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Department of Chemistry and Chemical Biology Figure 1. Schematic illustration of the synthesis of mixed SAMs that
Harvard University, 12 Oxford Street present a 1:1 mixture of CONRR and CQH/CO,~ groups using the
Cambridge Méssachusetts 02138 @anhydride methoéB This scheme is idealized and not drawn to scale.
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This contribution describes an experimentally straightforward 50001 i
procedure for preparing and screening surfaces for their ability £ 40004 g
to resist the adsorption of proteins from solution. For brevity, we § 9 oHy
call surfaces “protein resistant” when they are resistant to the g 3000 A e
adsorption of proteins from solution. We have used this procedure £ 5., ] F ™ chen
to identify several functional groups that had not previously been =) _C\'I‘NN&P‘}:‘.;%"’
recognized as protein resistant. This work both identifies a number % 10007 | : SR
of functional groups that will be useful in designing resistance to oL j pr— . . e —i"\ﬁ\,o;“
the adsorption of biomolecules into devices used in sensing and 0 500 1000 1500 2000 2500 N\ f. °
in cell biology!2 and contributes to an understanding of the Time (sec)
mechanism of action of protein resistant surfaces by correlating Figure 2. Representative SPR data for the adsorption of fibrinogen to
this property with molecular-scale structuré. mixed SAMs that were prepared by the anhydride method (Figure 1).

We combined self-assembled monolayers (SAMahd surface ARU was determined by subtracting the value of RU measured at the
plasmon resonance (SPR) spectroséapiy a system that enabled  vertical dashed line prior to the injection of protein from the value of
us to screen a number of functional groups rapidly for their ability RU measured 10 min after the completion of the protein injection.
to resist the adsorption of proteins. The surfaces were prepared
by the “anhydride method” (Figure 131 This reaction generates  Protein (14 kD, pl= 12) that is positively charged under the
a “mixed” SAM that comprises arv1:1 mixture of —CONRR conditions of our experiment (phosphate buffered saline, PBS,
and CQH/CO,~ groupsl®?? (We have not defined the state of PH 7.4). Fibrinogen is used as a model for “sticky” serum
the ionization of the Cg@H groups in these SAMs.) The ease with ~ Proteins}*'415 lysozyme is often used in model studies of
which this class of mixed SAMs can be prepared by the anhydride €lectrostatic adsorption of proteins to surfateésSince lysozyme
method (relative to the synthesis of the functionalized alkanethiols has a substantial net positive chargg € + 7.5 at pH 7.4, 100
HS(CH,),R' normally used for the preparation of single- MM KCI),'8 it allowed us to examine attractive electrostatic
component SAMs) makes this route efficient for exploratory and interactions with C@" groups on the surface.
screening work!h13 We have prepared more than 50 surfaces, each presenting a

We have examined the adsorption of two proteins to these different functional group, using the anhydride procedure, and
surfaces: fibrinogen, a large (340 kD) blood plasma protein that surveyed them for protein resistarieTable 1 summarizes

adsorbs strongly to hydrophobic surfaces, and lysozyme, a smallselected results from this survey. The amount of protein adsorbed
ARU = change in response units) as measured by SPR was

49;_(933;?52‘_’;‘2};?.9 S&Jﬁ}?ésL‘Z'Séhg‘iﬂ?vgfo”ﬂEeﬁ;r(vilr?:é‘c’us'%so' Fax: (617)- determined by subtracting the value of RU prior to the injection
(1) Lopez, G. P.: Tender, L. M.: Bradley, G.; Opperman, K. A.; Hampton, of protein from the value of RU measured 10 min after the com-

P. D.Proc. SPIE-Int. Soc. Opt. End997, 297§ 2—11. pletion of the protein injection; for clarity, these points are each
(2) Nishimura, T.Polymer Materials for Blood PurificatignTsuruta, T., labeled with a vertical dashed line in Figure 2. The valuABU

Ei{;ih;,;ia*gf“l""g’gk;’ K., Ishihara, K., Kimura, Y., Eds.; CRC Press: Boca was used to calculate the percentage of a monolayer (%6Mono-
(3) Chen, C. S.; Mrksich, M.; Huang, S.; Whitesides, G. M.; Ingber, D. E. layer) of that protein using eq4?°We define “%ML" according

Sciencel997, 276 1425-1428. to eq 1 strictly to simplify the comparison between surfaces.

(4) Jeon, S. I.; Andrade, J. D. Colloid Interface Sci1991 142 159-166.
(5) Jeon, S. I.; Lee, J. H.; Andrade, J. D.; De Gennes, PJ.&olloid
Interface Sci1991 142 149-158. o
(6) Harder, P.; Grunze, M.; Dahint, R.; Whitesides, G. M.; Laibinis, P. E. %o ML = ARU
J. Phys. Chem. B998 102 426-436. mixed SAM (-CON(CH2)10CH3)
(7) Laibinis, P. E.; Bain, C. D.; Nuzzo, R. G.; Whitesides, G. MPhys.
Chem.1995 99, 7663-7676. . . . . .
(8) Whitesides, G. MChimia 199Q 44, 310-311. The functional groups used in this study resulted in mixed
(9) SPR is an optical technique that detects refractive index changes at theSAMs that ranged substantially in their tendency to adsorb protein

interface between a thin film of gold and a solution in contact with this film. i i -3
See: Lofas, S.; Malmqvist, M.; Ronnberg, I.; Stenberg, E.; Liedberg, B.; (Figure 2). SAMs that present oligo(ethylene glygdt) = 3—6)

ARUpjixed SAM (.CONRR’)

x 100 (1)

Lundstrom, I.Sensors Actuators B991 5, 79-84. Mrksich, M ; Sigal, 6. groups are currently the most protein-resistant surfaces avail-
B.; Whitesides, G. MLangmuir1995 11, 4383-4385 and references therein. ~ able®1421 They are the standard against which we have judged
13((15(;)01_32,7&-2: Marzolin, C.; Terfort, A.; Whitesides, G. Mangmuir1997, new protein-resistant surfaces. We compare the adsorption of

(11) Chapman, R. G.; Ostuni, E.; Yan, L.; Whitesides, G.LMngmuir proteins to our mixed SAMs to that of a mixed SAM that presents
200Q In press. a 1:1 mixture of tri(ethylene glycol) groups—COHN(CH.-

(12) Studies using polarized infrared external reflectance spectroscopy
(PIERS) suggest that the reaction of small primary amines with a SAM that ~ (14) Prime, K. L.; Whitesides, G. M. Am. Chem. So4993 115 10714
presents interchain anhydride groups proceeds in nearly quantitative yields.10721.

The yield for larger, sterically hindered amines will undoubtedly be lower. (15) Mrksich, M.; Sigal, G. B.; Whitesides, G. M.angmuir 1995 11,
PIERS has been described previously; Porter, MABal. Chem1988 60, 4383-4385.
1143A—-1155A. (16) Robeson, J. L.; Tilton, R. DLangmuir1996 12, 6104-6113.

(13) We cannot rule out definitively the possibility that some functional (17) Roth, C. M.; Lenhoff, A. MLangmuir1995 11, 3500-3509.
groups react more than once with the anhydride SAM surface (see Supporting  (18) Kuehner, D. E.; Engmann, J.; Fergg, F.; Wernick, M.; Blanch, H. W.;
Information for details). Prausnitz, J. MJ. Phys. Chem. B999 103 1368-1374.
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Table 1. Amount of Fibrinogen (Fib) and Lysozyme (Lys)

Adsorbed to Mixed SAMS

Communications to the Editor

Table 2. Comparison of Protein Adsorption to Mixed SAMs that
Present Unmethylated and Methylated Functional Groups, CONRR

Entry HNRR’ %ML \ % ML (R = H)¥% ML (R = CHy)
No. Fib2 b, ¢ Lysa b.c 9,
1 H,N(CH,);,CH; 100 100 163 —CONRR fibrinogen lysozyme
on oH —CONRCH(CH(OR)LCH;OR 23 3
2 o e 0 3T e —~CONRCHCON(R), 6 15
o on —CONRCHCON(CH), 4 6
3 ,_m/\/v'u\rro\CH3 58 43 75 *CONR?I-bCHzNR)C?CH; 3 1.5
: —CONH(CHCH-0)R 1 1
CHj o}
4 HzN/\[gNHZ 58 3% O 2 These terms are defined by eq®Reference 11.
H
N CH,
s HNTTYT 40 0w lycol) groups adsorbed indistinguishable quantities of the two
o gly group aisting q
CH, test proteins, but the guantities were too small to comfare.
TS 33 56 O The presence of the GB/CO,™ groups in these mixed SAMs
OCH3 CHe complicates the analysis in two ways: first, the carboxyl group
7 HN/\/N\H/'{‘\CHg 25 1 62 (especially as carboxylate anion) is, in principle, able to interact
ST ; with proteins; second, this group is smaller than most of the groups
GHa | (—COONRR') we examined, and its presence as a component of
8 T o 2 ¢ > : the monolayer influences the packing of the amide groups. For
o one functional group--CONH(CH,CH;0).R (n = 3 or 6; R=
9 NS on, 9 2 65 O H or CH;), we have compared protein resistance of single-
CHy 0 component SAMs to that of mixed SAMs containing £0CO,~
0 /\/3”33”3 i o e groupd! or CH; groupst4 and concluded that levels of protein
”gHs O//P\N_CCHT resistance in all three cases were comparable. We do not know if
CHy this conclusion applies to the other groups that we examined.
:’CH%’CH’ 3 6 a1 The most important conclusion from the present work is that
1 NN OCH, a substantial number of different types of organic functional
CHy OugyOncy groups can form the basis for SAMs that prevent the adsorption
12 HyN(CH,CH,O0)H 2 s of proteins. This conclusion is important for two reasons. (i) It

rests on the demonstration of alternatives to derivatives of oligo-
(ethylene glycol) as the basis for protein resistant surfaces. Oligo-
(ethylene glycol) derivatives are effectivén fact, still the most
effective of the group examinetbut they tend to auto-

a%ML = “%Monolayer” is defined by eq 1. The experiments
involved flowing a 1 mg/mL solution of protein over the surface for
30 min at 10uL/s. ® The uncertainty in %ML for both fibrinogen and
lysozyme is<+4% absolute value; for values of %ML less than 12%,

=2 oxidize?12324 Table 1 identifies several useful alternatives to
the uncertainty iss £1% absolute value. Arrows have been added to - . . -
identify comparable functional group$The advancing contact angle, oligo(ethylene glycol): one, HN(CHCH,CON(CH),, is avail-

0., was measured using droplets of water, with the surface immersed able commercially, and others, HN(GY&H,(CH(OCH)),CH,-
in cyclooctane® This value refers to the sessile contact angle. OCHg HN(CHs3)CH,CHN(CH3)PO(N(CH),)2, and HN(CH)CH,-
CH:N(CH3)COCH;, are straightforward to synthesize. (ii) This

CH,0)sH) and—CO,H/CO,~ groups (entry 12, Table 1). On the conclusion also clarifies the mechanism(s) that underlie protein
basis of this comparison, we have identified four functional groups esistance. It is clear that the theory of DeGennes/Andfade
that show useful resistance to the adsorption of proteins when (déveloped to describe the behavior of poly(ethylene glycol) at
presented on SAMs mixed-1:1 with —CO,H/CO,~ groups: _surfaces) does_ not descrlbe protein adsorptlor_1 on the SAI\_/IS listed
entries 8, 9, 10, and 11 (Table 1). We also confirmed that i Table 1. Simple physical parametefsolarity, wettability,
homogeneous SAMsade using alkanethiols terminated with each conformational mpblllty-also do not correlatfe with the ability
of these four groups resisted the adsorption of proteins more thanOf surfaces to resist the adsorption of protein. Grunze, we, and
mixed SAMs made by reaction of the amine derivatives of the Laibinis have sugge;sted that the formanon of structurgd or tightly
four functional groups with anhydride SAM&These functional bound water at the interface may be l_mporlfa'ﬁhe datain Tabl_e
groups share four molecular characteristics: (i) they contain polar 1 @ré compatible with this hypothesis, but do not demand it.
functional groups, (ii) they incorporate hydrogen bond accepting ~ The observation (Table 2) that the elimination of hydrogen bond
groups, (iii) they danot contain hydrogen bond donating groups, donor moieties in _the fun_ctlpnal groups reduces (by factors of 3
and (iv) they have no net charge. The most protein-resistant {0 24) the adsorption of fibrinogen to these SAMs was the most
surfaces were hydrophilic; there is, however, no clear correlation SUrprising result from this work.
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