygen, nitrogen

and carbon contributions from the polymer layer. All polymer-

modified surfaces exhibited significant increases in carbon and

nitrogen concentration and decreases in titanium and oxygen

concentration relative to unmodified TiO2. The nitrogen signal

is attributed to the peptide/peptoid backbone and the lysine

side chains; the oxygen signal is derived from both substrate

and adsorbed polymer, and the carbon signal represents

surface-adsorbed polymer and hydrocarbon contaminants.

High-resolution C1s spectra of the polymer-modified sub-

strates were indicative of differences in the polypeptoid side-

chain compositions (ESI{, Fig. S4). Time-of-flight secondary

ion mass spectrometry (TOF-SIMS) characterization of

PMP1-modified Ti substrates published previously indicated

the presence of numerous peptoid mass fragments and also

fragments corresponding to catechol and DOPA residues

complexed with Ti, suggesting interaction between the DOPA

residues and substrate.28

Resistance to enzymatic degradation

Enzymatic degradation of antifouling polymer coatings can be

problematic for many applications, particularly those that

require long-term fouling protection in the presence of

biological fluids. As candidate antifouling polymers,

N-substituted glycine peptoids are attractive due to their

resistance to protease-enzyme degradation resulting from

conjugation of the side chain to the amide nitrogen instead

of the alpha carbon of the amino acid. For example, Miller

et al. have previously demonstrated the resistance of sequence-

specific polypeptoids to cleavage by four types of proteases.31

Here, we focused on the protease resistance of a model

N-methoxyethyl glycine peptoid, as well as PMP1, PMP2 and

PMP3 in solution and after adsorption on a substrate.

To evaluate the inherent protease stability of the N-sub-

stituted glycine oligomers, we synthesized a 5-mer N-methoxy-

ethyl glycine (NMEG5) peptoid and incubated 1 mg of the

purified molecule in solution with trypsin and pronase for

24 h. Analysis of the trypsin-incubated samples by RP-HPLC

revealed no changes in elution time or peak intensity of the

NMEG5 peak (Fig. 2), indicating no degradation by trypsin.

Similar results were obtained with pronase, an enzyme

with much broader activity. These results confirmed the

resistance of N-methoxyethyl glycine backbones to degrada-

tion by common proteases.

Enzyme resistance of the peptidomimetic polymers shown in

Fig. 1 is complicated by their chimeric nature, as they contain

both peptoid and peptide domains. In principle, trypsin is

capable of cleaving the carboxy side of each lysine residue in

the anchoring domain of PMP1-3. Incubation of PMP1 in

solution with immobilized trypsin and analysis of the reaction

mixture by mass spectroscopy indicated that PMP1 was

cleaved by trypsin, yielding a fragment corresponding to

PMP1 minus the three carboxy-terminal residues (i.e. two

DOPA residues and one lysine residue) (Fig. 3a). Furthermore,

Table 1 Wettability and polymer thickness for unmodified and
polypeptoid-modified TiO2 substrates

Contact angle/u ¡ SDa Polymer

Substrate Advancing Receding Thickness/Å ¡ SDa

TiO2 23.5 ¡ 6.5 15.3 ¡ 3.9 —
PMP1 50.5 ¡ 0.6 35.3 ¡ 9.2 46.2 ¡ 6.1
PMP2 31.3 ¡ 3.2 17.3 ¡ 4.2 40.7 ¡ 6.5
PMP3 47.1 ¡ 4.0 29.9 ¡ 9.9 43.2 ¡ 5.8
a SD = standard deviation.

Table 2 Quantitative XPS analysis of atomic composition for
unmodified and polypeptoid-modified TiO2 substrates

Atomic composition (%)

Substrate Ti O N C

TiO2 21.5 63.4 0.3 14.8
PMP1 2.5 23.6 12.7 61.2
PMP2 9.4 37.2 8.5 44.9
PMP3 4.5 32.4 7.2 55.9
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no residual peaks corresponding to full length PMP1 (m/z =

3156) or PMP1 minus the terminal DOPA (m/z = 2976) were

detected, suggesting that trypsin degradation of the terminal

anchoring domain of PMP1 in solution was complete within

4 hours. Similar degradation patterns were observed for PMP2

and PMP3 in solution (ESI{, Fig. S5). Thus, we conclude that

when the peptidomimetic polymers are mixed in solution with

an enzyme, such as trypsin, the peptide bonds are accessible to

the enzyme.

However, enzymatic degradation may be impacted by

adsorption of the polymer on a substrate surface. To gain a

more accurate picture of the polymers in the form of surface

coatings, we therefore also studied enzymatic degradation of

PMP1-, PMP2- and PMP3-modified TiO2 substrates. Polymer-

modified substrates were incubated in trypsin-containing

solutions and directly analyzed in the adsorbed state by

MALDI-MS. In addition, the enzyme solutions were sub-

sequently analyzed by ESI-MS to detect any polymer or

peptide fragments released into the medium as a result of

enzyme degradation. Unlike the behavior of PMP1 in solution,

MALDI-MS spectra for PMP1-modified TiO2 substrates were

largely unchanged after 1 week of incubation with trypsin

(Fig. 3b). Peaks were not detected either on the substrates or in

the enzyme solutions for the expected fragments resulting from

trypsin cleavage of the lysine bonds (ESI-MS spectra not

shown), suggesting that the peptide-cleavage sites are inacces-

sible to the enzyme when the polymers are immobilized on

surfaces. Similar results were observed for PMP1-modified

TiO2 substrates exposed to pronase (Fig. 3b) and for PMP2-

and PMP3-modified substrates exposed to trypsin and pronase

(ESI{, Fig. S6).

Two factors could contribute to the observed long-term

degradation resistance. The first is the strength of adhesion of

the peptide to the surface. Incubation of a DOPA-Lys-DOPA-

Lys-DOPA-modified TiO2 substrate in trypsin and analysis of

the surface by MALDI-MS revealed intact peptide (ESI{,

Fig. S7), suggesting that the adhesion of the peptide to the

surface was sufficiently strong as to render the peptide

backbone inaccessible to enzyme. In support of the role of

DOPA in strong adhesion to the substrate, control adsorption

experiments performed with Tyr-Lys-Tyr-Lys-Tyr showed that

this peptide desorbed from the TiO2 surface during incubation

in water (data not shown). Furthermore, a Tyr-Lys-Tyr-Lys-

Tyr-(N-methoxyethyl glycine)10 polymer, analogous to PMP1

but without DOPA, adsorbed weakly to TiO2 (ESI{, Fig. S8)

and exhibited poor protein and cell fouling resistance (data not

shown). Collectively, the data suggest a very important role for

DOPA in strong adhesion to the surface. A second contribu-

tion could be due to the inhibitory effect of the peptoid domain

in preventing or slowing access of the enzyme to the surface-

bound peptide. Further experiments will be necessary to fully

elucidate these effects.

Resistance to protein adsorption

For the protein adsorption experiments we chose a exposure

time of 20 minutes because the majority of protein adsorption

to surfaces typically occurs during the first few minutes of

exposure to physiological fluids and our previous study of

PMP1 demonstrated that short-term protein adsorption was

a good predictor of long-term fouling resistance.28 Mass-

adsorption curves (data not shown) for all experiments

appeared to reach saturation level within this time period.

The proteins studied were lysozyme (14 kDa), fibrinogen

(340 kDa), and human serum, which contains a mixture of

proteins, the largest percentage being albumin (67 kDa).

Protein adsorption was determined for polymer-modified

TiO2 and compared to unmodified TiO2 (Table 3). Protein-

adsorption values on unmodified TiO2 waveguide sensors were

Fig. 2 RP-HPLC spectra for 5-mer N-methoxyethyl glycine peptoid

(NMEG5). (A) NMEG5 incubated in buffer solution; (B) NMEG5

incubated with pronase in buffer solution; (C) pronase incubated in

buffer solution. (D) NMEG5 incubated in buffer solution; (E)

NMEG5 incubated with trypsin in buffer solution; and (F) trypsin

incubated in buffer solution.

Fig. 3 Enzymatic degradation of PMP1. (a) LC-MS spectra for: (A)

PMP1 and (B) PMP1 sample after incubation with immobilized

trypsin. (b) MALDI-MS spectra for PMP1-modified TiO2 after 1 week

incubation in: (A) buffer only, (B) trypsin and (C) pronase.

Table 3 Average protein adsorption values with standard deviations
for serum, fibrinogen, and lysozyme adsorption measured by OWLS

Adsorbed protein mass/ng cm22

Substrate Serum Fibrinogen Lysozyme

TiO2 342 ¡ 21 521 ¡ 61 209 ¡ 31
PMP1 15 ¡ 16 7 ¡ 3 7 ¡ 5
PMP2 83 ¡ 20 31 ¡ 21 39 ¡ 22
PMP3 35 ¡ 25 18 ¡ 25 22 ¡ 11
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comparable to published OWLS (optical waveguide lightmode

spectroscopy) data for serum,20 fibrinogen,47 and lysozyme.48

While protein adsorption on all polymer-modified sensors was

significantly lower (p , 0.0005) than unmodified TiO2, no

statistically significant differences were observed for protein

adsorption among polymer-modified surfaces with the excep-

tion of serum adsorption on PMP2-modified TiO2, which was

greater than on PMP1-modified TiO2 (p , 0.02). Due to the

multicomponent nature of serum it is impossible at this time to

attribute the observed increase in serum protein adsorption on

PMP2 to specific features of the peptoid side chain (e.g. length

of side chain, hydroxy vs. methoxy terminal group), or to

interactions with specific components of the protein mixture.

Nevertheless, the amount of serum protein adsorption for all

polymer-modified surfaces is similar to that adsorbed onto

PEG coatings.17,19,20,23 Minimization of fibrinogen adsorption

is important for blood-contacting applications where preven-

tion of thrombosis is desired; a fibrinogen adsorption value of

y5 ng cm22 has been claimed to be a value below which

activation of the pathways for blood coagulation does not

occur.20 The average values of fibrinogen adsorption on

polymer-modified substrates approached this value, especially

PMP1 (7 ¡ 3 ng cm22), suggesting possible use of this polymer

as a passivating coating for blood-contacting devices.

The similarity of fibrinogen and lysozyme adsorption values

on PMP1- and PMP2-modified sensors was not unexpected,

as methoxyethyl- and hydroxyethyl-terminated alkanethiol

SAMs exhibited nearly identical resistance to fibrinogen and

lysozyme adsorption.8 Given the small size and positive charge

of lysozyme, the significant decrease in lysozyme adsorption

for all polymer-modified surfaces is worth noting and suggests

that the adsorbed polymer density was sufficient to prevent

lysozyme from penetrating through the peptoid layer and

electrostatically interacting with the negatively charged oxide

surface.

Resistance to mammalian cell adhesion

All peptidomimetic polymer-modified TiO2 substrates dis-

played excellent resistance to the adhesion of 3T3 fibroblast

cells for a 4 h culture period (Fig. 4). Total projected area and

cell density were statistically lower for all polymer-modified

substrates compared to unmodified TiO2 substrates (p ,

0.0005). There was no significant difference between any of the

modified substrates, indicating that all polymers are equally

suitable for repelling short-term cell adhesion.

For long-term cell-attachment studies, substrates were

seeded twice a week with fresh 3T3 fibroblasts suspended

in serum-containing media. Cell attachment was quantified

weekly for up to six weeks by live-cell staining, fluorescence

microscopy and image analysis (Fig. 5). Fibroblasts formed a

confluent monolayer on the unmodified TiO2 substrates within

the first week, while the peptidomimetic polymer-modified

surfaces all initially exhibited low levels of cell attachment in

agreement with the short-term cell-attachment results. PMP1-

modified substrates remained highly resistant throughout the

experiment, which was expected based on our earlier 5 month

study.28 Whereas cell attachment was minimal after one week

on the PMP2 and PMP3 substrates, by week three some

fibroblasts were attached in confluent patches as seen by visual

inspection, and the number of attached cells grew consistently

throughout the six-week experiment. However, these cells were

apparently weakly adhered and easily removed by a gentle PBS

rinse or simply by handling the substrate with tweezers for

imaging. Large error bars for PMP2 and PMP3 reflect the

spontaneous removal of some patches of cells and not others

during handling. Although fibroblast adhesion to PMP2 and

PMP3 substrates was clearly weaker than the adhesion to TiO2

control substrates, there was nevertheless stronger interaction

between cells and PMP2 and PMP3 compared to PMP1.

Long-term performance of PMP1 compares favorably to

other antifouling systems in which multi-week experiments

have been conducted. For example, surface-grafted PEG

showed reduced cell-fouling resistance after two weeks in

culture and loss of the PEG layer after 25 days,49 and OEG-

terminated SAMs succumbed to cell fouling after seven days in

serum-containing media.16 Surfaces modified with short- and

long-chain PEGs were resistant to fouling by HUVEC cells

for greater than 1 week in culture because of the high density

of PEG chains.50A report of long-term antifouling perfor-

mance of polymer brushes derived from surface-initiated

Fig. 4 Total projected area and cell density of 3T3 fibroblasts after

4 h culture. PMP1-, PMP2- and PMP3-modified TiO2 substrates all

exhibited a significant reduction in adhesion and spreading compared

to unmodified TiO2 substrates (p , 0.0005).

Fig. 5 Total projected area of 3T3 fibroblasts during long-term cell

culture on unmodified TiO2, PMP1-, PMP2-, and PMP3-modified

TiO2 substrates.

This journal is � The Royal Society of Chemistry 2008 Soft Matter, 2008, 4, 131–139 | 137



polymerization of PEG-based monomers indicates that these

systems can be cell resistant for many weeks,21 however

another report showed that grafted PEG-based polymer

brushes lose their efficacy after several weeks.51

The lack of major differences in protein adsorption on the

three polymers is interesting in view of the superior long-term

cell resistance of PMP1-modified substrates compared to

PMP2- and PMP3-modified substrates. Given that the

thickness of the grafted polymers and their resistance to

protease degradation were similar, and the anchoring peptide

was identical in each case, it is possible that the observed

behavior can be attributed to differences in peptoid side-chain

chemistry. For example, PMP2 and PMP3 have hydroxyl

functional groups whereas PMP1 does not. Based on their

studies of SAMs, Ostuni et al. made the observation that the

presence of hydrogen-bond donors (e.g. hydroxyl and amine

groups) generally increases protein adsorption8. However, it is

unclear whether such trends would extend to the present

system of grafted peptidomimetic polymers.

It may also be the case that short-term protein-adsorption

experiments, which are often conducted for tens of minutes or

hours at most, are not necessarily the most reliable predictors

of biofouling events that play out over days, weeks or

months. In fact, recent theoretical calculations by Szleifer

and coworkers predicted that protein adsorption to some

surfaces reaches maximum only at much longer time scales.52

Resistance to bacterial cell attachment

Bacterial colonization of medical device surfaces can lead to

complications for patients and increased healthcare costs.

There is evidence to suggest that adhesion and subsequent

growth of bacteria on a device surface is preceded by protein

adsorption,53 implying that surfaces resistant to the adhesion

of proteins should exhibit bacterial-resistance properties as

well. Other researchers have investigated bacterial attachment

to low protein-fouling polymers, including polyamine thin

films covalently attached to SAMs,53 PEG immobilized

onto poly(ethylene terephthalate) (PET) surfaces,54 and PEO

brushes covalently attached to glass surfaces.55

Bacterial adhesion to unmodified and polymer-modified

TiO2 substrates was tested using a modified Robbins device,

which is a parallel plate-flow chamber with multiple sample

ports that is connected to a chemostat for continuous circula-

tion of bacteria-containing media over the sample surfaces.

This approach is favored over static experiments for relevance

to bacterial attachment under conditions of fluid flow such as

might exist at the surface of a catheter, cardiovascular stent or

other device designed for transport of fluids, and has the

additional advantage of allowing long-term attachment studies

under conditions of approximately constant cell count over

many hours.56

Peptidomimetic polymer-modified substrates exposed to a

flowing solution of S. epidermidis for either 1 day or 4 days

showed significant reduction in bacterial adhesion compared

to unmodified TiO2 substrates (Fig. 6). Similar experiments

were performed with E. coli, another common strain of

bacteria found in surgically related infections;57 again polymer-

modified surfaces showed a significant reduction in attachment

for 1-day and 4-day time points (Fig. 6). There was no

significant difference among the polymer-modified surfaces for

either time period with S. epidermidis and E. coli. An apparent

decrease in adhesion for the polymer-modified surfaces from

1-day to 4-day time points is due to normalizing of the control

substrates, which had a large increase in adhesion between the

two time points. Unfortunately it was not possible to conduct

bacterial-adsorption experiments for longer than a few days

due to the limited number of sample ports in our device and

also due to instabilities of the bacterial-chemostat system,

which is prone to clogging with biofilm material and

contamination during sample exchange.58 Nevertheless, the

low in vitro adhesion of both gram-positive and gram-negative

bacteria over several days suggests that peptidomimetic

polymer-modified surfaces may be capable of reducing biofilm

formation over longer times in vivo.

Conclusions

Three peptidomimetic polymers, composed of a robust

biomimetic peptide anchor coupled to N-substituted glycine

peptoid oligomers, were determined to have significant

protein, cell and bacterial antifouling properties when immo-

bilized onto TiO2 substrates. The antifouling peptoid portions

of the molecules were found to be resistant to enzymatic

protease degradation. While the peptide anchor was suscep-

tible to enzyme cleavage in solution, upon adsorption onto a

surface the peptide remained intact presumably due to strong

adsorption or inaccessibility of the enzyme to the peptide

backbone. PMP1-modified substrates appeared to offer

superior long-term cell-fouling resistance compared to PMP2-

and PMP3-modified substrates, which possibly can be

Fig. 6 S. epidermidis and E. coli adhesion to unmodified and

polypeptoid-modified TiO2 substrates after 1 day (white bars) and

4 day (black bars) exposure.
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attributed to the differences in side-chain chemistry; further

studies are necessary to determine the exact cause of the

observed reduction in antifouling performance. Overall, the

demonstrated resistance to the adsorption of several proteins,

reduced attachment of fibroblast cells and decreased adhesion

of E. coli and S. epidermidis are encouraging results for possi-

ble clinical applications of these peptidomimetic polymers.
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