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Abstract: A new biomimetic strategy for modification of biomaterial surfaces with poly(ethylene glycol)
(PEG) was developed. The strategy exploits the adhesive characteristics of 3,4-dihydroxyphenylalanine
(DOPA), an important component of mussel adhesive proteins, to anchor PEG onto surfaces, rendering
the surfaces resistant to cell attachment. Linear monomethoxy-terminated PEGs were conjugated either
to a single DOPA residue (MPEG-DOPA) or to the N-terminus of Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-DOPA-
Lys (MPEG-MAPD), a decapeptide analogue of a protein found in Mytilus edulis adhesive plagues. Gold
and titanium surfaces were modified by adsorption of mMPEG-DOPA and mPEG-MAPD from solution, after
which surface analysis by X-ray photoelectron spectroscopy and time-of-flight secondary ion mass
spectroscopy confirmed the presence of immobilized PEG on the surface. The ability of modified surfaces
to resist cell attachment was examined by culturing 3T3 fibroblasts on the surfaces for up to 14 days.
Quantitative image analysis revealed that cell adhesion to mPEG-DOPA and mPEG-MAPD modified
surfaces decreased by as much as 98% compared to control surfaces. Modified Ti surfaces exhibited low
cell adhesion for up to 2 weeks in culture, indicating that the nonfouling properties of mMPEG-DOPA and
MPEG-MAPD treated surfaces persist for extended periods of time. This strategy paradoxically exploits
the strong fouling characteristics of MAP analogues for antifouling purposes and may be broadly applied
to medical implants and diagnostics, as well as numerous nonmedical applications in which the minimization
of surface fouling is desired.

Introduction In our efforts to develop new nonfouling materials, we have
The development of improved strategies for preventing Iooked, to an unllkely source for |nsp|rat|0ﬂ mussels, one of
molecular, cellular, and organismic fouling of surfaces is nature’s most notorious fouling organisms. Mussels, which are

important to the future success of numerous emerging technolo-famous for their ability to adhere to marine surfaces, secrete
gies. In the healthcare arena, for example, the function of protein adhesives for attachment to the substrates upon which

therapeutic and diagnostic devices can be compromised bythey reside. The liquid protein adhesives secreted by these

nonspecific adsorption of proteins and cells onto device surfaces®rganisms rapidly harden to form a solid adhesive plaque
during long-term in vivo or ex vivo exposure to physiologic capable of mediating firm attachment to a Wlo!e variety of wet
fluids. While a variety of strategies have been used to control Surfaces, such as rocks, metal and polymer ship hulls, and wood
protein, cell, and bacterial adsorption at interfaces with biological Structures. The adhesive and cohesive properties of mussel
tissues, one approach that has met with considerable success i@dhesive proteins (MAPs) have been linked to the presence of
surface modification with pon(etherne glyCO') (PEGﬁ L-3,4-d|hydroxyphenylalan|ne (DOPA), a catecholic amino acid

biocompatible polymer which when immobilized onto surfaces that is formed by posttranslational modification of tyroshfe.
confers protein and cell resistar&xisting immobilizaton A common feature of MAPs isolated from different species of
strategies often require the presence of specific surface func-MUSSels is the presence of tandem repeat sequences of ap-
tional groups and extensive optimization, have a limited capacity Proximately 5-15 amino acids, of which one or more residues

to be used for modification of a variety of materials, and may &' DOPA2™® This is exemplified by the decapeptide Ala-Lys-
result in immobilized PEG coatings that are susceptible to Pro-Ser-Tyr-DHP-Hyp-Thr-DOPA-Lys (DHP= dihydroxy-
hydrolysis and/or thermal degradatibhus, there exists an  Proline), whichis tandemly repeated some-B5 times to make

ongoing need for versatile immobilization strategies that are 3y \waite, J. H.Chemtecti987 17, 692-697.

capable of robustly anchoring PEG and other antifouling (‘51) waiie, j ﬂ-:_Tranzer, l:\/l/I ﬁcier;‘cel9%l_ Zlhz 10R38r1840. 1980 96
polymers onto a variety of medically relevant material surfaces. & Jiaie, J. H- Tanzer, M. LBiochem. Biophys. Res. Commds50 96,
(6) Waite, J. H.J. Biol. Chem1983 258 2911-2915.

(1) Golander, C.-G.; Herron, J. N.; Lim, K.; Claesson, P.; Stenius, P.; Andrade, (7) Waite, J. H.; Housley, T. J.; Tanzer, M. Biochemistryl985 24, 5010~

J. D. InPoly(ethylene glycol) Chemistrifarris, J. M., Ed.; Plenum Press: 5014.

New York, 1992. (8) Laursen, R. A. IrStructure, Cellular Synthesis and Assembly of Biopoly-
(2) Harris, J. M.; Zalipsky, SPoly(ethylene glycol): Chemistry and Biological mers Case, S. T., Ed.; Springer-Verlag: Berlin, 1992; pp-58.

Applications American Chemical Society: Washington, DC, 1997. (9) Yamamoto, HBiotechnol. Genet. Eng. Re1996 13, 133-165.
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Chart 1. Biomimetic PEG Conjugates Used for Surface
Modification
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n=45 mPEG-MAPD 2k
n=113 mPEG-MAPD 5k
up the majority of theMytilus edulisfoot protein 1 (Mefp1f:10
Although the exact mechanism of MAP adhesion to surfaces is
not fully understood, it has been widely speculated as being
due in part to chemical interactions between the catechol side
chain of DOPA residues and the surfaces to which the protein
is adsorbed!12

Although numerous attempts have been made to incorporate
DOPA into synthetic polymers in an effort to develop novel
adhesive materiaf$1° the use of DOPA-containing polymers
for the preparation of nonadhesive/nonfouling surfaces has not
been previously explored. In this paper, we exploit the strong
fouling characteristics of MAP analogues for antifouling
purposes by designing DOPA-containing peptide-PEG conju-
gates, reasoning that DOPA-containing peptides would provide
robust and versatile anchors for the immobilization of antifouling
polymers onto metal, metal oxide, and polymer surfaces.

Electron and mass spectroscopic evidence established the

immobilization of DOPA-functionalized PEGs onto gold and
titanium surfaces, and cell culture experiments demonstrated
the resistance of these surfaces to cell attachment.

Results and Discussion

We synthesized several linear conjugates of PEG and DOPA-
containing peptides (Chart 1). The simplest construmBEG-
DOPA 2k andmPEG-DOPA 5k, consisted of a singls-Boc-
DOPA amino acid conjugated to the end of a methoxy-
terminated PEG of molecular weight 2 or 5 kaMore
sophisticated constructsiPEG-MAPD 2k andmPEG-MAPD
5k, were obtained by solid-phase synthesis of an analogue of
Mefpl decapeptid®, Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-DOPA-

(10) Taylor, S. W.; Waite, J. H.; Ross, M. M.; Shabanowitz, J.; Hunt, Ol.F.
Am. Chem. Sod994 116, 10803-10804.

(11) Yu, M.; Hwang, J.; Deming, T. J. Am. Chem. Sod.999 121, 5825-
5826.

(12) Ooka, A.; Garrell, R. LBiopolymers200Q 57, 92—102.

(13) Yamamoto, H.; Ogawa, T.; Nishida, A. Colloid Interface Scil995 176,
105-110.

(14) Berenbaum, M. B.; Williams, J. I.; Bhattacharjee, H. R.; Goldberg, I.;
Swerdloff, M. D.; Salerno, A. J.; Unger, P. Polym. Prepr.1989 30,
350-351.

(15) Swerdloff, M. D.; Anderson, S. B.; Sedgwick, R. D.; Gabriel, M. K;
Brambilla, R. J.; Hindenlang, D. M.; Williams, J. Int. J. Pept. Protein
Res.1989 33, 318-327.

(16) Yu, M.; Deming, T. JMacromoleculesl998 31, 4739-4745.

(17) Yamada, K.; Chen, T.; Kumar, G.; Vesnovsky, O.; Topoleski, L. D. T;
Payne, G. FBiomacromolecule200Q 1, 252—-258.

(18) Huang, K.; Lee, B.; Ingram, D.; MessersmithBfomacromolecule2002
3, 397-406

(19) Lee, B. P.; Dalsin, J. L.; Messersmith, P.BBomacromolecule2002 3,
1038-1047.

(20) Hu, B. H.; Messersmith, P. Bletrahedron Lett200Q 41, 5795-5798.
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Figure 1. High-resolution C(1s) XPS spectra of (a) unmodified, (b) m-PEG-
OH treated, and (c)nPEG-DOPA 5k treated Au substrates. A dramatic
increase in the ether peak at 286.0 eV in (c) suggests the presence of PEG.

Lys, followed by on-resin couplingpta 2 or 5 kDamethoxy-
terminated PEG. Products were characterized by NMR spec-
troscopy and mass spectroscopy and were analyzed for DOPA
content. Modification of Au and Ti surfaces was performed by
simple adsorption of polymer from an aqueous or organic
solution.

Unmodified and PEG modified Au surfaces were initially
analyzed by X-ray photoelectron spectroscopy (XPS) and time-
of-flight secondary ion mass spectrometry (TOF-SIMS) analysis.
XPS spectra omPEG-DOPA 5k treated surfaces (Figure 1)
revealed a significant increase in the ether (@) peak at 286.0
eV, which was not observed in control samples treated identi-
cally with a hydroxyl terminated methoxy-PEG (mPEG-OH).
A smaller peak observed at 284.6 eV was attributed to the
aliphatic and aromatic carbons in the PEG and DOPA head-
group, as well as some hydrocarbon contamination resulting
from the preparation/evacuation process. Together, the 286.0
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Figure 3. The high mass positive ion TOF-SIMS spectrum of Au substrate
modified withmPEG-DOPA 5k, showing Au-catechol fragments (AuOC

AUuOCCO", and AuQCgHs') and Au-DOPA-PEG fragments arising from
immobilization of PEG by Au-DOPA interactions. Fragments representing
the complexation of Au to the DOPA catechol side chain were observed at
miz~ 225 (AuOC'), 253 (AUOCCO), and 306 (AdO,CeHs™). Less intense
AuO,Cy, peaks are seen atiz ~ 434, 450, 462, and 478. The periodic
triplets seen in the high mass range500 amu, see inset) correspond to
Au-DOPA-(CHCH,0), fragments, where each ftriplet is separated by 44
amu, representing the repeat unit of the PEG chain.

C,H,0" C,H,0"

2000 A

Counts

CsH,

1000 -

surfaceg!?2 and in this case the mass of the triplet clusters
corresponds to Au-DOPA-(GIEH,0), fragments. When further
resolved (inset, Figure 3), it can be seen that each triplet cluster
is separated by 44 amu, the molecular weight of the ethylene
Figure 2. Low mass region of the positive ion TOF-SIMS spectra of (a) oxide repeat unit of PEG. This pattern of triplet clusters was
Au modified with mPEG-OH and (b) Au modified witmPEG-DOPA identifiable for fragments of up to 17 repeat units, beyond which
5k, showing increased presence of fragments corresponding to PEG the signal was below detectable limits. Although we cannot rule
adsorption. out the complexation of neutral PEG fragments by Au cations
in the vapor phase of the spectroméfethe data suggest the

eV and 284.6 eV peaks had an appearance that is typical of aanchoring of PEG onto the metal surface via direct:ROPA
surface-bound PEG polymét22

N . bonds. Such an interpretation is consistent with the results of
The positive ion TOF-SIMS spectrum of unmodified Au

. + " ) Ooka and Garrel? who found spectroscopic evidence for the
exhibited (GHani1)™ and (GHan-1)" peaks typical of hydro- ¢, 5400 of Au-catechol bonds when DOPA-containing
carbon contamination, as well as a Au peakrét ~ 196.9

L . peptides were adsorbed onto the surface of colloidal Au
(data not shown). Modification of Au surfaces with mPEG OH particles
resulted in only modest increases in the peaks representing L .
N . . : When fibroblasts were culturedrfet h in the presence of
CaHOc™ PEG fragments (Figure 2A); however, the relative modified Au surfaces, cell attachment and spreading were
abundance of §4,0" (M/z ~ 43.04), GHsO" (M/z ~ 45.06), ’ P g

and GHsO* (m/z ~ 57.07) increased dramatically in surfaces strongly dependent on the nature of the endgroup chemistry of

modified with mPEG-DOPA 5k (Figure 2B). There was also the PEG chain (F'gL.”.e 4). While cells readily attached and
S . . . spread onto unmodified as well as mPEG-OH treated Au
a significant increase in the relative abundance ¢f€ (m/z

~ 43.09), which may be attributed to the fragmentation of the Sl:(;ﬁlcsezi;h?asgga;eiig::::jr:gecljevglsthcgaEﬁ:;:;i:g:ga:gih?ggg_
tert-butyl in the Boc protection group. In the high mass range, group piay g y P

several notable features of the TOF-SIMS spectrum (Figure 3) 19 T3 18 TE B SRt 200 (iCSIih
suggested the presence of immobilizeBEG-DOPA 5k. First, P 9 ysig

the presence of peaks a¥z values of 225, 253, and 306 the substrates modified witmPEG-DOPA 2k and mPEG-

0 I i - 0,
corresponding to AuOG AuG,C,+, and AUQCgHs" fragments, DOPA 5k (>56% reduction in cell area for 2k PEG;60%

respectively, indicates the existence of Au-DOPA complexes reduction for 5k), it was particularly dramatic for thePEG-
P Y, ) L P " MAPD 2k and mPEG-MAPD 5k modified surfaces. In fact,
A notable feature found only in the positive ion spectrum of

- ifi ibi 0,

the mMPEG-DOPA 5k treated Au substrate was a pattern of the mEEG_MAPD 5k r_nodlfled surface exhibited a 98%
. . . - reduction in total projected cellular area as compared to
triplet repeats in the high mass range. Similar features have been

. . . unmodified gold p < 0.01). Fluorescence microscopy images
found by other investigators in the spectra of PEGylated of MPEG-MAPD 5k treated Au surfaces afté h of exposure

(21) Moulder, J. F.; Chastain,dandbook of X-ray Photoelectron Spectroscopy: to cells revealed the virtual absence of attached cells as shown

A Reference Book of Standard Spectra for Identification and Interpretation jn Figure 5. For the substrate shown in Figure 5, on|y a small
of XPS Data Physical Electronics Division Perkin-Elmer Corp.: Eden
Prairie, MN, 1992.

(22) Lu, H. B.; Campbell, C. T.; Castner, D. Gangmuir200Q 16, 1711~
1718.
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(23) Michel, R.; Luginbuhl, R.; Graham, D. J.; Ratner, B.langmuir200Q
16, 6503-6509.
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Figure 4. Comparison of total projected area and density of cell attachmen
and spreading of 3T3 fibroblasts aféeh culture on Au, mMPEG-OH-treated
Au, mPEG-Tyr-treated Au, Au modified withmPEG-DOPA, and Au
modified withmPEG-MAPD (*, p < 0.05; **, p < 0.01; ***, p < 0.001
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Figure 7. Long-term resistance to cell adhesion on Ti, and Ti modified
with mMPEG-OHmMPEG-Phe mPEG-Tyr, mPEG-DOPA 5k, andmPEG-
MAPD 5k.

Figure 5. Fluorescence microscopy image of fibroblast attachment (4 h) L . .
to a Au substrate in which a circular portion of the surface was modified It iS important to note that, unlike Au, the bulk Ti substrates

with mPEG-MAPD 5k (treated). The remainder of the Au surface was used in this study possess a native oxide surface. While the

unmodified (untreated). exact nature of the chemical interactions between the DOPA-
circular portion of the surface was modified mPEG-MAPD containing PEG and the Ti substrate is still under investigation,

5k, after which cells readily attached to the unmodified portion the literature suggests that catechols form very strong surface
of the substrate, but not the area modifiedrbPEG-MAPD complexes at the anatase(E)@aqueous solution interfacélt

5k. More sophisticated approaches to selective area modificationis likely that similar surface complexation is involved in the
(e_g_' microcontact pr|nt|ng) with these po'ymers could be immobilization of DOPA modified PEG onto the Ti substrates

employed for preparation of surfaces patterned with adhesive used in this study.

and nonadhesive regions. It is well known that surfaces containing adsorbed MAP are
DOPA-containing PEGs also confer excellent cell resistance highly adhesive to cells under similar conditicts:” and our
characteristics to Ti surfaces (Figure 6). BoPEG-DOPA own control experiments performed on Au surfaces modified

5k andmPEG-MAPD 5k modified surfaces showed significant Py Mefpl decapeptide analogue Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-
decreaseqx< 0001) n 4 h cell attachment when Compared Thr-DOPA-LyS confirm this observation (data not ShOWn).
to unmodified, MPEG-OH, mPEG-Phe, and mPEG-Tyr modi- Therefore, the antifouling properties of surfaces modified with
fied Ti substrates. Figure 7 displays the results of an extendedMPEG-DOPA 5k and mPEG-MAPD 5k can likely be at-
cell adhesion and spreading experiment on Ti. Ti surfaces tributed to the physical characteristics of the adsorbed polymer,
modified with mPEG-DOPA 5k and mPEG-MAPD 5k in which the DOPA-containing peptide moieties strongly anchor
continue to resist fibroblast adhesion at 14 days, while control the PEG onto the surface, while the immobilized PEG chains
substrates have reached confluent monolayers. In this experi-Provide steric repulsion of protein and cell adsorption.

ment, fresh C?!IS were seeded twice Week.ly’ providing a rigorous 24) Rodriguez, R.; Blesa, M. A.; Regazzoni, A. E.Colloid Interface Sci.
test of the ability of these surfaces to resist cell attachment over 1996 177, 122-131.

a longer period of time. The fact that cell attachment remained (2% Qégg“'gc(i:b%aﬂ‘ggg R Adaemos, o R Florman, H. Rroc. Natl.

low throughout this experiment suggests that the nonfouling (26) Schediich, L. J.; Young, T. F.: Firth, S. M.; Baxter, R.Z.Biol. Chem.
characteristics ofnPEG-DOPA 5k and mPEG-MAPD 5k 1998 273 18347 18352.

X . . . (27) Shao, J. Y.; Ting-Beall, H. P.; Hochmuth, R. Mroc. Natl. Acad. Sci.
treated Ti surfaces may persist for extended periods of time. U.S.A.1998 95, 6797-6802.
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Although indirect, the cell attachment results do provide some Lys, was synthesized manually on Rink resin (0.6 mmol/g with Fmoc)
information regarding MAP processing, the relative adhesive by Fmoc strategy. Fmoc deprotection was performed in 25% piperidine
contributions of DOPA and other MAP residues, and the in N-methyl-2-pyrrolidinone (NMP) for 20 min. Coupling reactions
adhesive performance of DOPA-containing polymers on dif- were performed using 2 equiv gf the mix_ture quc-a_mino acid:BOP:
ferent material surfaces. For example, a comparison of cell HOBLt:DIEA (1:1:1:1) in NMP, with a 10-min preactivation step before

e . i} coupling. The coupling time was 20 min, and the reaction was
attachment on surfaces modified withPEG-DOPA and monitored by the ninhydrin test. After the assembly of Mefpl

mMPEG-Tyr maY yield cIu_e_s a_s to the gdheswe S|gn|flcanC§ of decapeptide analogue, 100 mg of the peptide-resin was cleaved using
the posttranslational modification reaction that converts Tyr into 1 p TMSBr in TFA with EDT, thioanisole, andrcresol at 0°C for
DOPA residues during MAP processing. In this context, it is 60 min. Successful synthesis of the decapeptide was confirmed by
interesting to note that cell attachmentttPEG-DOPA 5k analytical RP-HPLC on the crude peptide using a Waters HPLC system
modified Ti surfaces was substantially lower thaPEG-Tyr (Waters, Milford, MA) on a Vydac 218TP reverse phase column (250
modified Ti at all time points, suggesting that the catechol side x 4.6 mm, 10 mm) with a gradient of acetonitrile in 0.1% TFA (v/v)
chain of DOPA is significantly more effective as an anchor than Wwater, flow rate 1 mL/min, and detection at UV 215 nm. RP-HPLC
the phenol side chain of Tyr. However, this was not the case purification was performed using the same Waters HPLC system on a
on Au surfaces, 14 h cell attachment tmPEG-DOPA 5k Vyddac 21?TP re"ersle phase CO'“m? 52)5022 m”f“I' 10 mm) Wm/‘ a

e L e gradient of acetonitrile in 0.1% TFA (v/v) water, flow rate 8 mL/min,
bmuotdg:)etds'tb:ti\gti:saﬁ;?r(llliffl?(:‘gtrl'l)t/ lg}zsnir;ag é?_?)tlror:nl:)r:jr;i(()e(yﬂ;S.Au, and _detection at UV 215 nm. ESI-MS analysis of th_e p_urified Mefpl
Thus, a single DOPA residue appears to be sufficient for pﬁgg?ecvx?s performed on a LCQ LC-MS system (Finnigan, Thermo-
?mmobil?zation of PEG onto Ti surface;, but less effective for a Thé remaining Mefpl decapeptide-resin was then coupled with
immobilization onto Au, where exceptionally low cell attach-  mpgG-SPA 2k and5k using the coupling protocol described above.
ment was only observed for surfaces modified fPEG-

The polymer conjugates were cleaved from the resin by treatment with
MAPD 2k or mPEG-MAPD 5k. This result therefore suggests 1 M TMSBr in TFA in the presence of scavengers using the method
that other residues in the Mefpl decapeptide analogue makedescribed above, purified by RP-HPLC, and characterized by MALDI-
important adhesive contributions on Au. Additional experiments MS performed on a Voyager-DE Pro system (PerSeptive Biosystem,
are in progress to more fully explore the adhesive contributions MA). o-Cyano-4-hydroxycinnamic acid was used as a matrix.

of non-DOPA residues found in MAP consensus repeat se- Synthesis of NPEG-DOPAMPEG-NH (2.0 g, 0.40 mmol)N-Boc-
guences. L-DOPA dicyclohexylammonium salt (0.80 mmol), HOBt (1.3 mmol),

and EtN (1.3 mmol) were dissolved in 20 mL of a 50:50 mixture of
DCM and DMF. HBTU (0.80 mmol) in 10 mL of DCM was then

. . added, and the reaction was carried out under argon at room temperature
We have demonstrated the use of natural adhesive proteing,: 30 min. The reaction solution was successively washed with

mimics to anchor antifouling polymers onto biomaterial surfaces. saturated sodium chloride solution, 5% NaHC@luted HCI solution,

DOPA-containing peptides conjugated to PEG readily adsorb and distilled water. The crude product was concentrated under reduced

onto Au and Ti surfaces, rendering these surfaces resistant topressure and purified by column chromatography on Sephadex LH-20

cell attachment for up to 2 weeks. This strategy may be with methanol as the mobile phase. The product was further purified

employed in practical situations where control of the fluid/solid by precipitation in cold methanol three times, dried in a vacuum at

interface is of essential importance. Examples of such applica-"00m temperature, and stored under nitrogen20 °C.

tions include the design of cell and protein resistant surfaces DOPA content was determined colorimetrically using the method

desired for implantable medical implants and diagnostics, anti- °f Waite and Benedict. Briefly, mPEG-DOPA aqueous solutions were

icing coatings on aircraft wings, and nonfouling marine surfaces. treated with nitrite reagent (1.45 M SOd'L.”.n nitrite and 0.41 M SOd'ym

Indeed, it is conceivable that these results may lead to novel molybdate dihydrate) followed by th? addition of excess NaQH solu.uon..
; . . The absorbance (500 nm) of the mixture was recorded using a Hitachi

Stratggles for p_reventlng mussels and barnacles from auaCh'nQJQOlO UV/vis spectrophotometer, withir-2 min of NaOH addition.

to ship hulls, piers, and other man-made structures. A standard curve was constructed using solutions of known DOPA

concentration!H NMR (500 MHz, CDCHTMS): 6 6.81-6.60 (m,

3H, GsH3(OH),—), 6.01 (br, s, 1H, OH), 5.32 (br, s, 1H, OH), 4.22

(br, s, 1H, GH3(OH),—CH,—CH(N—)—C(O)N-), 3.73-3.38 (m,

mPEG-OH M, = 5k), and succinimidyl propionate activated PEG PEO), 3.07 (m, 2H, PEGCH,—NH—C(O)-), 2.73 (t, 2H, GH3(OH)—

(MPEG-SPAM,, = 2k, 5k) were purchased from Shearwater Polymers, CH.—CH(N—)—C(O)N-), 1.44 (s, 9H, (CH)sC-), 1.25 (s, 3H,

Inc. and used as received. Rink resin (0.6 mmol/g), Fmoc-Ala, Fmoc- CHzCH,0-).

Lys(Boc), Fmoc-Pro, Fmoc-Sertert-butyl), Fmoc-Tyr(ert-butyl), Synthesis of MPEG-Phe and mPEG-Tyr. mPEG-PhandmPEG-

Fmoc-Hyp, Fmoc-Thtért-butyl), BOP, HOBt, DIEA, HBTU, NMP, Tyr conjugates were prepared frontBoc--Phe andN-Boc-Tyr,

Conclusions

Experimental Section
Materials. Monomethoxy-PEG-amine (MPEG-MHV,, = 2k, 5Kk),

N-Boc-+-Tyr, and N-Boc+-Phe were purchased from Advanced

ChemTech, KY. Fmoc-DOPA(Ceof) was synthesized as desctfhed.

Piperidine, water (HPLC grade), EDT, thioanisole, amdresol were
from Aldrich. Acetonitrile was from Burdick and Jackson. TFA was

from J. T. Baker. Sephadex LH-20 was obtained from Fluka (Milwau-
kee, WI). L-Dopa was purchased from Lancaster (Windham, NH).

N-Boc+-DOPA dicyclohexylammonium salt was purchased from
Sigma Chemical Co. (St. Louis, MO). Triethylamine {&), sodium

molybdate dihydrate, and sodium nitrite were purchased from Aldrich

Chemical Co. (Milwaukee, WI).
Synthesis of mMPEG-MAPD. An analogue of the decapeptide

consensus repeat of Mefpl, Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-DOPA-

respectively, using mPEG-NH(5k) and the synthesis and purifi-
cation method described above foPEG-DOPA. 'H NMR (500 MHz,
D,O/TMS) for mPEG-Phe ¢ 7.35 (m, 5H, GHs—CH,—), 4.28
(t, 1H, GHs—CH,—CH(N—)—C(O)N-), 3.30-3.85 (m, PEO), 3.02
(m, 2H, GHs—CH,—CH(N—)—C(O)N—), 1.37 (s, 9H, (Ei3)sC—).
IH NMR (500 MHz, D,O/TMS) for mPEG-Tyr: ¢ 7.16 (d, 2H,
CeHaHa(OH)—), 6.86 (d, 2H, GHaH(OH)—), 4.21 (t, 1H, GH4(OH)—
CH,—CH(N—)—C(O)N—), 3.30-3.85 (m, PEO), 2.93 (m, 2H,
CeH4(OH)—CH,—CH(N—)—C(O)N—), 1.43 (s, 3H, €&1;CH,0O—), 1.38
(S, 9H, (O‘|3)3C_).

(28) Waite, J. H.; Benedict, C. \Methods Enzymoll984 107, 397—413.
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Substrate Preparation.To create pristine gold surfaces, we cleaned
glass coverslips (12 mm diam) by immersing them in 5% Contrad 70
solution (Decon Labs, Inc.) in an ultrasonic bath for 20 min, rinsing
with MeOH, sonicating in MeOH for 20 min, rinsing in acetone,
sonicating in acetone for 20 min, rinsing in petroleum ether, and

sonicating in petroleum ether for 20 min. The glass surfaces were further

cleaned by exposure to,@lasma for 5 min, after which 2 nm Cr
followed by 10 nm Au (99.9% pure) were sputtered (Cressington
208HR)? Titanium disks (12.7 mm diam by 1 mm thick) were cut
from Grade 4 Ti rodstock and polished, ultimately finishing with 0.04
um colloidal silica. Ti disks were then ultrasonically cleaned as
described above, followed by exposure to flasma for 5 min. XPS

modified Eagle’s medium (DMEM,; Cellgro, Herndon, VA) containing
10% fetal bovine serum (FBS) and 12@/mL of penicillin and 100
U/mL of 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 hemocytometer.
Quantification of Cell Adhesion. Substrates were pretreated in 12-
well TCPS plates with 1.0 mL of DMEM containing FBS for 30 min
at 37°C and 10% CQ@ Cells were seeded onto the substrates at a
density of 2.9x 10 cells/cnt and maintained in DMEM with 10%
FBS at 37°C and 10% CQ@ For long-term studies, substrates were
reseeded with 2.9 10 cells/cn? twice per week. At periodic intervals,

survey scans of the clean Ti substrates revealed dominant peaks at 45§0nadherent cells were removed by aspirating the medium in each well.

eV (Ti2p) and 530 eV (Ols), confirming the presence of a native
titanium oxide layer.

Surface Modification. For surface analysis by XPS and TOF-SIMS,
clean substrate samples were modified in DCM (50 mg/mL) &t@5

On Au substrates, adherent cells were fixed in 3.7% paraformaldehyde
for 5 min and subsequently stained witik® 1,1'-dioctadecyl-3,3,33-
tetramethylindocarbocyanine perchlorate (Dil; Molecular Probes, Eu-
gene, OR) in DMSO for 30 min at 37C. Cells on Ti substrates were

for 24 h. Upon removal from solution, substrates were extensively rinsed Stained with 2.5:M calcein-AM (Molecular Probes) in complete PBS

in DCM to remove unbound PEG, dried in a stream of, ldnd

immediately analyzed. For cell culture experiments, clean substrates

were modified by incubation in mPEG solutions (1.0 mg/mL) at60

for 24 h, after which they were extensively rinsed in DI water to remove
unbound PEG. Adsorption ahPEG-DOPA, -Tyr, -Phe and-OH
was performed in 0.1 M MOPS buffer (pH 6.0) containing 0.6 M
K>S0y, while mMPEG-MAPD was adsorbed from a saturated NacCl
solution containing 0.1 M MOPS buffer (pH 6.0).

Surface Characterization. XPS data were collected on an Omicron
ESCALAB (Omicron, Taunusstein, Germany) configured with a
monochromated Al K& (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 €1078 Torr). The takeoff angle, defined as the angle
between the substrate normal and the detector, was fixed ‘at 45

Substrates were mounted on standard sample studs by means of doubl

sided adhesive tapes. All binding energies were calibrated using eithe
the Au(4f,) peak (84.0 eV) or the C(1s) carbon peak (284.6 eV).

for 1 h at 37°C.

Quantitative cell attachment data were obtained by acquiring five
color images from random locations on each substrate using an Olympus
BX-40 (Aex = 549 nm,lem = 565 nm) and a Coolsnap CCD camera
(Roper Scientific, Trenton, NJ). These experiments were performed in
triplicate for statistical purposes, resulting in a total of 15 images per
time point for each substrate. The resulting images were quantified
using thresholding in Metamorph (Universal Imaging, Downington,
PA). A one-way ANOVA and Tukey's post-hoc test with 95%
confidence intervals (SPSS, Chicago, IL) were used to determine
statistical significance of the data. The mean and standard deviation of
the measurements were reported.
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