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’ INTRODUCTION

The interactions between aqueous amino acids and mineral
surfaces are of interest in a great variety of fields from biominer-
alization to theories of the origin of life. In bioadhesion studies,
the catecholic amino acid 3,4-dihydroxyphenylalanine (DOPA)
has been indentified as an important molecule in bioadhesive
proteins such as those used bymussels to attach to rocks.2!5 This
discovery has spurred numerous investigations of potential
applications to the development of new adhesives and antifouling
materials.6,7 Very strong attachment of DOPA to inorganic
materials such as the surface of oxidized metallic titanium has
been measured using single molecule atomic force microscopy
(AFM) techniques.1 However, the extent of adsorption, the
detailed mechanism of DOPA attachment, and the dependence
on environmental conditions have not been established even for
simple inorganic oxides.

The closest molecular analogues to DOPA that have been
studied are the molecules dopamine, hydrocinnamic acid and
catechol (see Supporting Information (SI)). A wide variety of
studies have addressed the adsorption mechanisms and the bulk
adsorption characteristics. Studies of the surface chemistry
of these molecules on titanium dioxide are of interest to the
development of solar cells.8,9 UV photoemission spectroscopy,
scanning tunneling microscopy, carbon K-edge NEXAFS spec-
troscopy, and DFT calculations of dopamine on anatase (101)

and rutile (110), respectively, in the absence of water have
indicated a bidentate attachment of the phenolic oxygens to
one or two surface titanium atoms. In these experiments, the
orientation of the molecule is approximately perpendicular to the
surface. Similarly for catechol, scanning tunneling microscopy
and DFT calculations have demonstrated that a bidentate
attachment of the phenolic oxygens to a rutile (110) surface in
vacuum enables the catechol molecules to “walk” across the
surface while maintaining one inner-sphere attachment at all
times and a second point of attachment involving H-bonds to
surface oxygens or !OH groups.10

In aqueous solution, ATR-FTIR and SERS spectroscopic
studies of catechol, dopamine, and hydrocinnamic acid adsorp-
tion on oxide particles have indicated inner-sphere attachment
through the phenolic oxygens.11!15 For catechol on titanium
dioxide, alumina and goethite strong adsorption occurs over a
wide range of pH values from 4 to about 9, and on titanium
dioxide this involves the formation of a colored charge!transfer
complex.13,16!19 It has been inferred that two reactions were
consistent with both adsorption and electrokinetic data13 for
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ABSTRACT:Dihydroxyphenylalanine (DOPA) and similar molecules are
of considerable interest in studies of bioadhesion to minerals, solar cells
involving titanium dioxide, and biomedical imaging. However, the extent
and mechanisms of DOPA adsorption on oxides in salt solutions are
unknown. We report measurements of DOPA adsorption on well-char-
acterized rutile (R-TiO2) particles over a range of pH, ionic strength, and
surface coverage as well as a surface complexation model analysis establish-
ing the stoichiometry, model surface speciation, and thermodynamic
equilibrium constants, which permits predictions inmore complex systems.
DOPA forms two surface species on rutile, the proportions of which vary
strongly with pH but weakly with ionic strength and surface loading. At pH < 4.5 a species involving four attachment points (“lying
down”) is important, whereas at pH > 4.5 a species involving only two attachment points via the phenolic oxygens (“standing up”)
predominates. Based on evidence of strong attachment of DOPA to titanium dioxide from single molecule AFM (Lee, H. et al., Proc.
Natl. Acad. Sci. 2006, 103, 12999!12003) and studies of catechol adsorption, one or more of the DOPA attachments for each
species is inner-sphere, the others are likely to be H-bonds.



3960 dx.doi.org/10.1021/es1042832 |Environ. Sci. Technol. 2011, 45, 3959–3966

Environmental Science & Technology ARTICLE

catechol on titanium dioxide:

> TiOH1=3! þH2L0 ¼ > TiL4=3! þHþ þH2O ð1Þ

and

2 > TiOH1=3! þH2L0 ¼ > Ti2L2=3! þ 2H2O ð2Þ

where H2L
0 represents catechol and > TiOH1/3! represents a

singly coordinated!OH group. Similar adsorption reactions are
possible in principle with dopamine, hydrocinnamic acid and
DOPA, but more than one surface species has not been reported,
possibly because a range of pH values has not been studied.

We have studied L-DOPA adsorption on a well-characterized
rutile powder over a wide range of environmental conditions. For
comparison, we have also studied the adsorption of L-phenylalanine
which does not contain phenolic oxygens (see SI). The data have
been analyzed with the aid of a surface complexation model to
establish the stoichiometry, model speciation and thermodynamic
equilibrium constants forDOPAon rutile surfaces. This represents a
step toward being able to predict DOPA adsorption on other solids
and in compositionally more complex systems.

’MATERIALS AND METHODS

Materials. All solutions and suspensions were made from
Milli-Q-water (Millipore, resistance = 18.2 MΩ cm!1). NaCl
(Fisher BioReagents p.a., dried at 180 !C) was used to provide
a constant ionic strength of 0.01 or 0.1. Stock solutions of HCl
(J.T. Baker, p.a.) were standardized against tris(hydroxymethyl)-
aminomethane (Trizma base, Fisher Scientific 99.9%). NaOH
(J.T. Baker) solutions were standardized against these standardized
HCl solutions. Stock solutions of L-phenylalanine (Sigma-Aldrich
>98%) and L-DOPA (Acros Organics, 99%) were freshly prepared
prior to each experiment without further purification. Ultrasonica-
tion was required to fully dissolve the amino acids. For amino acid
analysis, the following chemicals were used without further purifica-
tion: ninhydrin (Aldrich, 97%), 2-methoxyethanol (Sigma-Aldrich,
99.9%), acetic acid (Sigma-Aldrich, 99%), sodium acetate (Sigma-
Aldrich, 99%), NaCN (Fisher), and ethanol (The Warner Graham
Company, 200 proof).
The rutile sample used in the present study (obtained from

Oak Ridge National Laboratory courtesy of J. Rosenqvist,
D. Wesolowski, and M. Machesky) was from the same extensively
cleaned and well-characterized batch previously described20!24

with specific surface area and pHPPZC of 18.1 m2 g!1 and 5.4,
respectively. Scanning electronmicroscopy (SEM) revealed needle-
shaped crystals approximately 50!100 nm wide and 400!500 nm
long. Themost clearly visible faces are (110) parallel to the length of
the crystals and (101) and (111) as terminating faces. The extent to
which (101) and (111) faces may be present as steps on the (110)
face is not known but is assumed in the present study to be
significant because the surface functional groups for the chelating
surface species hypothesized previously for glutamate based on
surface complexation modeling of adsorption data and spectro-
scopic and quantum chemical modeling25 do not occur on the
(110) face.

’EXPERIMENTAL METHODS

Quantitative adsorption of phenylalanine and DOPA on rutile
was studied at 25 ( 1 !C and 1 bar using batch samples with a
solid concentration of 20 g L!1 and a total concentration of
DOPA ranging from 0.05 to 1 mM. Samples were prepared in

15 mL Falcon tubes to which precise volumes of standardized
HCl or NaOHwere added to each sample to achieve a range of pH
values. Purified argon gas was allowed to flow through the suspen-
sions to avoid contamination by CO2 and O2 from air. Preliminary
experiments showed that the color of aqueous DOPA solutions
changed from colorless to increasingly dark when pH was greater
than 7, in agreement with previous studies.26,27 Because of this, all
our experimentalDOPAadsorption data refer to pHvalues less than
7, whereas the adsorption of phenylalanine was studied at pH values
ranging from 3 to 10. All solutions and batch samples containing
DOPAwerewrapped in aluminum foil in order to avoid degradation
when exposed to light.

Preliminary experiments with a wide range of different amino
acids indicated that the adsorption reached a steady state within the
first 3 h after addition of the amino acid to a rutile suspension. The
present work was based on the assumption that DOPA and
phenylalanine behave in similar ways and therefore batch samples
were equilibrated on a test tube rotator (Labroller II, Labnet
International, Inc., H5100) for about 6 h. Longer equilibration times
were avoided in order to minimize the potential oxidation of DOPA
in solution. After this, the pHwasmeasuredwith a combination glass
electrode (Thermo-Electron, Orion 8103BNUWP) calibrated with
standardized pH buffers (Fisher Scientific). Samples were centri-
fuged for 10 min at a relative centrifugal force of 1073g (Fisher
Scientific accuSpin 400). The concentrations of amino acids in the
supernatant were measured with UV!vis spectroscopy (Hewlett-
Packard, 8452A, diode array spectrophotometer). Phenylalanine was
first derivatized using the ninhydrin-labeling technique as described
previously,20 whereas DOPA was analyzed directly in the spectro-
photometer without derivatization using an acetate buffer. UV-vis
spectroscopy has been shown previously to be a suitable technique
for quantifying aqueous concentrations of DOPA26,27 at a wave-
length of 280 nm. Hence, a calibration curve was determined for
DOPA at this wavelength using an acetate buffer medium. With this
method, an extinction coefficient equal to 2167 M!1 cm!1 was
determined using the Beer!Lambert Law and a path length of 1 cm.
A calibration curve was determined for phenylalanine at 570 nm,
which yielded an extinction coefficient equal to 17,356 M!1 cm!1

using the Beer!Lambert Law and a path length of 1 cm. The
difference between the initial amino acid concentration and the con-
centration remaining in the supernatant after equilibration was taken
to correspond to the amount of amino acid adsorbed on the surface
of rutile. By so doing we assumed that negligable amino acid was lost
by pathways other than adsorption (e.g., through irreversible oxida-
tion reactions).

The above assumption is supported by the following
observations:
(1) All adsorption experiments referred to pH values less than

7 above which DOPA is known to oxidize.26,27

(2) UV!visible spectra of the supernatant aqueous solutions
after adsorption showed evidence only of DOPA. The
spectra contained no signs of the oxidation products of
DOPA which form readily in aqueous solution at higher
pH values.27

(3) On contacting the rutile, DOPA caused a color change for
the solid from pure white to a tan color. This change is
consistent with the formation of a charge transfer complex
at the surface as documented in numerous studies of related
molecules containing catechol entities.15 It was reversible by
addition of phosphate in equal or larger amounts than the
DOPA because the phosphate adsorption almost comple-
tely prevents DOPA adsorption (SI Figure SI.2).
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(4) DOPA adsorbed on rutile was resuspended in phosphate
solutions and UV-visible spectra showed evidence only of
DOPA. A significant increase in intensity of the 280 nm
band in these samples indicates that phosphate is out-
competing DOPA and causing desorption from the rutile
surface without DOPA being oxidized (SI Figure SI.3).

Theoretical Surface Complexation Approach. The approach
used in the present study builds on the predictive extended triple-
layer model or ETLM.20,28!33 This approach accounts for the
electrical work associated with desorption of chemisorbed water
molecules during inner-sphere surface complexation providing an
indication of the number of inner-sphere linkages (e.g., >Ti!O!C)
for the adsorbate, aswell as the number ofTi surface sites involved in
the reaction stoichiometry. Such information can significantly cons-
train the likely mode of surface attachment.
Although spectroscopic data for DOPA adsorption on oxides

from aqueous solution are not available, the spectroscopic studies
summarized above for the structurally related molecules catechol,
dopamine, and hydrocinnamic acid provide evidence of the role of
phenolic oxygens in the attachment process, although the number
and type of adsorption reaction stoichiometries over wide ranges of
environmental conditions remain to be established. Our approach
involves iterative application of surface complexation calculations to
our experimental adsorption data over a wide range of pH values,
ionic strengths and ligand-to-solid ratio. This enabled testing
alternative reaction stoichiometries to find the most appropriate
reaction stoichiometries for DOPA on rutile in electrolyte solutions.
This approach for glutamate20 established two surface complexation
reactions. The two corresponding surface species had basic features
in agreement with subsequent ATR-FTIR spectroscopic and quan-
tum chemical studies.25 It should be emphasized that this approach
requires experimental adsorption data for the surface complexation
modeling over as wide a range of conditions as possible.
Our surface complexation model used the same surface pro-

tonation, electrolyte adsorption and site density parameters

established in our previous studies of the adsorption of glutamate
and aspartate in the rutile-NaCl system (Table 1). Aqueous pK
values for DOPA protonation and deprotonation are also given in
Table 1. Numerous studies of the aqueous pK values of DOPA
summarized in the NIST compilation34 refer to a range of ionic
strengths without a recommended set referenced to infinite dilution.
In the present study, we adopted values determined by regression of
potentiometric titration data referring to an ionic strength of 0.1:35

these pK values are typically within 0.1 of the values summarized by
NISTandprobably contribute negligible uncertainty to themodeling
of our adsorption data over the pH range of 3!7.

’RESULTS AND DISCUSSION

Our data for DOPA show strong adsorption, up to about
1.1 μmoles 3m

!2 (Figure 1a!d). Uncertainties in the experi-
mental data contribute to a scatter that is typically less than about
(5%, based on the reproducibility between duplicate batch runs,
as well as the stability of the readings during the UV-Vis spectro-
scopic measurements. Triplicate absorbance readings were per-
formed for each sample and the small variation in concentration
obtained for each sample represents the uncertainty of the instru-
mental analysis method itself. It can be seen in Figure 1a!d that
DOPA adsorption increases with pH, particularly at low surface
loadings and higher ionic strength. However, at pH values of 5!6
the adsorption tends to plateau, particularly at high surface loadings
and low ionic strength (Figure 1b). This behavior is similar to
published studies of catechol adsorption on TiO2, goethite, and
alumina, which also show a maximum in the adsorption above pH
values of about 7 to 8 and a decrease in adsorption at higher pH
values. In contrast, preliminary data for phenylalanine show con-
sistently low adsorption on the order of about 0.03 μmoles 3m

!2

over the whole pH range from 3 to 10 (SI Table SI.2). Themarked
contrast between the very weak adsorption of phenylalanine and
the similar adsorption patterns of DOPA and catechol strongly
indicates that the adsorption of DOPA is at least in part associated

Table 1. Aqueous DOPA propertiesa, rutile (a-TiO2) characteristics
b and extended triple-layer model parameters for proton,

electrolyte and DOPA adsorption on rutile

reaction type reaction logK

aqueous DP3! þ Hþ = HDP2! 13.3

DOPA HDP2! þ Hþ = H2DP
! 9.9

equilibria H2DP
! þ Hþ = H3DP

0 8.8

H3DP
0 þ Hþ = H4DP

þ 2.2

surface equilibria hypothetical 1.0 m standard state

logK1
0 >TiOH þ Hþ = > TiOH2

þ 2.52

logK2
0 >TiO! þ Hþ = > TiOH 8.28

log*KMþ
0 >TiOH þ Mþ = > TiO!_Mþ þHþ !5.6

log*KL!
0 >TiOH þ Hþ þ L! = > TiOH2

þ_L! 5.0

log*K(>TiOH)>Ti3DP
0 4 > TiOH þ H3DP = (>TiOH) > Ti3DP þ 3H2O 11.8((0.2)

log*K(>TiOH2
þ)>TiHDP!

0 2 > TiOH þ H3DP = (>TiOH2
þ) > TiHDP! þ H2O 6.4((0.2)

surface equilibria site-occupancy standard statesc

logK(>TiOH)>Ti3DP
θ >TiOH þ 3 > TiOH2

þ þ H3DP = (>TiOH) > Ti3DP þ 3Hþ þ 3H2O 16.1 ((0.3)

logK(>TiOH2
þ)>TiHDP!

θ 2 > TiOH2
þ þ H3DP = (>TiOH2

þ) > TiHDP! þ 2Hþ þ H2O 4.7((0.3)
a Protonation constants from Sanaie and Haynes (2007) referring to 0.1 ionic strength. bRutile properties are Ns = 3.0 sites 3 nm

!2, As = 18.1 m2
3 g

!1,
C1 = 120 μF 3 cm

!2, pHPZC = 5.4,ΔpKn
θ = 6.3, logK1

θ = 5.25, logK2
θ = 8.50, logKMþ

θ = 2.68, logKL!
θ = 2.48 (Jonsson et al., 2009). c Equilibrium constants

relative to site-occupancy standard states written relative to charged surface sites calculated with

logKθ
>TiOHð Þ>Ti3DP

¼ log&K0
>TiOHð Þ>Ti3DP

þ log NsAsð Þ4C3
s

100 ! 3pHPZC þ 3
2ΔpK

θ
n

logKθ
>TiOH þ

2ð Þ>TiHDP ! ¼ log&K0
>TiOH þ

2ð Þ>TiHDP
þ log NsAsð Þ2

100 ! 2pHPZC þΔpKθ
n
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with attachment by the same phenolic!OH groups inferred to be
responsible for the attachment of catechol.

The model curves depicted in Figure 1a!d are based on two
reactions that were found to be consistent with the experimental
adsorption data within the uncertainties described above:

4 > TiOHþH3DP ¼ ð > TiOHÞ > Ti3DPþ 3H2O ð3Þ

and

2 > TiOHþH3DP ¼ ð > TiOHþ
2 Þ > TiHDP

! þH2O ð4Þ

In eqs 3 and 4 >TiOH represents a site in the 2pK model
approach for titanium dioxide36 and H3DP represents the
electrically neutral DOPA molecule which could potentially lose
three protons: the two phenolic!OHprotons and a proton from
the amine !NH3

þ group. Our conclusion that DOPA has two
different ways of attaching to an oxide surface is a novel result. In

addition, an important feature of eqs 3 and 4 is that four and two
sites are involved, respectively. In other words, the two different
surface species involve four or two points of contact of the
adsorbed DOPA with the surface of rutile. This is an indication
that more than just the phenolic oxygens are involved in the
adsorption.

It should be emphasized that the surface complexation mod-
eling establishes reaction stoichiometries only (eqs 3 and 4). Never-
theless, it is useful to showwhat the surfaceDOPAspeciesmight look
like on a model rutile surface (Figure 2a and b). These are highly
idealized representations based on fragments of the bulk structure of
rutile. Both species are attached through combinations of inner-
sphere and H-bonding mechanisms. It has been assumed that inner-
sphere bonds betweenDOPAand the rutile involve terminal oxygens
such as in > TiOH2

þ. Such functional groups have been identified as
the ones involved in ligand-exchange reactions for other oxyanions
and mineral surfaces.37,38

Figure 1. Adsorption of L-DOPA on rutile as a function of pH at varying ligand concentrations: in (a) and (b) % DOPA adsorbed at 0.1 and 0.01 M
NaCl, respectively; in (c) and (d) DOPA adsorbed in μmol 3m

!2 at 0.1 and 0.01 M, respectively. The symbols represent experimental data. The solid
curves were calculated using the surface complexation model with parameters from Table 1. Numerical values of the experimental adsorption data are
given in the SI.
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In Figure 2a, the species (>TiOH) > Ti3DP has three inner-
sphere and oneH-bond attachment. Here DOPA is “lying down”
on the surface. Two of the three inner-sphere attachments
involve the two phenolic oxygens the separation of which
(2.78 Å) matches almost perfectly the separation of the two
precursor surface > TiOH2

þ groups (2.77 Å) as exposed on the
ideal (101) surface. The third inner-sphere bond involves one of
the carboxylate oxygens. The other carboxylate oxygen is shown
as being H-bonded to a surface > TiOH group. In this example,
the rutile (101) surface was used because of the very close match
of the phenolic oxygen separation with the surface > TiOH2

þ

groups. On the ideal rutile (110) surface these groups have a
greater separation (2.96 Å) which may not be as favorable for a
reaction such as in eq 3.

In Figure 2b, the species (>TiOH2
þ) > TiHDP! has only two

points of attachment to the surface. Here DOPA is “standing up”
on the surface attached by an inner-sphere bond and an H-bond.
Only the phenolic oxygens are involved in these bonds.

The reactions in eqs 3 and 4 correspond to the equilibrium
constants

log
&
K0

>TiOHð Þ>Ti3DP ¼
að > TiOHÞ > Ti3DPa

3
H2O

a4>TiOHaH3DP
10FΔψr, 3=2:303RT

ð5Þ

and

log
&
K0

>TiOHþ
2ð Þ>TiHDP ! ¼

að > TiOHþ
2 Þ > TiHDP!aH2O

a2>TiOHaH3DP
10FΔψr, 4=2:303RT

ð6Þ

where the superscripts “*” and “0” refer to reactions written relative to
>TiOH and to the hypothetical 1.0 M standard state, respectively,
which applies to both aqueous and surface species.39 The above
equilibrium constants are converted to new ones referring to site
occupancy standard states for the surface species as described below.

The terms involvingΔψr,3 andΔψr,4 in eqs 5 and 6 represent
the electrical work involved in the reactions given by eqs 3 and 4,
respectively. In the ETLM, the electrical work includes contri-
butions for the water dipoles coming off the surface29 given by
Δψr = !nH2O(ψ0 ! ψβ), where nH2O represents the number of
moles of water on the right-hand side of the reaction. In eqs 3 and 4,
nH2O= 3 (Δψr,3 = 0) and nH2O= 1 (Δψr,4 =ψ0! ψβ), respectively.

It should be emphasized that the reactions represented by
eqs 3 and 4 can also be written in the following ways. Equation 3

can be written as

4 > TiOHþH3DP ¼ ð > TiOHÞ2 > Ti2HDPþ 2H2O ð7Þ

4 > TiOHþH3DP ¼ ð > TiOHÞ3 > TiH2DPþH2O ð8Þ

or

4 > TiOHþH3DP ¼ ð > TiOHÞ4_H3DP ð9Þ

and eq 4 can be written as

> TiðOHÞ2 þ > TiOHþH3DP

¼ > Ti > TiðOHþ
2 ÞDP

! þ 2H2O ð10Þ

or

2 > TiOHþH3DP ¼ ð > TiOHÞ > TiOHþ
2 _H2DP! ð11Þ

Diagrams of the surface species are given in the SI. Equations
7!9 are of the same form as eq 3 and have the same values of
logK and Δψr. However, instead of three inner-sphere bonds
there are either two, one or zero, respectively, in eqs 7!9.
Equations 10 and 11 have the same form as eq 4 and the same
values of logK and Δψr. However, the surface species in eq 10
involves two inner-sphere and one H-bond, whereas in eq 11
only H-bonding is involved. These alternatives to eqs 3 and 4
cannot be distinguished by surface complexationmodeling alone.

Published AFM and spectroscopic studies permit distinguish-
ing between some of the above surface species. A role for an inner-
sphere bonding mechanism for DOPA and related molecules on
rutile is suggested by the strong attachment of DOPA to titanium
dioxidemeasured using singlemolecule AFM.1 This is supported by
results for catechol, dopamine and hydrocinnamic acid (SI Figure
SI.1a!e) attachment to titanium dioxide based on adsorption,
electrokinetic, ATR-FTIR, SERS and UV!vis spectroscopic
studies.11!13,15,40,41 Consequently, at least some of the attachment
points of DOPA to rutile must be inner-sphere. This eliminates
eqs 9 and 11 as they only involve H-bonds. The most relevant
adsorption reactions are likely eqs 3 and either eqs 4 or 10 because
they have the fewest H-bonds.

The solid curves in Figure 1 represent regression calculations
using the reactions in eqs 3 and 4. In these calculations, a site
density of 3.0 ((0.5) sites nm!2 was found to be the most
appropriate site density, as in the case of glutamate and aspartate
on the same rutile sample.20,32 This site density is consistent with
the idea that adsorption takes place on (101) or (111) steps on
the (110) surface of rutile.

Figure 2. Surface species for DOPA on rutile consistent with surface complexation calculations (for additional species see SI). Large spheres indicate O
atoms, small filled spheres C, small pale spheres H or N, and the lowermost spheres Ti at the rutile surface (to scale). Dashed lines represent H-bonds: a.
“Lying down” species, (>TiOH) > Ti3DP, four points of attachment involving three Ti!O!C bonds and one Ti!OH...O!C hydrogen bond.b.
“Standing up” species, (>TiOH2

þ) > TiHDP!, two points of attachment involving one Ti!O!C bond and one Ti!OH2...O!C hydrogen bond.
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Equilibrium constants for DOPA adsorption (log*K(>TiOH)>Ti3DP
0

and log*K(>TiOH2
þ)>TiHDP!

0 , Table 1) have estimated uncertainties
of (0.2 in the log values. Based on the estimated experimental
uncertainties and the uncertainties in the regression parameters,
the calculated curves in the figures show relatively small dis-
crepancies with the experimental data. Clearly, the two reactions
are sufficient to describe DOPA adsorption on rutile as a function
of pH, ligand-to-solid ratio and ionic strength. The regres-
sion equilibrium constants were converted to values of
logK(>TiOH)>Ti3DP

θ and logK(>TiOH2
þ)>TiHDP!

θ referring to site-
occupancy standard states and referenced to >TiO! using the
equations and values of Ns (site density), As (BET surface area),
Cs (solid concentration), pHPPZC, and ΔpKn

θ given in Table 1.
These equilibrium constants are useful for predicting the binding
of DOPA on different oxides.

A qualitative test of the reaction stoichiometries proposed in
eqs 3 and 4 involves prediction of the migration of the isoelectric
point (IEP) of rutile with increasing DOPA concentrations.
Although this behavior has not been measured for DOPA, it
has been measured for catechol on titanium dioxide and
alumina.13,16,18 On both solids a substantial migration to lower
IEP values takes place with increasing catechol adsorption. For
example, on titanium dioxide the IEP migrates from 6.5 to about
5.5 for a 5.0 mM solution of catechol (solid concentration
unspecified). Strong changes such as this are often inferred to
correspond to inner-sphere surface complexation. Using our
surface complexation model for DOPA, and assuming that the
model value of ψd = 0 represents the IEP of rutile,42 results in a
prediction that the IEP decreases from 5.4 to 4.4 for a 5.0 mM
DOPA solution (20 g 3 L

!1). In our model, this decrease in
the isoelectric point arises entirely from the reaction in eq 4.
The agreement of this result with the catechol data supports the
importance of the reaction in eq 4 for DOPA adsorption.

The predicted surface speciation of DOPA on rutile is shown
in Figure 3a and b as functions of pH over a range of surface
coverages and ionic strengths. The surface species “lying down”,
(>TiOH) >Ti3DP, is predicted to be the predominant one at pH
values less than about 4.5, depending on the amount ofDOPA in the
system. The surface species “standing up”, (>TiOH2

þ) > TiHDP!,

is predominant at higher pH values. The proportion of the two is
only weakly affected by ionic strength and the amount of DOPA in
the system.Theweak ionic strength dependence of the adsorption is
also a possible indication of inner-sphere surface complexation.
Comparing the “standing up” species (>TiOH2

þ) > TiHDP! in
eq 4 with the adsorption mechanisms proposed for catechol on
titanium dioxide suggests similarities with eq 2.

Overall the experimental measurements and theoretical cal-
culations described above for DOPA provide a novel picture of
the adsorption behavior of DOPA on the rutile surface in
electrolyte solutions over a range of pH, ionic strength and
surface loading. Previous studies of DOPA and dopamine
molecules have focused on only one mode of attachment to
surfaces without information on how the attachment might
change with environmental conditions. Our results show that
DOPA forms two surface species, the proportions of which vary
strongly as a function of pH and are weak functions of ionic
strength and surface loading. One species involving four attach-
ment points, “lying down” on the surface, is important only at pH
less than about 4.5, the other species can be thought of as
“standing up” on the surface and is predicted to adsorb strongly
up to pH values of 9!10. It has only two attachment points via
the phenolic oxygens. At least one of the DOPA attachment
points for each species are inner-sphere. The others are likely
H-bonded.

It is interesting to speculate on the relevance of the present
study to understanding the role of DOPA molecules in bioadhe-
sion proteins. Because the DOPA in these proteins is linked by
peptide bonds to other amino acids, the DOPA side chain is the
relevant part of the molecule. Some of these have been suggested
to be cross-linked to neighboring adsorbed proteins by cations
such as Fe3þ and Ca2þ.5 However, if other DOPA side chains are
free to attach to mineral surfaces, the “standing up” species (eq 4
and Figure 2b) may be the most relevant for the DOPA
attachment mechanism. The fact that similar attachments in
the case of catechol on the rutile (110) surface enable the
catechol to “walk” across the surface10 may possibly be useful
in developing reversible adhesives in water under the appro-
priate pH conditions.

Figure 3. Predicted surface speciation of DOPA on rutile as a function of environmental conditions. Names refer to Figure 2 and eqs 3 and 4.
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