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This  chapter  rev iews the use of  se l f -assembled monolayers  o f
alkanethiolates on gold to control the interactions of proteins and cel ls
wi th  man-made mater ia ls .  The work is  based on the ab i l i ty  o f
monolayers that present ol igo(ethylene glycol) groups to resisi the
non-specific adsorption of protein. The chapter desciibes the use of
functionalized monolayers for the bio- and chemo-specific adsorption
of proteins. The chapter concludes with a discussion of techniques
that can p-attern the formation of monolayers and that can prepare
tailored substrates for the control of cell attachment.

The property of.poly(ethylene glycol) (PEG) to resist the non-specific adsorption of
protein has made this material the standard choice for applicaiions requiring inert
surfaces. There el lst a variety of excel lent strategies for^tai lor ing the^surfa"ces of
materials with PEG. Most of the methods of using PEG are emprrical.  and a
mechanis t ic  unders tanding of  the ab i l i ty  o f  PEG io  res is t  adso ip t ion is  s t i l l
incomplete. As a consequence, the structural parameters of PEG that make surfaces
presenting i t  unable to adsorb proteins (that is. inert to adsomtion) are st i l l  not well
understood, and i t  is not yet routine to design new inert materials-or even simple
derivatives of PEG-frornbasic principles.

We have used self-assembled monolayers (SAMs) of alkanethiolates on gold that
present oligomers of the ethylene glycol group (-EGnoH, n = 2-6, and -EG6dCH3) as
model surfaces with which to study the properties of materials tailored with PEG 11-
4). Several considerations make this class of SAMs the best that is currently available
for fundamental studies of the relationships between the structure of a material and its
interfacial properties. The structure of these interfaces is reasonably well-defined and
stable over the intervals required for experiments involving protein adsorption and
cell attachment. They.can-be systematic-ally tailored using ioutine organic'synthetic
methods (4-6). Addit ional considerations that make this system pait iculariy well-
suited for studies of bio-interfacial phenomena include the-use of surface piasmon
resonance spectroscopy to measure the association of proteins with monolayers (3)
and of microcontact printing to pattern the formation of monolayers ( D.

This  -chapter  rev iews our  work  that  has used monolayers  present ing
oligo^(ethylene glycol) groups to control the interaction of proteins and^ cells wit[
interfaces. The chapter begins with an introduction to SAMs, then discusses the
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properries of SAMs presenting ol igo(ethylene gly.col) groups, the interactions of

oroieins q' i th functional ized SRHns, and methodologies that use techniques from

microfabrication to create substrates that control the attachment of cells'

Alkanethiolates on Gold. Self-assembled
gold form upon the adsorption of long chain
n = 11-181 flom solution (or vapor) to a gold

Self-Assembled MonolaYers of
monolayers of alkanethiolates on
alkanethiols, RSH [R = X(CH2)n,
surface:

RSH + Au(O)n---> RS-Au(I)'Au(0)n + 1/2H2Q) (eq 1)

Extensive experimental work has shown that the sulfur atoms coordinate to the three-
fold sites of the gold(111) surface and the close-packed alkyl ch1.ns are trans-
extended and tilted-approximately 30" from the normal to the surface (Figure 1)' The
terminal functional grbup X is piesented at the surface and determines the properties
of the interface. Th"e prbperties of SAMs can be controlled further by formation of
"mixed" SAMs from solutions of two or more alkanethiols.

Kinetics of Formation of Monolayers. The mechanisms for the assembly of
monolayers are complex and not completely understood. _several gr.oups h.ave studied
the kinetics for assembly of alkanethiolaies on gold (8-11). This work has used
different methods, and alihough the data are not entirely consistent, most indicate that
greater than gOVo of the monolayer forms quickly-within minutes for mM solutions
5t tttiot-and the remainder forms more slowly over hours. The kinetics for the
initial, rapid assembly of the monolayer are probably domrnated by the interaction
between the thiolate and gold substrate and gives a monolayer that is locally ordered
but contains defects. We presume that the second, slower phasg of assembly invoh'es
the reordering of alkanethiolates on the surface and transfer of alkanethiol molecules
from solutionto the remaining vacant sites on the gold substrate.

For many terminal groupi, the differences in properties of the monolavers formed
under differ6nt conditlons'are minor; the contact angle of water on SAMs of
octadecanethiolate, for example, is insensitive to the differences in structure of the
phases formed in the terminal stages of assembty (2). For SAMs presenting other
gtoupr, however, the properties can change dramatically with increasing dens.ity of
ittuti"itriolates. tn a subsequent section we describe differences in the adsorption of
protein to SAMs presenting oligo(ethylene glycol) groups that depend on the
preparation of the monolayers.

Theory of the Mechanisms Underlying the Ability of PEG to Resist Adsorption
of Protein. In aqueous solution, poly(ethylene glycol) chains _are solvated and
disordered; measurements using NMR spectroscopy (12) and differential thermal
analysis (/-l) indicate that as many as three water molecules are associated with each
t.p"ht unlt. 

'Fu.ther 
evidence forihe large_excluded volume of PEG comes from gel

chromatography experiments that show PEGs are substantially larger than other
polymers-of si.nita.^molecular weight (14). De Gennes and Andrade have_proposed
ihai surfaces modified with long PEG chains resist the adsorption of protein by "steric
stabilization" (.15,16). Adsorption of protein to the surface causes the gly-col chains to
compress, with concomitant desolvati,on. The energetic penalty of transferring water
to th^e bulk and the entropic penalty incurred upon compression of the layer both serve
to resist protein adsorPtion.

Analytical Methods that Measure Adsorption. Experimental studies of protein
adsoiption require analytical methods that can measure adsorption with high
sensifivity; for exampl-e, I\Vo of a monolayer of a globular protein having a
moleculai weight of 30 kD corresponds to a density 9f 

-0.3 ng/mm2. It is also
preferable that the techniques measure adsorption in real time to provide kinetic data
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and are non-invasive in that they do not affect or damage the layer of adsorbed
protein. Several group_s_have used techniques based on ellipsomeiry e,2), quartz
crystal microbalance (17), surface acousti-c waves (17), waieguide inieifeioinetry
(19), and surface plasmon resonance (SPR) (J). Ellipsometry r"emains a convenient
technique for measuring the amount of protein on substrates ihat had been removed
from solution and dried; it is less convenientfor in sirz measurements. SpR fulfills
all of these criteria and has the additional advantage that instruments are now
available from commercial vendors. Because SPR itsJlf uses thin films of gold, it is
well-suited for characterizing adsorption on monolayers of alkanethiolates.

SAMs PresentinS. plig_o_lgthylene glycol) Groups Resist the Non-specific
Adsorption of Protein. We have used honolayers fhat present short oligorirers of
the ethylene. glycol gro.uq to inve-stigate the basis for PEG'to resist the ads6rption of
protein (1-3)' Our work has used m1x.ed S_AlvIs plgparea from solurions contiining a
functionalized alkangt!1ol (HS(cq?)11(o_cH2cHi;noH, n=2-6) and a methll-
terminated alkanethiol (HS(CHz)roCH:). This-system permits control over both rhe
lengthand density.of glycol chains at the-surface-(Figur'e 2). Because adsorption can
depend dramatically on the structure of a proteinllg), we have used a^panel of
representative proteins to characlerrze these monolayers. Both ex sira ellipsometry
and in situ SPR show.that SAMs^presenting_only oligo(ethylene glycol) g.oup, resiit
almost entirely the adsorption^ofprotein. 

-Extensivi 
*ork in olilaboritory shows

that these surfaces are very effective in resisting adsorption of proteins, and even
resist adsorption from concentrated (1-10 mg/ml-) solutions of mixtures of protein.
Mixed. SAMs presenting this group togeth; wiih as much as 50Vo hydrophobic,
methyl groups also resist.the adsorption.-o.f protein; SAMs presenting methyl'groups
alone adsorb most proteins.rapidly and irieversibly. The^ability o? ttr" surf-ace io
resist adsorption increases with-both the density and iength of the ,i6go-...

Mechanisms of Inert SAMs. Our work shows that surfaces presenting densely
packed short oligomers.of the.ethylene glycol group are highly eif.ctiue airesisting
the_adsorption of protein. It is not clear ihat iire mechanijmi for this resistance of
SAMs presentingshort,.oligo(ethy.lene glycol) chains are similar to those for high
molecular ryeiglt PEG. The exteniive solvation of PEG by water molecules is almost
certainly critical to the properties of the bulk polymer, but SAMs presenting dense
packed oligo(ethylene glycol) groups probabiy io not have suffi. i .nt volume ro
accommodate extensive solvation. Molecular modeling studies even suggest that the
perfectly ordered SAMs cannot include any solvent eb). Because tfre l iycot chains
in the monolayers are each covalently tethered to the surface. these thin?ilms should
have conformational properties verv'different t iom those of the unconstrained bulk
polymer.

Recent work from our laboratorv. and that of Professor Michael Grunze at
Heidelbe^rg, have shown that the condiiions used to prepare the SAMs are critical to
the interfacial propertie^s. SAMg prepared from soluiioris of a hexa(ethylene glycol)-
terminated alkanethiol for periods of less than 12 hr-the usual .onditionr-resist the
adsorption of protein. SAMs prep.ared from these same solutions, but allowing ttr.
equilibration of the structure bf the SRMs to proceed for periodt of l-Z dais in
contact with the solution of thiol, are less effective in resiiting the adiorption of
protein; the amount of p^rotein that adsorbs irreversibly to thesJ surfaces increases
with the time over which formation of the sAM is allowed to occur.

One. explanation for these data is that the final stage of the assembly of
alkanethiols substituted with oligo(ethylene glycol) groupionto a gold surface is
slow, and that the inrerfacial 

-properties 
i.pend "stqongly 

on t[. d";ri i t ; ialkanethiolates in the monolayer. immersion tim^es of 12 trr fidy giu. snrufs that still
have a substantial number of vacant coordination sites on the goti surface-we have
no experimental data to suggest what this critical density of'holes 1nu/ U"-and asurface that resists adsorption of protein. Iao.nger immersron tlmes may give SAM;
having fewer vacant coordination sites and delects, and that adsorU p.'otlin. Other
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Figure 1. Representation of a self-assembled monolayer (SAM) of
alkanethiolates on the surface of gold. (Left) Hexagonal coverage scheme
of thiols coordinated to the gold (111) surface; the sulfur atoms (shaded
circles) fill the hollow three-fold sites on the gold surface (open circles).
(Right) The alkyl chains are close-packed and tilted approximately 30" from
the normal to the surface. The properties of the SAM are controlled by
changing the length of the alkyl chain and the terminal functional group X of
the precursor alkanethiol. The missing row represents a common defect
present in SAMs. The detailed structures of point and line defects have not
been established.
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Figure 2. Representation of a mixed SAM terminated in methyl groups and
tri(ethylene glycol) groups. We presume that the polymethylene chains are
more ordered than the glycol groups. The density of the tri(ethylene glycol)
groups at the surface is determined by the ratio of the two alkanethiols in the
solution from which the SAM is formed.
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factors that may be important in understalding the mechanisms for adsorption are the
conformation of the oligo(ethylene glycol) g6ups in the monolayei; ;a rhe role of
other defects (for e.xample.. those produced-by cbrrosion of ttre gbtd substrate). We
are currently investigating this system in greatbr detail.

Design of Surfaces that Resist Adsorption. We sought to design a new material
that shared the properties of PEG to res^ist the adsorptiSn of proi.Tn. 

--We 
chose the

propylene sulfoxide..group .because o.ligomers of thii group,^like those of ethylene
glycol, are hydrophilic, well-solvated by water and co"nformationally-flexible. We
P-le-pggd molg- l1v-gr1__ prgs^el , r i1g._. t r i (propylene sul foxide) groups
(HS(cHz)1 1(SocH2CH2CH)3SocH3t(Figure 3). 'spR showed rhat rhese SAMs
resisted the non-spgciflc.adsorption of fibrinogen, RNAse A, and othei proteins (21).
These SAMs remained inert tb adsorption ev-en when mixed with as riuch as 50%
methyl-terminated alkanethiolate. Although the different lengths of these rwo groups
prevents a direct comparison, the data. suggest that when pr.rjnt.d at an interfaJe thiy
are similarly effective at resisting adsorplion. The moit important result from this
work is the demonstration of-a suciessful process-that is centered on the
combination of SAMs and SPR-for the de noio design and testing of a new inert
material. This study also suggests that PEG is not uniqie in its abiliiy to serve as an
inert surface, but that there w-ill probably be many such polymers. 

J --

The inert surfaces providedby thes-e monolayers serve as the basis for the design
of biointerfaces having other prop-erties. For example, ligands .un U. i-.obilized to
these SAMs to create substraies that bind a specific rec6ptor yet still resist the non-
specific adsorption.of other proteins. These inert monotuy..i uf* rnui. possible a
convenient and flexible methodology for creating patterned substrates that control the
attachment of mammalian cells. Th-e remainder"oi ttrir chapter describes our work in
these areas

Bio-Specific Ads.orption. The bio-specific adsorption of proteins to surfaces
presenting appropriate ligand.s is important in.drug screening, celi culture, biosensing,
and other areas. These. {pplications have also rised empiiical upp;;;;it.s and feiv
studies have investigated fundamental aspects of biomolecut* .."Jfni.n ut surfaces.
The most serious problem encountered with surfaces designeE foi Ulo-specific
adsorption is the non-specific adsorption of other proteins to the surface. The
common strategy of coating a material with serum albumin, for example, suffers frompoor reproducibility in the adsorption and from limited stability of the'protein layer(22).

we have used SAMs present ing  t r i (e thy lene g lyco l )  g roups  and
benzensulfonamide groups as model substrites with whictr tJsiuoy'thJbioispecific
adsorption of carbonic anhydrase (2J). SpR showed that the protein bound reversibly
to these SAMs and provided kinetic rate constants for association and dissociation(Figure 4). The binding of protein I 'al bio-specific; addition of a soluble l igand ofthe CA.to the protein-containing solution prior to the binding experiment inhibited
adsorption of the protein to the surface.' The amount of 

-protf 
in that bound atsaturation increased with the density^of the ligand on the surface; this density couldbe controlled by adjusting the ratio of tne two"alkanethiols in the solution from whichthe,monolayer assembles. When a complex mixture containing nine proteins (2

mg/ml total concentration) was introduced into the flow ce"ll, Spn recorded
essentially no protein.adsorption; however, when CA was present in this .o11-1pt."sample, SPR measured binding of the protein with no complications due to the otherproteins ({sure 4). This system provides a convenient model for bioptrysical studiesof biointerfacial recognition.

Chemo'Specific Adsorption. We have demonstrated a related immobilization
strategy based on the well-known coordinarion of oligo(hiit iair. j--peptidei bycomplexes of nickel (II) (24). Mixed SAMs presenring iitiilotriacetic'acid (NTA)
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Figure 4. SPR was used to measure_ the rate and quantity of binding of
carbonic anhydrase (cA) to a SAM terminated'in EG3 groups "and

benzenesulfonamide groups (A). The change in resonance angle (A0) of
light reflected from the SAM/gold is plotted against time; the time over
which the solution of cA (5 pM) was ailowed to flow through the cell is
indicated at the top of the_plot (B). The upper curve showstinding landdi-ssociation) of cA to a SAM containing -i7, of the ligand-ter.Tnut"a
alkanethiolate. cA did not adsorb to a SAM presenting only"ethylene glycol
qrou!9 (lower curve). A response due to the ihange in-inde-x of iefractTon of
the CA-containing solution was observed upon iitroduction of protein into
the flow cell (evident in the lower curuej. The difference b'et*".n irr.
measured-r-esponse and this background signal represents binding of the Ce
to the SAM.
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chelates of Ni(II) and tri(ethylene glycol) groups were used t_o capture histidine-
tagged recombinant proteins-from iell extiacts (Figure 5). Only the his-tagged
pr"oieins adsorbed to the SAM; the other proteins in the sample did not interfere with

the coordination nor did they adsorb to the SAM. This immobilized, his-tagged
protein was stable but could be removed rapidly by adding imidazole as a competing
iiganO for the NTA group. This system h1s the. additional advantages that the
irimobilized protein is=presented in a single orientation and the density of protein can
be controlled.

Using Microcontact Printing to Pattern Monolayers. Several groups have used
photJlithographic methods to pattern the formation of monolayers, these methods
work well Suithe requirement for a lithography facility makes them inconvenient and
inaccessible to many biological researc6ers. We have developed. a new and
convenient method for patteriing SAMs of alkanethiolates on gold with features of

sizes ranging down to 1 pm (7,25,26). Microcontact printing (ttCP) uses an

elastomeric siamp having on its surface a pattern of relief at the micron scale (Figure

6). This stamp can be c6ated with a soluiion of alkanethiol, dried, and brought^into
contact with a surface of gold to transfer the alkanethiol to discreet regions of the
substrate. This process prdduces a pattern of SAM on the gold that_is identical to the
pattern of reliefln the stamp. A diiferent SAM can then be formed in the remaining
iegions of gold by immersing the substrate in a solution of the other alkanethiol.
Cinformal Iontaci between the elastomeric stamp and surface allow surfaces that are

rough (at the scale of 100 nm) to be patterned over areas several cm2 in size with edge
r"tJlutlon of the features better than 50 nm. Multiple stamps can be cast from a
single master and each stamp can be used hundreds of times. Microcontact printing
has-been used to pattern SAMs of alkylsiloxanes on oxide substrates (27) and can
even form patterns on curved substrates (28).

Patterning the Adsorption of Protein. Microcontact printing can prepare substrates
that adsor6 protein in patterns. The method begins by contact printing a SAM of
hexadecanethiolate on-a gold substrate to give a pattern of hydrophobic, methyl-
terminated SAM. Rinsing this substrate in a solution of oligo(ethylene glycol)-
terminated alkanethiol renders the remaining regions of gold inert to protein
adsorption. Immersion of the patterned substrate in a solution 9f protein results in the
rapid^and irreversible adsorptlon of protein to.the hydrophobic, methyl-terminated
regions of the monolayer (Figure 7). Scanning electron microscopy prov.ide.s .a
coivenient method f<ir imaging the patterned protein (29). This method is
experimentally simple and can pattern prote.ins at the micron scale. It has the
limitation thal it cannot pattern the adsorption of multiple proteins to a single
substrate. Photolithographic methods that combine immobilization chemistries have
been used to pattern the formation of multiple proteins on a single substrate (30).

Patterning the Attachment of Cells on Planar Substrates. This same
methodology for patterning the adsorption of protein can be used to prepare substrates
for patterning the-attachment of mammalian cells (31,32). For attachmgnt to surfaces,
celli use membrane receptors to recognize immobilized ligands normally found in the
extracellular matrix proteins. Consequently, surfaces presenting a pattern of a matrix
protein will direct the attachment and spreading of cells, provided that the intervening
iegions of surface are inert to attachment. We have prepared substrates.containing a
pattern of adsorbed fibronectin (the most common matrir protein) and oligo(ethylene^glycol) 

groups. Addition of a suspension of capillary endothelial cells to the substrate
ielulted in the attachment of cells only to the protein-coated regions (Figure 8). The
spreading of the attached cells was also confined to the underlying pattern of protein
fana SettO. This methodology was also used to pattern the attachment of individual
hepatocytes (31).
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Figure 6. Microcontact printing starts with a master template containing a
pattern of relief (a); this master can be fabricated by photolithography, or
other methods. A polydimethylsi loxane (PDMS) stamp cast from this
master (b) is "inked" with a solution of alkanethiol in ethanol (c) and used to
transfer the alkanethiol to surface of gold (d); a SAM is formed only at
those regions where the stamp contacts the surface (e). The bare regions of
gold can then be derivatized with a different SAM by rinsing with a solution
of a second alkanethiol (fl.
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-EG6OH -CH.lFibrinogen

100 pm

Figure 7. Scanning electron micrographs of f ibr inogen adsorbed on a
patterned SAM. A patterned hexadecanethiolate SAM on gold was formed
by microcontact printing and the remainder of the surface was derivatized by

e x D o s u r e  t o  a  h e l a ( e t h v l e n e  s l v c o l ) - t e r m i n a t e d  a l k a n e t h i o l
(HS(CH. )11 (OCH.CH. )6OHr .  The  pa t i e rned  subs t ra te  was  immersed  i n  an

aqueous solut ion of f ibr inogen ( l  mg/ml) for 2 hr. removed from solut ion,
r insed with water, and drred. Fibrinogen adsorbed only to the methyl-
terminated regions of the SAM, as illustrated by the dark regions in the fFM
micrograph: 

- 
secondary electron emission from the underlying gold is

attenuated by the protein adlayer.

100 prm

Figure 8. Control over the attachment of bovine capillary endothelial cells
to planar substrates that were patterned into regions terminated in methyl

groups and tr i(ethylene glycol) groups using pCP. The substrates were

coated with fibronectin prior to cell attachment; fibronectin adsorbed only
to the regions of methyl-terminated SAM. (A) An optical micrograph
showing attachment of endothelial cells to a non-patterned region (left) and

to l ines 30 pm in width. (B) A view at higher magnif icat ion of cel ls
attached to the lines.

50 prm
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Control l ing the Attachment of Cells on Contoured Substrates. We have
combined this methodology with techniques for microfabrication to prepare
contoured substrates that direct the attachment of cel ls (JJ). An elastomeric stamp

was used to mold a f i lm of polyurethane into alternating grooves and plateaus 50 pm
in width. A thin, optically-transparent film of gold u'as er aporated onto this substrate
on which monolayers could be formed. A flat PDMS stamp \\ a\ Ll\ed to form a SAM
of hexadecanethiolate on the raised plateaus of the conitrure d :urface by contact
pr in t ing hexadecaneth io l  and a SAM terminated in  t r i tc thr lcne s l rco l )  groups was
subsequently formed on the bare gold remaining in the sr()()\  e \  br immersing the
substrate in a solut ion of a second alkanethiol.  Figure 9 shos '  th.rt  cndothel ial cel ls
attached and spread only on the hydrophobic regions of the \Lrb\trrtc that presented
fibronectin.

Conclusions

The work described in this chapter presents a comprehensive methodologr :Lrrt lhlc
for the study of biointerfacial phenomena. The flexibility offered by self-assenrblcti
monolayers to tailor the properties of an interface and present biologically rele r ant
groups-including molecules, peptides and proteins-provides an opportunitv tr)
understand, in detail, the relationship between interfacial stmcture and properties. A
range of analytical techniques, and surface plasmon resonance in particular, provide a
methodology to understand the interactions and dynamics of surfaces with proteins
and cells. Microcontact printing and related techniques for microfabrication make
possible the design of a range of substrates with which to control and understand the
biological responses to materials. This combination of techniques has already made
possible new types of experiments relevant to biosurfaces and wil l  certainly be
important in work that follows.

Me/  FN
Me/  FN  EG,

-v-

r l

W
,/1

W

50-t,-

Figure 9. Control over the attachment of endothel ial cel ls to contoured
surfaces using self-assembled monolayers. The substrates are f i lms of
polyurethane (supported on glass sl ides) that were coated with gold and
modif ied with SAMs of alkanethiolates terminated in methyl groups and
tri(ethylene glycol) groups; the substrates were coated with fibronectin prior
to cel l  attachment. (Left) Cells attached to both the r idges and grooves of
substrates presenting f ibronectin at al l  regions. (Right) Cells attached only
to the r idges when the grooves were modif ied with a SAM presenting
tr i(ethylene glycol) groups.
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