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Abstract

The interaction of polypeptides and proteins with an inorganic surface is intrinsically 

dependent on the interfacial behavior of amino acids and sensitive to solution conditions such as 

pH, ion type, and salt concentration. A faithful description of amino-acid adsorption remains a 

theoretical challenge from a molecular perspective due to the strong coupling of local 

thermodynamic nonideality and inhomogeneous ionization of both the adsorbate and substrate. 

Building upon a recently developed coarse-grained model for natural amino acids in bulk 

electrolyte solutions, here we report a molecular theory to predict amino-acid adsorption on 

ionizable inorganic surfaces over a broad range of solution conditions. In addition to describing 

the coupled ionization of amino acids and the underlying surface, the thermodynamic model is 

able to account for both physical binding and surface associations such as hydrogen bonding or 

bidentate coordination.  It is applicable to all types of natural amino acids regardless of the solution 

pH, salt type and concentration. The theoretical predictions have been validated by extensive 

comparison with experimental data for the adsorption of acidic, basic, and neutral amino acids at 

rutile (α-TiO2) surfaces.  
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1. Introduction

Understanding the interaction of amino acids with inorganic surfaces is a prerequisite for 

studying the interfacial behavior of polypeptides and proteins under various solution conditions.  

By reducing the complexity of the polymeric systems to their building blocks, we may identify 

key components of surface forces dictating both the adsorption and functionality of biomolecules 

at the interface1-3.  However, despite its simplicity in comparison with proteins, the adsorption of 

amino acids in aqueous solutions is not yet fully understood from a molecular perspective4.  The 

difficulty arises not only from multifaceted interactions between amino acids and an inorganic 

surface but also from the variation of both the surface charge and the degree of ionization of the 

functional groups in response to the changes in solution conditions such as pH, ion type, and salt 

concentration.  

In addition to amine and carboxyl groups, natural amino acids consist of different side 

chains that vary in size and hydrophobicity.  The diverse characteristics of these functional groups 

leads to complex interactions with inorganic surfaces in an aqueous medium.  Conventionally, the 

surface forces are described in terms of electrostatic interactions, van der Waals and hydrophobic 

attractions, hydration forces, and various forms of surface association or chemical bonding. The 

intricate interplay of these physical and chemical interactions is coupled with 

protonation/deportation and multi-body correlations due to the inhomogeneous distributions of 

ionic species (and solvent molecules) near the surface. For most systems of practical interest, a 

first principles approach to predicting such interactions is beyond the reach of current computation 

capabilities. As a result, coarse-grained models may serve as a reasonable starting point to describe 

the adsorption and surface behavior.
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A number of experimental techniques can be used to study the adsorption of amino acids 

at inorganic surfaces5-8.  One such technique is infrared (IR) spectroscopy, which provides valuable 

insight into the mechanisms of amino-acid adsorption through the comparison of the spectra of 

adsorbed species versus that in the bulk solution.  For example, IR measurements revealed 

glutamic acid and aspartic acid binding with γ-Al2O3 through oxygen atoms from one or both 

carboxyl groups9.  An indirect way to measure amino-acid adsorption is by monitoring its 

concentration in the bulk phase7,10-13.  The adsorption isotherm, i.e., the amount of amino acid 

adsorbed on the surface as a function of the equilibrium concentration in the bulk solution, can be 

determined from the reduction of the amino-acid concentration in the bulk solution. Radiotracer 

experiments are applicable to adsorption from dilute solutions whereby the depletion method is 

not possible14.  With the help of a semi-empirical model such as the Langmuir equation, the 

adsorption isotherms provide valuable insight into the strength of surface binding and the 

maximum occupancy of amino acids.  Whereas conventional adsorption models may be employed 

as a benchmark to compare the adsorption of amino acids at different surfaces, the model 

parameters are typically dependent on solution conditions thus have little predictive capability.

Complementary to experimental investigations, molecular modeling offers valuable details 

to bridge the knowledge gap between microscopic and macroscopic observations. Whereas 

atomistic models can be used to describe amino-acid adsorption through molecular dynamics (MD) 

simulation15-17, coarse-grained models are often more convenient for the development of analytical 

methods.  By capturing the essential features of intermolecular interactions and surface forces, 

coarse-grained models are able to provide quantitative predictions in good agreement with 

experimental observations. For example, Vlasova and Golovkova studied the adsorption of basic 

amino acids to highly dispersed silica using a surface-complexation model that describes the 
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amino-acid molecules at the silica surface through a Stern model of the electric double layer18.  

Two parameters were used for each amino acid, viz., the equilibrium constants governing the 

reaction of amino acids with a neutral or a negatively charged surface. With the assumption that 

these parameters were dependent upon the salt concentration but insensitive to the pH, the 

theoretical predictions of adsorption isotherms were found in quantitative agreement with 

experimental data. Similarly, Jonsson et al. proposed a surface-complexation model to describe 

the adsorption isotherms of L-aspartate and L-glutamate to a rutile surface at various solution 

conditions19,20. They proposed a reaction scheme that involved association of the acidic amino 

acids with the rutile surface through the binding of either one or both carboxyl groups to one or 

four surface titanium sites, respectively. Like the Langmuir adsorption isotherm, the surface-

complexation models neglect thermodynamic non-ideality due to excluded volume effects and 

electrostatic correlations that are important in describing the charge regulation of amino acids both 

in the bulk solution and near the surface.

In order to accurately describe the adsorption of amino acids to inorganic surfaces, we must 

account for thermodynamic non-ideality due to interactions between amino acids and all ionic 

species in the solution.  In addition, it is essential to capture the charge behavior of amino acids as 

well as the ionization of the inorganic surfaces that play a significant role in the adsorption process.  

In our previous work, we developed a coarse-grained model for aqueous solutions of amino acids 

that appropriately takes into account bulk interactions21. The thermodynamic model provides a 

faithful description of the charge behavior of amino acids as a function of pH and solution 

conditions. In addition, we proposed a coarse-grained model to describe the charge regulation of 

various ionizable surfaces by an explicit consideration of the inhomogeneous ion distributions and 

surface reactions22-24.  Herein, we combine these models to examine the adsorption behavior of 
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amino acids at the rutile (α-TiO2) surface.  The molecular-thermodynamic model allows us to 

predict the adsorption of various amino acids in response to the changes in solution conditions. 

This predictive model fills the gap between phenomenological models to describe the adsorption 

of amino acids and all-atom or first-principles simulations.  Importantly, the theoretical procedure 

may provide a foundation for future studies of the interaction of polypeptides and proteins with 

various inorganic surfaces under diverse solution conditions.

2. Thermodynamic Model and Methods

2.1 A coarse-grained model for amino-acid adsorption 

In this work, we are interested in developing a coarse-grained model applicable to amino- 

acid adsorption at an ionizable surface over a broad range of solution conditions.  Toward that end, 

we employ an augmented primitive model (APM) that explicitly accounts for the different charged 

states of natural amino acids21.  Due to the variation of hydration structure in response to the 

deprotonation or protonation of ionizable sites, each amino-acid molecule has a unique hard-sphere 

diameter  and valence  in different charged states.  i iZ

Figure 1 shows a schematic representation of amino acids near an organic surface as 

described by the APM model.  As in the primitive model (PM) that is conventionally used to 

describe the thermodynamic properties of aqueous electrolyte solutions, all amino acids and ionic 

species are represented by charged hard spheres and the solvent by a dielectric continuum of 

relative primitivity , which corresponds to that for liquid water at the ambient condition.  78r 

Because of ionization, each amino acid exists as a mixture of molecules in discrete integer-value 

charge states.  In addition to the variation of the valence in response to pH changes, the augmented 

aspect of the primitive model is the inclusion of various well-recognized but poorly-understood 

water-mediated interactions among amino acids and other ionic species in the solution as well as 
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their short-range interactions with the surface. In this work, such interactions are described through 

a square-well model.  While the phenomenological description neglects atomic details and the 

anisotropic nature of amino-acid molecules, it provides a flexible framework to quantify the 

interfacial behavior of various natural amino acids in aqueous solutions by treating the square-well 

width and attraction energy as adjustable parameters.  We demonstrated in our previous work that 

the augmented model is able to reproduce both the titration behavior and the thermodynamic 

properties of amino-acid solutions in good agreement with experimental observations21.

Figure 1.  A coarse-grained model for the adsorption of natural amino acids on a rutile surface. In 

an aqueous solution, an amino-acid molecule may exist in different charged states dependent on 

the solution condition.  The rutile surface may develop a net charge through deprotonation or 

protonation of the hydroxyl sites.  

The coarse-grained model can be similarly applied to the adsorption of amino acids at an 

inorganic surface. In this case, the surface is represented by a hard wall with the charge density 

determined from the dissociation equilibrium of ionizable sites and ionic distributions self-

consistently22-24. In addition to the electrostatic interactions and excluded volume effects, the 

surface interacts with amino acids through semi-empirical short-range interactions (e.g., 

hydrophobic attraction and hydrogen bonding). As in the PM description of electrolyte solutions, 
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the van der Waals attraction is relatively insignificant in comparison with other forms of surface 

forces.  Because our model accounts for ionization and the electrostatic charges of amino-acid 

molecules explicitly, we neglect the polarity effects on intermolecular and surface interactions. 

Our results suggest that the remanent electrostatic effects are effectively accounted for by short-

range bindings.  For simplicity, we fix the range of the short-range interaction between the surface 

and all amino acids at = 0.4 nm from the edge of the hard wall (see Figure 1).  The choice of surf

four angstroms is somewhat arbitrary in that a shift of the range of attraction can always be 

compensated by changing the energy parameter. Nevertheless, the chosen value appears 

reasonable from physical considerations because both hydrophobic interactions and hydrogen 

bonding are most significant when the amino acid is in intimate contact with the surface. It should 

be noted that  is immaterial to the identity of amino acids.  surf

According to APM, the external potential due to the inorganic surface is expressed as

. (1)  ,

/ 2
/ 2

0

i
ext

i surf i i surf

z
V z

els
z
e


  





  



In Eq. (1), the first line on the right accounts for the hard-wall repulsion, which limits the access 

of a chemical species (viz., ions and amino acids) to the solid phase beyond the point of contact; 

and the second line accounts for the short-range attraction. The latter is represented by a square-

well potential with a constant energy in the immediate vicinity of the surface.  Because of the 

excluded-volume effects, the closest distance for an amino acid from the surface depends on its 

hard-sphere diameter. As a result, the range of non-electrostatic surface attraction is different for 

different amino acids.  On the other hand, the square-well energy, , accounts for specific surf

binding of an amino acid molecule with the surface.  We expect that this parameter should be 
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relatively insensitive to the changes in solution conditions (e.g., salt concentration), but may vary 

with temperature, because it reflects the local properties of the underlying chemical species. The 

results here are reported for T=298.15 K.  The surface energy may also be used to account for 

adsorption of amino acids due to specific chemical bonding with the surface.  To a certain degree, 

our description of amino-acid binding with an inorganic surface is equivalent to surface 

complexation modeling mentioned above25,26. One benefit of our thermodynamic approach is that 

it takes into account the solution effects on amino-acid adsorption.

2.2 Charge regulation for inorganic surfaces

In an aqueous solution, inorganic surfaces are typically terminated with hydroxyl groups 

due to the chemical adsorption of water molecules27.  The deprotonation or protonation of these 

functional groups leads to a surface charge that can be regulated by adjusting the solution pH or 

salt concentration.  Even for the same surface, the charge density may differ in both magnitude 

and sign depending on the solution conditions.  

Due to its broad use as bioimplants, titanium dioxide is commonly used as a model 

inorganic material for studying amino-acid adsorption. In particular, experimental studies are 

mostly focused on rutile (100) and (110) surfaces as single crystals with these orientations are 

readily available. For a rutile surface, the deprotonation and protonation reactions are given by28

-TiOH    -TiO- + H+, (2)

-TiOH + H+   -TiOH2
+. (3)

The equilibrium constants for these two reactions,  and , respectively, are connected with DK PK

the solution  and the activities of the surface sites:opH l g
H

a  

, (4)TiO TiO
H

TiO Ti
D

H OH

K
N

a
N




 


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(5)2 2 1TiOH TiO

TiO TiOH

H
P

H H

K
N

N a




 





where  refers to the number of surface site i per unit area, and  is the activity coefficient of iN i

the corresponding surface site. 

The activity coefficient of each surface group accounts for its physical interactions with 

the environment29.  In this work, we assume that the ratio of the activity coefficients for each 

surface group in its different charge states to be governed by the local electrostatic potential (i.e., 

the surface potential, ).  Thus, the surface reaction equilibrium can be re-expressed in terms of s

apparent equilibrium constants,  and ,  DK  PK 

, (6) expSOH
D s

SO
D DK K eK  
 

  

. (7) 
2

expSO
P s

SOH

H
P PK eK K  
 

   

The surface charge density is related to the total number density of the site and can be determined 

from the mass and charge balance:

, (8)
2

sites SOH SO SOH
NN N N   

(9) 
2SO SOH

Q e N N  

where  refers to the total number of surface groups per unit area, e is the elementary charge, sitesN

and  is the surface charge density.  Q

The combination of Eqs. (4-9) leads to an explicit expression for the surface charge density 

in terms of the total number of available sites per unit area, the apparent equilibrium constants, 

and the proton activity: 
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. (10)
/

1 /
D PH H

D H
s t

P
i es

H

K a K a
Q Ne

K a K a
 

 

 
 

  

Since the apparent equilibrium constants change with the surface potential, the surface charge 

density depends on the inhomogeneous ion distributions near the surface.  As a result, the charge 

regulation of amino acids is more complex than that in the bulk solution due to the interfacial 

behavior of all charged species playing a key role in determining the local solution condition.

2.3 Ionization of amino acids in an inhomogeneous environment

Each amino acid molecule consists of a carboxyl group and an amine group which can be 

deprotonated and protonated, respectively, at suitable solution conditions.  Neutral amino acids are 

referred to as those that do not contain any ionizable functional groups in the side chain.  On the 

other hand, acidic and basic amino acids contain an additional functional group in their side chains 

that can be deprotonated and protonated, leading to an additional negative and positive charge, 

respectively. As a result of the acid-base equilibrium, amino acids exist in multiple charged states 

dependent on the pH and other solution conditions.  

For each amino acid, the acid-base equilibrium can be described in terms of multi-step 

protonation reactions

(11)+
i-1 iA H A 

where  refers to the amino acid in a given charged state.  The amino-acid valence satisfies iA

 with  being the charge for the amino acid in its fully deprotonated state.  For a 
0iA AZ iZ  

0AZ

neutral or basic amino acid, ; while an acidic amino acid has a valence of -2 in its fully 
0A 1Z  

deprotonated state.  Accordingly, in the fully protonated state, each neutral or acidic amino acid 

has a valence of +1, and each basic amino acid has a valence of +2.  
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Similar to that in the bulk solution, the equilibrium constant for the protonation of amino 

acids in an inhomogeneous environment (viz., near the surface) is related to the local solution 

composition and activity coefficients 

(12)
+1 1 H

( ) ( ) 1
( ) ( )

i i

i i

A AT
i

A A

K
z z
z z a

 
 

 



where   represents the equilibrium constant for the amino acid in charge state i,  is the T
iK ( )i z

number density of species i at perpendicular distance z from the surface, and i  is its local activity 

coefficient.  The equilibrium constant is a thermodynamic quantity defined by the change in the 

chemical potentials of reactants and products at their corresponding reference states, i.e., each 

species in an ideal solution at unit molar concentration30.  These values were obtained in our 

previous work based off correlations with experimental data for all natural amino acids in bulk 

NaCl solutions21.  The activity coefficients account for the effect of solvent-mediated interactions 

among all chemical species in the solution.  

Within the augmented primitive model (APM), the local activity coefficient can be 

expressed as

(13)ln ex hs sw el ext
B i i i i i i ik e VZT          

where  stands for the local excess chemical potential, i.e., deviation from the chemical potential ex
i

of species i in an ideal solution;  is the Boltzmann constant, and T is the absolute temperature. Bk

hs
i , l

i
e , and  are contributions to the local excess chemical potential due to hard-sphere sw

i

repulsion, electrostatic correlation, and solvent-mediated interactions, respectively.  The last two 

terms,  and , are the external potential due to the interface (e.g., hard wall and specific ext
iV 
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binding to the surface) and the local electrostatic potential, respectively.  The expression for each 

contribution has been discussed previously and can be found in Supporting Information31-33.

2.4 Classical Density Functional Theory

Classical density functional theory (cDFT) provides a generic mathematical procedure to 

describe the inhomogeneous distributions of ionic species including amino acids near inorganic 

surfaces.  At a given temperature T and the bulk densities of all ionic species { }, cDFT predicts b
i

the local density, , of each species by minimizing the grand potential( )i z

(14)   ext
i i i

i
z zF V dz        

where  and  are the external potential and the chemical potential of species i, respectively, ext
iV i

and  denotes the total intrinsic Helmholtz energy.  The latter consists of an ideal-gas contribution F

and the excess arising from intermolecular interactions. Similarly, the chemical potential is 

composed of an ideal part, which is directly related to the number density of the species, and an 

excess part as discussed in the prior section. 

For systems considered in this work, the intermolecular interactions include the hard-

sphere repulsion, electrostatic correlations, solvent-mediated interactions, and direct coulombic 

interactions.  As the chemical potential is uniform throughout the system, any change in the local 

environment directly influences the local densities of all species as predicted by the Euler-

Lagrange equation:

. (15)       , ,intln lnb ex b ex ext
B i i B i i i ik k z z z Z V zT T e        

The left side of Eq. (15) corresponds to the chemical potential of species i in the bulk, whereas the 

right side is that at position z in the inhomogeneous fluid (i.e., near the interface).  Similar to that 

in the bulk solution, the excess chemical potential  accounts for intermolecular interactions ,ex int
i
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other than the direct Coulomb contribution.  The latter is related to the mean electrostatic potential, 

, which includes contributions from Coulomb interactions between all ionic species and the 

surface.  The last term on the right side of Eq. (15), ,  denotes the non-electrostatic interactions ext
iV

with the surface, i.e., the hard-wall and short-range attraction as given by Eq. (1).  It is worth noting 

that the chemical equilibrium between the different electrostatic states of the amino acid near the 

surface is naturally satisfied within our cDFT calculations.

Figure 2.  A flowchart of the computational procedure to determine the adsorption of amino acids 

on an inorganic surface.  In consistent with experimental measurements of adsorption isotherms, 

each cDFT calculation is carried out at a fixed temperature, volume, and the total moles of amino 

acid  in the system.𝑛𝑡𝑜𝑡𝐴𝐴

To facilitate direct comparison of the theoretical results with experimental data, we must 

perform the cDFT calculations for the adsorption of amino acids at an inorganic surface at a fixed 

total number of amino-acid molecules in the solution.  Figure 2 presents a flowchart of our 

calculation procedure.  The total amount of amino acid in the solution includes contributions from 

both the adsorbed amount on the surface as well as that in the bulk solution, i.e., .  tot bulk ads
AA AA AAn n n 
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However, the cDFT calculation must be performed at a fixed bulk chemical potential, i.e., the bulk 

density of each species must be known a priori.  To convert the moles of amino acid in the solution 

to a bulk density, we must know the solution volume (Vsoln).  We can then relate the total number 

of moles of the amino acid to its corresponding bulk density by , where NA //bulk bulk
AA AA A solnVNn 

is Avogadro’s number.  Because we explicitly consider the chemical equilibrium between the 

different ionization states of each amino acid, we must also determine the bulk density for the 

amino acid at each ionization state.  The degree of dissociation at state i is defined by 

, where the summation extend over all possible charged states of the amino acid.  /
i ji jA A   

By coupling the degree of ionization with the expressions for protonation/deprotonation 

equilibrium, we can determine the relative presence of each charged state for the amino acid from

 (16)1
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where  is the apparent equilibrium constant defined by the thermodynamic 
1

/
j

T
j Aj jK K  


 

equilibrium constant and the ratio of the bulk activity coefficients.  

Eq. (16) can be solved numerically by using known equilibrium constants for different 

functional groups of the amino acid and the augumented primitive model (APM) to account for 

thermodynamic non-ideality.  Once the bulk density of the amino acid at each charged state has 

been determined from  , cDFT calculation is then performed to determine the 
i

bulk bulk
AA AA i  

adsorption of the amino acid at the inorganic surface. The chemical equilibrium for the 

protonation/deprotonation of amino acids in the inhomogeneous environment will be 

automatically satisfied as shown by Eq. (15).  During the cDFT calculations, we determine the 
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density profiles of the amino-acid molecules in different charged states along with the distributions 

of salt ions. The charge density of the inorganic surface can be calculated from the condition of 

charge neutrality as shown in  Eq. (9).  The surface excess for each amino acid, i.e., the amount 

adsorbed at the surface, is given by

. (17) 
{ }

ex b
AA

states
z dz        

Given the total mass (msolid) and the specific surface area (SSA) of the solid, the excess adsorption 

can be related to the total adsorbed amount by

. (18)S/ S Aads ex
AA AA A solid solidn N m   

As mentioned above, experimental measurements of adsorption isotherms are often 

reported in terms of the total moles of amino acid in the solution. The sum of amino acids in the 

bulk and that at the surface must be equal to the total moles in the solution. In our cDFT 

calculations, we iterate the cDFT calculations with the mole amount in the bulk given by 

 and solve for  from Eq. (18) until the quantity is converged. After bulk tot ads
AA AA AAn nn  ads

AAn

convergence, we can make direct comparison of the theoretical results with experimental data for 

the adsorbed amount of each amino acid given that the total amino acid in the solution is fixed.

3. Results and Discussion

In the following, we provide 3 case studies to illustrate the application of our coarse-

grained model to describe the effects of solution conditions on the adsorption of amino acids on 

different inorganic surfaces.  We first consider the charge regulation of rutile in different salt 

solutions.  Rutile can be either positively or negatively charged depending upon the solution pH.  

Next, we investigate the adsorption isotherms on rutile (110) surface for the three charge classes 

of natural amino acids: acidic, basic, and neutral.  We find that the adsorption of these amino acids 
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is highly dependent upon pH, amino acid concentration, and salt concentration in the bulk solution.  

Due to the protonation/deprotonation of both the amino acid molecules and the rutile surface, the 

adsorption isotherm typically shows a maximum at an intermediate pH value that is dependent 

upon the salt type and concentration.  In all cases, we find that our coarse-grained model performs 

well in capturing the adsorption behavior of natural amino acids in different solution conditions.

3.1 Surface charge of rutile in aqueous NaCl and CaCl2 solutions

Figure 3.  The surface charge density of rutile as a function of pH in (a) NaCl solution and (b) 

CaCl2 solution from experiment19,34 (symbols) and from the prediction of the coarse-grained model 

(lines). The surface site density is fixed at 3 nm-2 in agreement with Bahri et al.19. The 

deprotonation and protonation constants are pKD=6.5 and pKP=-4.1, respectively.

Charge regulation is important for understanding the adsorption of amino acids at rutile 

(and other inorganic) surfaces as the adsorption is highly sensitive to electrostatic interactions.  

Figure 3 shows the surface charge density of rutile in sodium chloride and calcium chloride 

aqueous solutions at two representative salt concentrations.  By employing the augmented 

primitive model (APM) for aqueous electrolytes, we can describe the surface charge at different 

pH and salt concentrations by using only the thermodynamic equilibrium constants for protonation 
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and deprotonation.  These two constants are inherently coupled with the isoelectric point of the 

surface which can be related by  . We set the isoelectric point to pI=5.3 D P 2pI (pK pK ) / 

consistent with previous experimental findings35.  Based on this, the deprotonation and protonation 

constants were determined to be pKD = 6.5 and pKP = -4.1, respectively.  The surface charge is 

highly dependent on pH and, to a lesser extent, on sodium chloride concentration.  The addition of 

salt ions to the solution reduces the electrostatic repulsion between surface sites leading to an 

increase in the surface charge at a fixed pH17.  APM slightly overestimates electrostatic repulsion 

between the surface sites as shown by the underestimation of the surface charge at 10 mM.  A 

more sophisticated approach to describe the surface reactions (e.g., multi-site or ion-complexation) 

could lead to more accurate prediction of the surface charge regulation.  As can be seen from 

Figure 3, the rutile surface is positively charged at low pH (i.e., below its isoelectric point) and 

negatively charged at high pH.  The regulation of the surface charge provides a convenient way to 

promote or inhibit the adsorption of amino acids or charged organic molecules.  We see that APM 

provides a quantitative description of the effects of the monovalent electrolyte on the surface 

charge of rutile. A good agreement of the theoretical prediction and experiment was also found for 

other inorganic surfaces22,24.  

We next consider the surface charge of rutile in calcium chloride solutions. As shown in 

Figure 3b, the deprotonation of the rutile surface (i.e., increases in negative charge) is less 

dependent on pH in the presence of calcium ions.  The trend is noticeable despite the fact that the 

concentration of calcium ions is one order of magnitude smaller than that of sodium ions (e.g., 1 

mM CaCl2 vs. 10 mM NaCl).  Such behavior can be attributed to the stronger electrostatic binding 

between the negatively charged surface sites and the divalent cation.  On the other hand, when 

rutile is positively charged, the influence of the cation valence is negligible as it is the monovalent 
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chloride ions dictating the surface charge density.  To match the experimental data for rutile in the 

presence of calcium chloride, we used the same equilibrium constants determined for rutile in 

sodium chloride solutions.  However, this led to a consistent underestimation of the surface charge 

above the isoelectric point.  Previous studies have demonstrated the importance of calcium binding 

to surface hydroxyl sites beyond electrostatic attraction36.  It has also been suggested that the 

hydration of the calcium ion near the surface is different from that in the bulk37.  To account for 

such effects, we introduced a short-range attraction of magnitude = 1.0 kBT between the surf

calcium ions and the rutile surface to mimic this non-electrostatic binding behavior.  The inclusion 

of this short-range attraction leads to a perfect description of the ionization behavior of rutile in 

the presence of calcium chloride.

3.2 Adsorption of acidic amino acids to rutile

The adsorption of amino acids at inorganic surfaces is complicated by the fact that both the 

amino acid and surface are ionizable and that the surface forces are highly sensitive to the solution 

pH and local ion concentrations.  Due to competing electrostatic interactions, the adsorption 

isotherm is often nonmonotonic with respect to pH and shows a strong dependence on solution 

conditions (e.g., salt type and concentration).  To elucidate, Figure 4 presents the adsorption of 

glutamic acid and aspartic acid at a rutile surface versus pH at several sodium chloride and amino 

acid concentrations.  The adsorption of both acidic amino acids shows a maximum near the pKa 

value of the amino-acid side chain. At this condition, approximately 50% of the acidic amino acids 

carry a negative charge.  A reduction of the pH below the pKa would shift the equilibrium to the 

neutral state while an increase in pH would result in the amino acids existing predominately in 

their negatively charged state.  Meanwhile, the rutile surface exhibits a positive charge below its 

isoelectric point of pI=5.3, which leads to a pH window where the adsorption is favored by the 
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electrostatic interaction between the surface and the amino acid.  Surprisingly, significant 

adsorption is observed even at pH=9 where there is a strong electrostatic repulsion between the 

acidic amino acids and the negatively charged surface.  In this case, the adsorption can be attributed 

to hydrogen bonding between the carboxyl groups from the amino acids and the surface hydroxyl 

sites38,39.  Such interaction can be modeled through a square-well potential between the amino acid 

and the surface, irrespective of the charge status.  We determined the fitting parameter to be surf

=9.6 kBT based off a comparison with the experimental adsorption data for 0.5 mM amino acid 

and 100 mM sodium chloride solution.  Due to similarities in the chemical structure of both acidic 

amino acids, it is expected that the two will interact similarly with the rutile surface.  Therefore, 

we did not distinguish the surface binding energy between the two amino acids which, as 

demonstrated by Figure 4, was found to be satisfactory.

As expected, the solution condition has an important effect on the adsorption of acidic 

amino acids at the rutile surface.  In general, the adsorbed amount increases with the total 

concentration of amino acid in the solution.  For example, the mean lateral separation between 

glutamic acid on the rutile surface at pH 3 decreases from approximately 3 nm (~0.2 mol/m2) to 𝜇

1 nm (~1.5 mol/m2) when the concentration of glutamic acid is increased from 0.1 mM to 2.0 𝜇

mM.  Such effect is most noticeable at low pH because the opposite surface charge leads to a 

stronger driving force for the adsorption.  While the amino-acid concentration has little effect on 

the solution pH at which the maximum in adsorption occurs, the salt concentration results in a 

notable shift in the pH at which the adsorption is maximized.  The variation of the salt 

concentration will also influence the adsorption of charged amino acids because of the electrostatic 

screening effect.  
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Figure 4. The pH-dependent adsorption of glutamic acid and aspartic acid on the rutile surface at 

(a and b) various total concentrations of amino acids in a 100 mM aqueous NaCl solution and (c 

and d) several NaCl concentrations in a 0.50 mM aqueous amino acid solution. The symbols are 

from experiment19, and the lines are predictions of the coarse-grained model.

It has been well documented that the addition of salt ions to the solution will promote 

ionization of the inorganic surface by decreasing the electrostatic repulsion between the surface 

sites (as shown previously in Figure 3).  However, it is not clear how the distribution of charged 

states for the amino acid is affected by the increase in salt concentration.  While the ionized forms 

of the amino acid would be typically favored by increasing the salt concentration in the bulk 

solution, the reduced Coulomb interaction with the surface sites may be more impactful on amino-

acid speciation.  Since an increase in the salt concentration shifts the maximum adsorption to a 
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higher pH (i.e., the chemical equilibrium shifts to the negatively charged state of the amino acid), 

we expect that, at a fixed pH, the addition of salt inhibits amino acids in the ionized state.  This is 

because a weaker interaction with the positively charged surface by the negatively charged amino 

acid reduces the preference of the amino acid in its anionic state. 

Figure 5. (a) The pH-dependent speciation of glutamic acid at the rutile surface and in the bulk 

solution.  The total concentration of glutamic acid is 0.5 mM, and the NaCl concentration is 100 

mM. (b) Speciation of adsorbed glutamic acid into its two predominant states, neutral and 

negatively charged, in the pH range of 3 to 7 at three NaCl concentrations (10, 100, and 300 mM). 

The interfacial behavior of amino acids at inorganic surfaces are dependent on their 

ionization states near the surface.  In most cases, the dominate charge state at the surface is 

significantly different from that in the bulk solution due to the selective interactions of the surface 

with amino acid molecules.  To demonstrate this, we show in Figure 5a the pH-dependent 

speciation of glutamic acid in the bulk solution and on the rutile surface in 100 mM sodium 

chloride solution.  At low pH, the amino acid is dominated by its negatively charged state due to 

strong Coulomb interactions with the positively charged surface sites on rutile while the amino 

acid mostly exists in its neutral state in the bulk solution (i.e., far from the surface).  There is a 
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small reversal in this trend as the pH is increased because the rutile surface transitions to negatively 

charged and repulses the anionic state of the amino acid.  At higher pH, the monovalent anionic 

state is maintained somewhat more than that in the bulk solution to avoid the repulsion between 

the negatively charged surface and amino-acid molecules in the divalent anionic state.  Based off 

these results, it also becomes clear why there is a maximum in the adsorption at low pH seen in 

Figure 4.  While the surface has more positive charge as pH falls, it adsorbs less amino acid even 

though it is negatively charged.  This interplay between a stronger electrostatic attraction but a 

lower concentration of amino acids in the anionic state leads to the maximum adsorption in 

responding to the pH changes.  Although the positively charged surface promotes the ionization 

of the acidic amino acid relative to the bulk solution, the increased electrostatic force is insufficient 

to compensate the reduction in the concentration of a negatively charged amino acid.  

Figure 5b shows the influence of salt concentration on the speciation of the adsorbed amino 

acid molecules in neutral and negatively charged states.  It is clear that the salt concentration plays 

a key role on speciation at low pH where the adsorption is mostly driven by electrostatic forces.  

At low pH, an increase in the salt concentration disfavors the presence of the amino acid in the 

negatively charged state.  Interestingly, an opposite trend is observed as the salt concentration in 

the bulk solution rises40.  In the former case, the addition of salt weakens the electrostatic attraction 

between the rutile surface and amino acid molecules (viz. through the reduction of the mean 

electrostatic potential).  The electrostatic interaction is responsible for the increased population of 

the anionic state near the surface while the bulk solution is dominated by amino-acid molecules in 

the neutral state.  The increase in the salt concentration reduces the mean electrostatic potential at 

the surface leading to a reduction of the local concentration of the amino acid in the negatively 

charged state. At these conditions (e.g., low pH and small salt concentration), the ionic excluded-
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volume effects and electrostatic correlations are relatively insignificant in the ionization behavior 

of the acidic amino acid.  Therefore, an accurate description of charge regulation for both the 

amino acid and the surface is essential for understanding the adsorption of amino acids at the rutile 

surface.

Figure 6. (a) The speciation of glutamic acid as a function of the distance from the surface at pH=3.  

(b) The net charge of the glutamic acid as a function of the distance from the surface and pH.  In 

both cases, the total concentration of glutamic acid is 0.5 mM, and the NaCl concentration is 100 

mM.

The presence of rutile, particularly when it is highly charged, leads to a significantly 

different speciation of the amino acid near the surface from that in the bulk solution.  The variation 

in local ionization may span up to a few nanometers depending on the salt concentration.  In Figure 

6a, we present theoretical predictions for the speciation of glutamic acid as a function of the 

distance from the surface at pH=3.0.  In this case, the rutile surface is positively charged as 

previously shown in Figure 3.  The strong electrostatic attraction between the amino acid in the 

negatively charged state and the positively charged surface shifts the protonation equilibrium of 

the amino acid to the anionic state.  Meanwhile, the amino acid in neutral and cationic states, which 
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dominate in the bulk solution, are depleted near the surface. While amino acids typically show 

monolayer adsorption and thus the long-range ionization behavior is of less significance, the strong 

variation in speciation near the surface results in drastic differences between the composition of 

the adsorbed layer and that in the bulk solution.  On the other hand, the long-range ionization 

behavior may find more importance in the adsorption of polypeptides and proteins due to strong 

intrachain correlations.  

Figure 7. (a) The pH-dependent adsorption of glutamic acid on the rutile surface at different 

concentrations of CaCl2 in 0.01 mM aqueous glutamic acid solution from experiment36 (symbols) 

and the theoretical prediction (lines).  (b) The mean electrostatic potential as a function of the 

distance from the rutile surface for the adsorption of glutamic acid at pH = 10 from salt-free and 1 

or 3 mM CaCl2 solutions. The shaded region corresponds to a monolayer of glutamic acid adsorbed 

at the surface.

We show in Figure 6b how the net charge of glutamic acid varies with the distance from 

the rutile surface and pH.  In general, the net charge is shifted towards the charged state that favors 

interaction with the surface.  At low pH, the glutamic acid has a positive net charge in the bulk 

solution while the rutile surface is also positively charged. In this case, the net charge is reduced 
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as the amino acid is positioned close to surface.  The opposite occurs at high pH with the net charge 

increasing near the surface since rutile is negatively charged at these conditions.  Again, an 

accurate description of the charge regulation for both the surface and amino acid is important to 

predict how changes in the environment affect the amino-acid adsorption.

Next, we consider the role of multivalent ions in facilitating the adsorption of amino acids. 

Because of electrostatic correlations, significant adsorption may take place in the presence of 

multivalent ions despite that the amino acid and the surface have the same sign of electric charge.  

Figure 7 shows the adsorption of glutamic acid at the rutile surface in a salt-free solution and two 

calcium chloride solutions of different concentrations.  For both glutamic acid and calcium ions, 

the surface energy parameters are the same as those determined previously.  For the salt-free case, 

glutamic acid exhibits a maximum adsorption at low pH with little to no adsorption when pH>7.  

Qualitatively, the pH effect is consistent with the adsorption at higher amino-acid concentrations 

as previously shown in Figure 4.  The addition of calcium ions to the solution leads to significant 

adsorption of the glutamic acid at high pH when both the amino acid and the rutile surface are 

negatively charged.  

To understand the origin of attraction, we show in Figure 7b the mean electrostatic potential 

as a function of the distance at pH=10 for the three aqueous solutions considered in Figure 7a.  For 

the salt-free case (i.e., 0 mM CaCl2), the mean electrostatic potential is strongly negative at the 

surface and decays slowly with the distance as predicted by a conventional electric double layer 

(EDL) model.  However, in the presence of calcium ions, the surface potential is significantly 

reduced and the local electrostatic potential switches in sign (i.e., from negative to positive) 

signaling charge inversion.  In other words, the surface charge is overcompensated by the 

oppositely charged ions through specific association and electrostatic correlations41.  The charge 
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inversion leads to the adsorption of the negatively charged glutamic acid which experiences an 

effective attraction to the overcompensated “positive” surface despite itself being negatively 

charged.  Although the agreement between experiment and theoretical predictions is only semi-

quantitative, Figure 7 clearly demonstrates that our model captures the important physics regarding 

the effect of multivalent ions on the adsorption of amino acids at inorganic surfaces.

3.2 Adsorption of basic amino acids 

Figure 8. (a) The pH-dependent lysine adsorption at the rutile surface from experiment36 (symbols) 

and the theoretical prediction (lines).  (b) The mean electrostatic potential as a function of the 

distance from the rutile surface in two aqueous solutions at pH=9. Approximately, the shaded area 

corresponds to a monolayer of lysine at the rutile surface.

We now turn our attention to the adsorption of lysine, a basic amino acid, at the rutile 

surface.  In the bulk solution, lysine molecules mostly exist in its positively charged state, except 

for high pH (i.e., pH>9) where its backbone amine group will deprotonate shifting the equilibrium 

to its neutral state.  Further increase in the pH will result in the side-chain amine group also 

deprotonating and the anionic state of lysine becoming dominant.  Figure 8 shows the adsorption 

of lysine at the rutile surface in a salt-free solution and that in a 3 mM calcium chloride solution.  
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While aspartic acid and glutamic acid display significant adsorption when they have the same 

electric charge as the surface, lysine shows no adsorption at similar conditions.  Interestingly, no 

significant adsorption is observed even when the surface is neutral or weakly charged with a 

negative sign.  The non-adsorption behavior can be attributed to the limited binding capability of 

its side chain with the rutile surface.  In contrast to the carboxyl group in the side chain of aspartic 

or glutamic acid, there is less significant binding between the amine group in the lysine side chain 

with the hydroxyl groups from the rutile surface.  In our coarse-grained model, the non-

electrostatic effect is captured by a lower binding energy of each lysine molecule with the surface, 

=5.5 kBT, compared with 9.6 kBT for the acidic amino acids.  As a result, the electrostatic surf

interactions play a more dominant role in lysine adsorption at the rutile surface.  

When the solution pH is above the isoelectric point of the rutile surface (pI = 5.3), lysine 

molecules and the surface have opposite charges and the electrostatic attraction leads to strong 

adsorption of the amino acid.  However, the adsorption shows a maximum at pH=9 beyond which 

it falls as a result of the increased prevalence of lysine molecules in the neutral state.  The situation 

is similar to that found for acidic amino acids at low pH.  In the presence of calcium ions, the 

adsorption of lysine drops dramatically compared to the salt-free case.  This is not surprising 

because the divalent cations outcompete the monovalent lysine.  As the non-electrostatic binding 

energy is relatively insignificant in comparison with that for acidic amino acids, lysine adsorption 

is more sensitive to the screening effects due to salt ions in the solution.  

Figure 8b shows how the local electrostatic potential varies with the distance from the rutile 

surface.  As discussed above, the presence of calcium ions leads to a significant reduction of the 

surface electric potential.  The charge inversion hinders the adsorption of lysine molecules at the 

rutile surface even though the amino acid and the surface have opposite charges.  The competition 
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in adsorption between the amino acid and the multivalent ions to the rutile surface is well captured 

by our coarse-grained model.

3.3 Adsorption of neutral amino acids 

Lastly, we consider the adsorption of a neutral amino acid, dihydroxyphenylalanine 

(DOPA), to the rutile surface.  From the practical perspective, understanding DOPA adsorption is 

highly important due to its extensive use in bioadhesive materials42-44.  DOPA exhibits excellent 

adhesive and cohesive properties through its strong binding to inorganic surfaces by a bidentate 

bonding of its two hydroxyl groups in the side chain and complexation with multivalent ions by 

its aromatic group, respectively45. While most neutral amino acids show little or no adsorption at 

inorganic surfaces18, DOPA displays strong adsorption that is highly dependent on the solution pH 

and salt concentration.  

As demonstrated by spectroscopy measurements46, DOPA binds with an inorganic surface 

in one of two configurations: lying flat or standing up.  When a DOPA molecule is in its flat 

configuration, it interacts with the surface through its carboxyl group in the backbone and the two 

hydroxyl groups in its side chain.  Meanwhile, the standing up orientation allows only for the 

interaction of the two hydroxyl groups with the surface. Since these configurations are dependent 

upon the availability of specific surface sites, the solution pH has noticeable effects on both the 

adsorption and configuration of DOPA due to the protonation or deprotonation of the surface sites.  

In order to accurately describe the adsorption of DOPA to an inorganic surface, we must 

acknowledge the existence of these two orientations at the surface.  Barhi et al. employed an 

extended triple layer model that describes DOPA attachment to the surface through either four or 

two surface sites47.  The former corresponds to the lying flat orientation where the two phenolic 

oxygens and one of the carboxylate oxygens bind to the titanium atom on the surface while the 
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other carboxylate oxygen is hydrogen bonded to a hydroxyl group at the surface.  On the other 

hand, the complexation with two surface sites involves one of the phenolic oxygens bonding to the 

titanium atom while the other phenolic oxygen is involved with hydrogen bonding to the surface.  

The surface complexation scheme can be described through the following chemical reactions47:

(19) 3 3 2TiOH H DP TiOH Ti DP 3H O4     

(20) + -
3 2 2TiOH H DP TiOH TiHDP H O2    

where H3DP represents DOPA in its neutral state.  The thermodynamic equilibrium constants for 

these reactions can be related to the activities of the pertinent species by

, (21) 
  23

3

3

3
H OTiOH Ti DP

,1TiOH Ti DP 4
TiOH H DP

exp r

a a
K

a
e

a
  

 


   

. (22) 
  22

2
3

H OTiOH TiHDP

,22TiOH TiHDP
TiOH H DP

exp r

a a
K

a
e

a
 

 

 

 

 


   

The inclusion of the exponential term results from the electrical work involved with moving ions 

and/or water dipoles to and from the surface26.  The electrostatic work to displace water dipoles 

from the surface is given by , where  represents the stoichiometric 
2 2H O H O ( )sn     

2H On

coefficient of water molecules on the right-hand side of the reactions in Eqs. (19) and (20),  s

and   refer to the electric potentials at the surface and at the plane at which the DOPA molecule 

is adsorbed (i.e., when in contact with the surface, ).  The electrical work involved in / 2DPz 

the first reaction is 

 (23) ,1 3 3 3 0r s s         

where the three terms in the middle correspond to changes in the potentials experienced by the 

three H+ ions adsorbing to the surface, the DP3- ion adsorbing to the -plane, and three H2O 
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molecules desorbing from the surface, respectively.  Thus, there is no contribution by the electrical 

work involved with moving ions and water molecules to and from the surface.  On the other hand, 

the electrical work of the second reaction is 

 (24) ,2 2 2r s s s              

where the three terms in the middle correspond to changes in the electric potentials experienced 

by the two H+ ions adsorbed at the surface, the HDP2- ion adsorbed at the -plane, and H2O 

molecule desorbed from the surface, respectively. Based off the fitting with the experimental data, 

we determined the negative logarithmic equilibrium constants for the two reactions to be 11.6 and 

5.8, respectively. The pKa values are slightly different from those determined by Bahri et al. (11.8 

and 6.4, respectively). The difference is expected because we consider thermodynamic non-

ideality in addition to the direct Coulomb interactions.

We show in Figure 9a and b the adsorption of DOPA to the rutile surface versus the solution 

pH at different salt and total DOPA concentrations.  The adsorption of most neutral amino acids 

shows little sensitivity to pH since they are not directly influenced by changes in the surface 

charge48.  This is valid except at very low or high pH values when the ionized state of the amino 

acid becomes dominate. For example, a neutral amino acid typically carries a positive charge at 

pH<2 while the rutile surface is also positively charged.  Similar to other neutral amino acids, the 

DOPA adsorption is reduced when the ionized states are favored at extreme pH values.  However, 

DOPA adsorption varies with pH even though the molecule is entirely in its neutral state.  Because 

of its association with the surface sites (i.e., TiOH), the surface sites in protonated (TiOH2
+) or 

deprotonated (TiO-) states will impact DOPA adsorption.
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Figure 9. The adsorption of dihydroxyphenylalanine (DOPA) at the rutile surface versus pH in (a) 

10 mM and (b) 100 mM NaCl solutions. Different lines are theoretical predictions corresponding  

to various total DOPA concentrations, the symbols are from experiment47.  The speciation of 

DOPA at the rutile surface as a function of pH predicted according to the thermodynamic model.  

TinDOPA refers to the binding of DOPA to n titanium surface sites as given by Eqs. (21) and (22).

To understand further why DOPA adsorption increases as the pH rises, we may consider 

the distribution of adsorbed DOPA according to the surface configurations:

. (25)
3 2

( TiOH) Ti DP ( TiOH H) Ti DP
ads
DPn n n     
 
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Based off the conditions of chemical equilibrium as shown in Eqs. (21) and (22), we may relate 

the surface concentrations of DOPA in different configurations to the number density of surface 

hydroxyl groups:

(26)4 2
1 TiOH D O2P ,2 Ti HeK xpKads

DP r DPn n c ne c       

where indices 1 and 2 refer to the chemical reactions involving four and two surface sites, 

respectively, and the primes denote the apparent equilibrium constants, i.e., after the conversions 

from activity to the number density or concentration. Eq. (26) indicates that DOPA adsorption is 

intrinsically related to the availability of surface hydroxyl sites and the DOPA concentration at the 

surface.  As the number density of surface hydroxyl sites decreases as the pH deviates from the 

isoelectric point, we expect that the DOPA adsorption will be maximized near the isoelectric point.  

Meanwhile, the exponential factor in the second term on the right side of Eq. (26) explains why 

DOPA adsorption increases with pH beyond the isoelectric point.  When the surface is positively 

charged,  is greater than zero; and it is less than zero when the surface is negatively charged, ,2r

i.e., the surface potential is always greater in magnitude than that at the adsorption plane of DOPA.  

Because the magnitude of  increases as the pH deviates more from the isoelectric point, the ,2r

exponential term approaches unity from below as the pH increases towards the isoelectric point.  

Further increase in the pH will increase the absolute value of the exponential factor and thus 

improve the adsorption of DOPA. Therefore, we conclude that the increase in DOPA adsorption 

with pH results from the favorable electrostatic work due to the complexation of the DOPA 

molecule with the surface.  The importance of electrostatic interactions in the binding of a neutral 

DOPA molecule with the rutile surface explains why the salt concentration plays a significant role 

in the adsorption.  
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Figure 9c and d present the fraction of DOPA in two surface configurations. The 

electrostatic work is a contributing factor for DOPA transition from lying flat to standing up as the 

pH rises. The increase in salt concentration tends to shift the transition between the two surface 

configurations to a lower pH due to electrostatic screening.  Another major factor in determining 

the surface configuration of DOPA is its local number density. When the surface concentration of 

DOPA increases, it lowers the pH at which the transition takes place due to the competition of 

DOPA molecules with each other at the surface.  At small surface concentrations, the competition 

for the surface sites is less important, which explains why the DOPA molecules are mostly lying 

flat at the surface.  Clearly, the surface complexation model provides a satisfactory description of 

DOPA adsorption to the titanium surface and valuable insight into the mechanisms of DOPA 

attachment to inorganic surfaces in an aqueous solution.

4. Conclusion

There have been substantial interests in understanding the interaction of polypeptides and 

proteins with inorganic surfaces due to their applications to the design of bioadhesives and the 

remediation of biofouling.  In the present study, we have initiated a theoretical work for such 

possibilities by employing a coarse-grained model for amino acids that captures their adsorption 

at an inorganic surface under different solution conditions.  By leveraging our previous work to 

account for the key physics governing charge regulation and the interaction of amino acids with 

ionic species in aqueous solutions, we developed a molecular-thermodynamic framework that is 

able to predict the adsorption of amino acids on inorganic surfaces driven by either electrostatic 

binding or surface complexation.  The thermodynamic model integrates ionization equilibrium for 

both amino acids and inorganic surfaces with the classical density functional theory (cDFT) that 

facilitates an accurate description of the inhomogeneous distributions of amino acids and ionic 
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species near inorganic surfaces.  Importantly, this model accounts for both chemical and physical 

interactions between amino acids and an inorganic surface, which is key to capturing the changes 

in adsorption due to variation in solution conditions.  

To demonstrate the effectiveness of this molecular thermodynamic model, we compare 

theoretical predictions directly with experimental adsorption data for different charge types (i.e., 

acidic, basic, and neutral) of amino acids on a rutile surface.  We first showed that the 

deprotonation and protonation of hydroxyl sites at the inorganic surface can be well described by 

coupling the chemical equilibrium of the surface sites with cDFT calculation for ion distributions. 

We then investigated the adsorption behavior of different amino acids at the rutile surface in 

aqueous solutions that are varied in pH, amino acid concentration, salt type and concentration.  We 

found that amino-acid adsorption typically shows a maximum an intermediate pH value that is 

dependent upon the salt type and concentration. While the increase in salt concentration promotes 

the ionization of the surface sites, it also weakens the electrostatic interaction between amino acid 

and the surface.  Therefore, the addition of salt reduces the adsorption of amino acid and shifts the 

pH to a higher value where the maximum adsorption takes place.  For acidic amino acids, the non-

electrostatic surface binding makes a significant contribution to the adsorption even when the 

electrostatic charges of the amino acid and the surface are of the same sign.  On the other hand, a 

basic amino acid like lysine shows much weaker dependence on non-electrostatic surface binding 

and the adsorption is mostly driven by electrostatic attraction from the surface. A maximum 

adsorption takes place at high pH when the amino acid and surface are oppositely charged.  Lastly, 

we considered the adsorption of DOPA, a neutral amino acid, to the rutile surface through a 

combination with the surface complexation model that accounts for the two configurations of 

DOPA molecules at the rutile surface.  
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An accurate description of the charge regulation for both amino acids and the underlying 

surface in a highly inhomogeneous environment plays an important role in understanding the 

adsorption behavior of amino acids, particularly the acidic and basic amino acids, to inorganic 

surfaces.  The interaction between amino acids and the surface also affects equilibrium between 

different charged states leading to the speciation amino acid molecules significantly different from 

that in the bulk solution.  Because of the shift in speciation, the amino acids adsorbed at a highly 

charged surface may exist in an ionized state of opposite charge of the surface while those in the 

bulk solution are entirely neutral.  Although the molecular-thermodynamic model employs a 

number of semi-empirical parameters, it provides a predictive description of thermodynamic non-

idealities that are relevant to describe the environmental effects on both amino-acid adsorption and 

chemical equilibrium.  In the future, we plan to extend this molecular-thermodynamic framework 

to describing the adsorption of polypeptides and flexible proteins which are of keen interest for 

practical applications.  
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Abstract

The interaction of polypeptides and proteins with an inorganic surface is intrinsically 

dependent on the interfacial behavior of amino acids and sensitive to solution conditions such as 

pH, ion type, and salt concentration. A faithful description of amino-acid adsorption remains a 

theoretical challenge from a molecular perspective due to the strong coupling of local 

thermodynamic nonideality and inhomogeneous ionization of both the adsorbate and substrate. 

Building upon a recently developed coarse-grained model for natural amino acids in bulk 

electrolyte solutions, here we report a molecular theory to predict amino-acid adsorption on 

ionizable inorganic surfaces over a broad range of solution conditions. In addition to describing 

the coupled ionization of amino acids and the underlying surface, the thermodynamic model is 

able to account for both physical binding and surface associations such as hydrogen bonding or 

bidentate coordination.  It is applicable to all types of natural amino acids regardless of the solution 

pH, salt type and concentration. The theoretical predictions have been validated by extensive 

comparison with experimental data for the adsorption of acidic, basic, and neutral amino acids at 

rutile (α-TiO2) surfaces.  

Keywords:

Surface adhesion, charge regulation, classical density functional theory
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1. Introduction

Understanding the interaction of amino acids with inorganic surfaces is a prerequisite for 

studying the interfacial behavior of polypeptides and proteins under various solution conditions.  

By reducing the complexity of the polymeric systems to their building blocks, we may identify 

key components of surface forces dictating both the adsorption and functionality of biomolecules 

at the interface1-3.  However, despite its simplicity in comparison with proteins, the adsorption of 

amino acids in aqueous solutions is not yet fully understood from a molecular perspective4.  The 

difficulty arises not only from multifaceted interactions between amino acids and an inorganic 

surface but also from the variation of both the surface charge and the degree of ionization of the 

functional groups in response to the changes in solution conditions such as pH, ion type, and salt 

concentration.  

In addition to amine and carboxyl groups, natural amino acids consist of different side 

chains that vary in size and hydrophobicity.  The diverse characteristics of these functional groups 

leads to complex interactions with inorganic surfaces in an aqueous medium.  Conventionally, the 

surface forces are described in terms of electrostatic interactions, van der Waals and hydrophobic 

attractions, hydration forces, and various forms of surface association or chemical bonding. The 

intricate interplay of these physical and chemical interactions is coupled with 

protonation/deportation and multi-body correlations due to the inhomogeneous distributions of 

ionic species (and solvent molecules) near the surface. For most systems of practical interest, a 

first principles approach to predicting such interactions is beyond the reach of current computation 

capabilities. As a result, coarse-grained models may serve as a reasonable starting point to describe 

the adsorption and surface behavior.
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A number of experimental techniques can be used to study the adsorption of amino acids 

at inorganic surfaces5-8.  One such technique is infrared (IR) spectroscopy, which provides valuable 

insight into the mechanisms of amino-acid adsorption through the comparison of the spectra of 

adsorbed species versus that in the bulk solution.  For example, IR measurements revealed 

glutamic acid and aspartic acid binding with γ-Al2O3 through oxygen atoms from one or both 

carboxyl groups9.  An indirect way to measure amino-acid adsorption is by monitoring its 

concentration in the bulk phase7,10-13.  The adsorption isotherm, i.e., the amount of amino acid 

adsorbed on the surface as a function of the equilibrium concentration in the bulk solution, can be 

determined from the reduction of the amino-acid concentration in the bulk solution. Radiotracer 

experiments are applicable to adsorption from dilute solutions whereby the depletion method is 

not possible14.  With the help of a semi-empirical model such as the Langmuir equation, the 

adsorption isotherms provide valuable insight into the strength of surface binding and the 

maximum occupancy of amino acids.  Whereas conventional adsorption models may be employed 

as a benchmark to compare the adsorption of amino acids at different surfaces, the model 

parameters are typically dependent on solution conditions thus have little predictive capability.

Complementary to experimental investigations, molecular modeling offers valuable details 

to bridge the knowledge gap between microscopic and macroscopic observations. Whereas 

atomistic models can be used to describe amino-acid adsorption through molecular dynamics (MD) 

simulation15-17, coarse-grained models are often more convenient for the development of analytical 

methods.  By capturing the essential features of intermolecular interactions and surface forces, 

coarse-grained models are able to provide quantitative predictions in good agreement with 

experimental observations. For example, Vlasova and Golovkova studied the adsorption of basic 

amino acids to highly dispersed silica using a surface-complexation model that describes the 
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amino-acid molecules at the silica surface through a Stern model of the electric double layer18.  

Two parameters were used for each amino acid, viz., the equilibrium constants governing the 

reaction of amino acids with a neutral or a negatively charged surface. With the assumption that 

these parameters were dependent upon the salt concentration but insensitive to the pH, the 

theoretical predictions of adsorption isotherms were found in quantitative agreement with 

experimental data. Similarly, Jonsson et al. proposed a surface-complexation model to describe 

the adsorption isotherms of L-aspartate and L-glutamate to a rutile surface at various solution 

conditions19,20. They proposed a reaction scheme that involved association of the acidic amino 

acids with the rutile surface through the binding of either one or both carboxyl groups to one or 

four surface titanium sites, respectively. Like the Langmuir adsorption isotherm, the surface-

complexation models neglect thermodynamic non-ideality due to excluded volume effects and 

electrostatic correlations that are important in describing the charge regulation of amino acids both 

in the bulk solution and near the surface.

In order to accurately describe the adsorption of amino acids to inorganic surfaces, we must 

account for thermodynamic non-ideality due to interactions between amino acids and all ionic 

species in the solution.  In addition, it is essential to capture the charge behavior of amino acids as 

well as the ionization of the inorganic surfaces that play a significant role in the adsorption process.  

In our previous work, we developed a coarse-grained model for aqueous solutions of amino acids 

that appropriately takes into account bulk interactions21. The thermodynamic model provides a 

faithful description of the charge behavior of amino acids as a function of pH and solution 

conditions. In addition, we proposed a coarse-grained model to describe the charge regulation of 

various ionizable surfaces by an explicit consideration of the inhomogeneous ion distributions and 

surface reactions22-24.  Herein, we combine these models to examine the adsorption behavior of 
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amino acids at the rutile (α-TiO2) surface.  The molecular-thermodynamic model allows us to 

predict the adsorption of various amino acids in response to the changes in solution conditions. 

This predictive model fills the gap between phenomenological models to describe the adsorption 

of amino acids and all-atom or first-principles simulations.  Importantly, the theoretical procedure 

may provide a foundation for future studies of the interaction of polypeptides and proteins with 

various inorganic surfaces under diverse solution conditions.

2. Thermodynamic Model and Methods

2.1 A coarse-grained model for amino-acid adsorption 

In this work, we are interested in developing a coarse-grained model applicable to amino- 

acid adsorption at an ionizable surface over a broad range of solution conditions.  Toward that end, 

we employ an augmented primitive model (APM) that explicitly accounts for the different charged 

states of natural amino acids21.  Due to the variation of hydration structure in response to the 

deprotonation or protonation of ionizable sites, each amino-acid molecule has a unique hard-sphere 

diameter  and valence  in different charged states.  i iZ

Figure 1 shows a schematic representation of amino acids near an organic surface as 

described by the APM model.  As in the primitive model (PM) that is conventionally used to 

describe the thermodynamic properties of aqueous electrolyte solutions, all amino acids and ionic 

species are represented by charged hard spheres and the solvent by a dielectric continuum of 

relative primitivity , which corresponds to that for liquid water at the ambient condition.  78r 

Because of ionization, each amino acid exists as a mixture of molecules in discrete integer-value 

charge states.  In addition to the variation of the valence in response to pH changes, the augmented 

aspect of the primitive model is the inclusion of various well-recognized but poorly-understood 

water-mediated interactions among amino acids and other ionic species in the solution as well as 
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their short-range interactions with the surface. In this work, such interactions are described through 

a square-well model.  While the phenomenological description neglects atomic details and the 

anisotropic nature of amino-acid molecules, it provides a flexible framework to quantify the 

interfacial behavior of various natural amino acids in aqueous solutions by treating the square-well 

width and attraction energy as adjustable parameters.  We demonstrated in our previous work that 

the augmented model is able to reproduce both the titration behavior and the thermodynamic 

properties of amino-acid solutions in good agreement with experimental observations21.

Figure 1.  A coarse-grained model for the adsorption of natural amino acids on a rutile surface. In 

an aqueous solution, an amino-acid molecule may exist in different charged states dependent on 

the solution condition.  The rutile surface may develop a net charge through deprotonation or 

protonation of the hydroxyl sites.  

The coarse-grained model can be similarly applied to the adsorption of amino acids at an 

inorganic surface. In this case, the surface is represented by a hard wall with the charge density 

determined from the dissociation equilibrium of ionizable sites and ionic distributions self-

consistently22-24. In addition to the electrostatic interactions and excluded volume effects, the 

surface interacts with amino acids through semi-empirical short-range interactions (e.g., 

hydrophobic attraction and hydrogen bonding). As in the PM description of electrolyte solutions, 
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the van der Waals attraction is relatively insignificant in comparison with other forms of surface 

forces.  Because our model accounts for ionization and the electrostatic charges of amino-acid 

molecules explicitly, we neglect the polarity effects on intermolecular and surface interactions. 

Our results suggest that the remanent electrostatic effects are effectively accounted for by short-

range bindings.  For simplicity, we fix the range of the short-range interaction between the surface 

and all amino acids at = 0.4 nm from the edge of the hard wall (see Figure 1).  The choice of surf

four angstroms is somewhat arbitrary in that a shift of the range of attraction can always be 

compensated by changing the energy parameter. Nevertheless, the chosen value appears 

reasonable from physical considerations because both hydrophobic interactions and hydrogen 

bonding are most significant when the amino acid is in intimate contact with the surface. It should 

be noted that  is immaterial to the identity of amino acids.  surf

According to APM, the external potential due to the inorganic surface is expressed as

. (1)  ,

/ 2
/ 2

0

i
ext

i surf i i surf

z
V z

els
z
e


  





  



In Eq. (1), the first line on the right accounts for the hard-wall repulsion, which limits the access 

of a chemical species (viz., ions and amino acids) to the solid phase beyond the point of contact; 

and the second line accounts for the short-range attraction. The latter is represented by a square-

well potential with a constant energy in the immediate vicinity of the surface.  Because of the 

excluded-volume effects, the closest distance for an amino acid from the surface depends on its 

hard-sphere diameter. As a result, the range of non-electrostatic surface attraction is different for 

different amino acids.  On the other hand, the square-well energy, , accounts for specific surf

binding of an amino acid molecule with the surface.  We expect that this parameter should be 

Page 45 of 76

AIChE Journal

AIChE Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

relatively insensitive to the changes in solution conditions (e.g., salt concentration), but may vary 

with temperature, because it reflects the local properties of the underlying chemical species. The 

results here are reported for T=298.15 K.  The surface energy may also be used to account for 

adsorption of amino acids due to specific chemical bonding with the surface.  To a certain degree, 

our description of amino-acid binding with an inorganic surface is equivalent to surface 

complexation modeling mentioned above25,26. One benefit of our thermodynamic approach is that 

it takes into account the solution effects on amino-acid adsorption.

2.2 Charge regulation for inorganic surfaces

In an aqueous solution, inorganic surfaces are typically terminated with hydroxyl groups 

due to the chemical adsorption of water molecules27.  The deprotonation or protonation of these 

functional groups leads to a surface charge that can be regulated by adjusting the solution pH or 

salt concentration.  Even for the same surface, the charge density may differ in both magnitude 

and sign depending on the solution conditions.  

Due to its broad use as bioimplants, titanium dioxide is commonly used as a model 

inorganic material for studying amino-acid adsorption. In particular, experimental studies are 

mostly focused on rutile (100) and (110) surfaces as single crystals with these orientations are 

readily available. For a rutile surface, the deprotonation and protonation reactions are given by28

-TiOH    -TiO- + H+, (2)

-TiOH + H+   -TiOH2
+. (3)

The equilibrium constants for these two reactions,  and , respectively, are connected with DK PK

the solution  and the activities of the surface sites:opH l g
H

a  

, (4)TiO TiO
H

TiO Ti
D

H OH

K
N

a
N




 


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(5)2 2 1TiOH TiO

TiO TiOH

H
P

H H

K
N

N a




 





where  refers to the number of surface site i per unit area, and  is the activity coefficient of iN i

the corresponding surface site. 

The activity coefficient of each surface group accounts for its physical interactions with 

the environment29.  In this work, we assume that the ratio of the activity coefficients for each 

surface group in its different charge states to be governed by the local electrostatic potential (i.e., 

the surface potential, ).  Thus, the surface reaction equilibrium can be re-expressed in terms of s

apparent equilibrium constants,  and ,  DK  PK 

, (6) expSOH
D s

SO
D DK K eK  
 

  

. (7) 
2

expSO
P s

SOH

H
P PK eK K  
 

   

The surface charge density is related to the total number density of the site and can be determined 

from the mass and charge balance:

, (8)
2

sites SOH SO SOH
NN N N   

(9) 
2SO SOH

Q e N N  

where  refers to the total number of surface groups per unit area, e is the elementary charge, sitesN

and  is the surface charge density.  Q

The combination of Eqs. (4-9) leads to an explicit expression for the surface charge density 

in terms of the total number of available sites per unit area, the apparent equilibrium constants, 

and the proton activity: 

Page 47 of 76

AIChE Journal

AIChE Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

. (10)
/

1 /
D PH H

D H
s t

P
i es

H

K a K a
Q Ne

K a K a
 

 

 
 

  

Since the apparent equilibrium constants change with the surface potential, the surface charge 

density depends on the inhomogeneous ion distributions near the surface.  As a result, the charge 

regulation of amino acids is more complex than that in the bulk solution due to the interfacial 

behavior of all charged species playing a key role in determining the local solution condition.

2.3 Ionization of amino acids in an inhomogeneous environment

Each amino acid molecule consists of a carboxyl group and an amine group which can be 

deprotonated and protonated, respectively, at suitable solution conditions.  Neutral amino acids are 

referred to as those that do not contain any ionizable functional groups in the side chain.  On the 

other hand, acidic and basic amino acids contain an additional functional group in their side chains 

that can be deprotonated and protonated, leading to an additional negative and positive charge, 

respectively. As a result of the acid-base equilibrium, amino acids exist in multiple charged states 

dependent on the pH and other solution conditions.  

For each amino acid, the acid-base equilibrium can be described in terms of multi-step 

protonation reactions

(11)+
i-1 iA H A 

where  refers to the amino acid in a given charged state.  The amino-acid valence satisfies iA

 with  being the charge for the amino acid in its fully deprotonated state.  For a 
0iA AZ iZ  

0AZ

neutral or basic amino acid, ; while an acidic amino acid has a valence of -2 in its fully 
0A 1Z  

deprotonated state.  Accordingly, in the fully protonated state, each neutral or acidic amino acid 

has a valence of +1, and each basic amino acid has a valence of +2.  
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Similar to that in the bulk solution, the equilibrium constant for the protonation of amino 

acids in an inhomogeneous environment (viz., near the surface) is related to the local solution 

composition and activity coefficients 

(12)
+1 1 H

( ) ( ) 1
( ) ( )

i i

i i

A AT
i

A A

K
z z
z z a

 
 

 



where   represents the equilibrium constant for the amino acid in charge state i,  is the T
iK ( )i z

number density of species i at perpendicular distance z from the surface, and i  is its local activity 

coefficient.  The equilibrium constant is a thermodynamic quantity defined by the change in the 

chemical potentials of reactants and products at their corresponding reference states, i.e., each 

species in an ideal solution at unit molar concentration30.  These values were obtained in our 

previous work based off correlations with experimental data for all natural amino acids in bulk 

NaCl solutions21.  The activity coefficients account for the effect of solvent-mediated interactions 

among all chemical species in the solution.  

Within the augmented primitive model (APM), the local activity coefficient can be 

expressed as

(13)ln ex hs sw el ext
B i i i i i i ik e VZT          

where  stands for the local excess chemical potential, i.e., deviation from the chemical potential ex
i

of species i in an ideal solution;  is the Boltzmann constant, and T is the absolute temperature. Bk

hs
i , l

i
e , and  are contributions to the local excess chemical potential due to hard-sphere sw

i

repulsion, electrostatic correlation, and solvent-mediated interactions, respectively.  The last two 

terms,  and , are the external potential due to the interface (e.g., hard wall and specific ext
iV 
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binding to the surface) and the local electrostatic potential, respectively.  The expression for each 

contribution has been discussed previously and can be found in Supporting Information31-33.

2.4 Classical Density Functional Theory

Classical density functional theory (cDFT) provides a generic mathematical procedure to 

describe the inhomogeneous distributions of ionic species including amino acids near inorganic 

surfaces.  At a given temperature T and the bulk densities of all ionic species { }, cDFT predicts b
i

the local density, , of each species by minimizing the grand potential( )i z

(14)   ext
i i i

i
z zF V dz        

where  and  are the external potential and the chemical potential of species i, respectively, ext
iV i

and  denotes the total intrinsic Helmholtz energy.  The latter consists of an ideal-gas contribution F

and the excess arising from intermolecular interactions. Similarly, the chemical potential is 

composed of an ideal part, which is directly related to the number density of the species, and an 

excess part as discussed in the prior section. 

For systems considered in this work, the intermolecular interactions include the hard-

sphere repulsion, electrostatic correlations, solvent-mediated interactions, and direct coulombic 

interactions.  As the chemical potential is uniform throughout the system, any change in the local 

environment directly influences the local densities of all species as predicted by the Euler-

Lagrange equation:

. (15)       , ,intln lnb ex b ex ext
B i i B i i i ik k z z z Z V zT T e        

The left side of Eq. (15) corresponds to the chemical potential of species i in the bulk, whereas the 

right side is that at position z in the inhomogeneous fluid (i.e., near the interface).  Similar to that 

in the bulk solution, the excess chemical potential  accounts for intermolecular interactions ,ex int
i
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other than the direct Coulomb contribution.  The latter is related to the mean electrostatic potential, 

, which includes contributions from Coulomb interactions between all ionic species and the 

surface.  The last term on the right side of Eq. (15), ,  denotes the non-electrostatic interactions ext
iV

with the surface, i.e., the hard-wall and short-range attraction as given by Eq. (1).  It is worth noting 

that the chemical equilibrium between the different electrostatic states of the amino acid near the 

surface is naturally satisfied within our cDFT calculations.

Figure 2.  A flowchart of the computational procedure to determine the adsorption of amino acids 

on an inorganic surface.  In consistent with experimental measurements of adsorption isotherms, 

each cDFT calculation is carried out at a fixed temperature, volume, and the total moles of amino 

acid  in the system.𝑛𝑡𝑜𝑡𝐴𝐴

To facilitate direct comparison of the theoretical results with experimental data, we must 

perform the cDFT calculations for the adsorption of amino acids at an inorganic surface at a fixed 

total number of amino-acid molecules in the solution.  Figure 2 presents a flowchart of our 

calculation procedure.  The total amount of amino acid in the solution includes contributions from 

both the adsorbed amount on the surface as well as that in the bulk solution, i.e., .  tot bulk ads
AA AA AAn n n 
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However, the cDFT calculation must be performed at a fixed bulk chemical potential, i.e., the bulk 

density of each species must be known a priori.  To convert the moles of amino acid in the solution 

to a bulk density, we must know the solution volume (Vsoln).  We can then relate the total number 

of moles of the amino acid to its corresponding bulk density by , where NA //bulk bulk
AA AA A solnVNn 

is Avogadro’s number.  Because we explicitly consider the chemical equilibrium between the 

different ionization states of each amino acid, we must also determine the bulk density for the 

amino acid at each ionization state.  The degree of dissociation at state i is defined by 

, where the summation extend over all possible charged states of the amino acid.  /
i ji jA A   

By coupling the degree of ionization with the expressions for protonation/deprotonation 

equilibrium, we can determine the relative presence of each charged state for the amino acid from

 (16)1
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where  is the apparent equilibrium constant defined by the thermodynamic 
1

/
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T
j Aj jK K  


 

equilibrium constant and the ratio of the bulk activity coefficients.  

Eq. (16) can be solved numerically by using known equilibrium constants for different 

functional groups of the amino acid and the augumented primitive model (APM) to account for 

thermodynamic non-ideality.  Once the bulk density of the amino acid at each charged state has 

been determined from  , cDFT calculation is then performed to determine the 
i

bulk bulk
AA AA i  

adsorption of the amino acid at the inorganic surface. The chemical equilibrium for the 

protonation/deprotonation of amino acids in the inhomogeneous environment will be 

automatically satisfied as shown by Eq. (15).  During the cDFT calculations, we determine the 
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density profiles of the amino-acid molecules in different charged states along with the distributions 

of salt ions. The charge density of the inorganic surface can be calculated from the condition of 

charge neutrality as shown in  Eq. (9).  The surface excess for each amino acid, i.e., the amount 

adsorbed at the surface, is given by

. (17) 
{ }

ex b
AA

states
z dz        

Given the total mass (msolid) and the specific surface area (SSA) of the solid, the excess adsorption 

can be related to the total adsorbed amount by

. (18)S/ S Aads ex
AA AA A solid solidn N m   

As mentioned above, experimental measurements of adsorption isotherms are often 

reported in terms of the total moles of amino acid in the solution. The sum of amino acids in the 

bulk and that at the surface must be equal to the total moles in the solution. In our cDFT 

calculations, we iterate the cDFT calculations with the mole amount in the bulk given by 

 and solve for  from Eq. (18) until the quantity is converged. After bulk tot ads
AA AA AAn nn  ads

AAn

convergence, we can make direct comparison of the theoretical results with experimental data for 

the adsorbed amount of each amino acid given that the total amino acid in the solution is fixed.

3. Results and Discussion

In the following, we provide 3 case studies to illustrate the application of our coarse-

grained model to describe the effects of solution conditions on the adsorption of amino acids on 

different inorganic surfaces.  We first consider the charge regulation of rutile in different salt 

solutions.  Rutile can be either positively or negatively charged depending upon the solution pH.  

Next, we investigate the adsorption isotherms on rutile (110) surface for the three charge classes 

of natural amino acids: acidic, basic, and neutral.  We find that the adsorption of these amino acids 
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is highly dependent upon pH, amino acid concentration, and salt concentration in the bulk solution.  

Due to the protonation/deprotonation of both the amino acid molecules and the rutile surface, the 

adsorption isotherm typically shows a maximum at an intermediate pH value that is dependent 

upon the salt type and concentration.  In all cases, we find that our coarse-grained model performs 

well in capturing the adsorption behavior of natural amino acids in different solution conditions.

3.1 Surface charge of rutile in aqueous NaCl and CaCl2 solutions

Figure 3.  The surface charge density of rutile as a function of pH in (a) NaCl solution and (b) 

CaCl2 solution from experiment19,34 (symbols) and from the prediction of the coarse-grained model 

(lines). The surface site density is fixed at 3 nm-2 in agreement with Bahri et al.19. The 

deprotonation and protonation constants are pKD=6.5 and pKP=-4.1, respectively.

Charge regulation is important for understanding the adsorption of amino acids at rutile 

(and other inorganic) surfaces as the adsorption is highly sensitive to electrostatic interactions.  

Figure 3 shows the surface charge density of rutile in sodium chloride and calcium chloride 

aqueous solutions at two representative salt concentrations.  By employing the augmented 

primitive model (APM) for aqueous electrolytes, we can describe the surface charge at different 

pH and salt concentrations by using only the thermodynamic equilibrium constants for protonation 
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and deprotonation.  These two constants are inherently coupled with the isoelectric point of the 

surface which can be related by  . We set the isoelectric point to pI=5.3 D P 2pI (pK pK ) / 

consistent with previous experimental findings35.  Based on this, the deprotonation and protonation 

constants were determined to be pKD = 6.5 and pKP = -4.1, respectively.  The surface charge is 

highly dependent on pH and, to a lesser extent, on sodium chloride concentration.  The addition of 

salt ions to the solution reduces the electrostatic repulsion between surface sites leading to an 

increase in the surface charge at a fixed pH17.  APM slightly overestimates electrostatic repulsion 

between the surface sites as shown by the underestimation of the surface charge at 10 mM.  A 

more sophisticated approach to describe the surface reactions (e.g., multi-site or ion-complexation) 

could lead to more accurate prediction of the surface charge regulation.  As can be seen from 

Figure 3, the rutile surface is positively charged at low pH (i.e., below its isoelectric point) and 

negatively charged at high pH.  The regulation of the surface charge provides a convenient way to 

promote or inhibit the adsorption of amino acids or charged organic molecules.  We see that APM 

provides a quantitative description of the effects of the monovalent electrolyte on the surface 

charge of rutile. A good agreement of the theoretical prediction and experiment was also found for 

other inorganic surfaces22,24.  

We next consider the surface charge of rutile in calcium chloride solutions. As shown in 

Figure 3b, the deprotonation of the rutile surface (i.e., increases in negative charge) is less 

dependent on pH in the presence of calcium ions.  The trend is noticeable despite the fact that the 

concentration of calcium ions is one order of magnitude smaller than that of sodium ions (e.g., 1 

mM CaCl2 vs. 10 mM NaCl).  Such behavior can be attributed to the stronger electrostatic binding 

between the negatively charged surface sites and the divalent cation.  On the other hand, when 

rutile is positively charged, the influence of the cation valence is negligible as it is the monovalent 
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chloride ions dictating the surface charge density.  To match the experimental data for rutile in the 

presence of calcium chloride, we used the same equilibrium constants determined for rutile in 

sodium chloride solutions.  However, this led to a consistent underestimation of the surface charge 

above the isoelectric point.  Previous studies have demonstrated the importance of calcium binding 

to surface hydroxyl sites beyond electrostatic attraction36.  It has also been suggested that the 

hydration of the calcium ion near the surface is different from that in the bulk37.  To account for 

such effects, we introduced a short-range attraction of magnitude = 1.0 kBT between the surf

calcium ions and the rutile surface to mimic this non-electrostatic binding behavior.  The inclusion 

of this short-range attraction leads to a perfect description of the ionization behavior of rutile in 

the presence of calcium chloride.

3.2 Adsorption of acidic amino acids to rutile

The adsorption of amino acids at inorganic surfaces is complicated by the fact that both the 

amino acid and surface are ionizable and that the surface forces are highly sensitive to the solution 

pH and local ion concentrations.  Due to competing electrostatic interactions, the adsorption 

isotherm is often nonmonotonic with respect to pH and shows a strong dependence on solution 

conditions (e.g., salt type and concentration).  To elucidate, Figure 4 presents the adsorption of 

glutamic acid and aspartic acid at a rutile surface versus pH at several sodium chloride and amino 

acid concentrations.  The adsorption of both acidic amino acids shows a maximum near the pKa 

value of the amino-acid side chain. At this condition, approximately 50% of the acidic amino acids 

carry a negative charge.  A reduction of the pH below the pKa would shift the equilibrium to the 

neutral state while an increase in pH would result in the amino acids existing predominately in 

their negatively charged state.  Meanwhile, the rutile surface exhibits a positive charge below its 

isoelectric point of pI=5.3, which leads to a pH window where the adsorption is favored by the 
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electrostatic interaction between the surface and the amino acid.  Surprisingly, significant 

adsorption is observed even at pH=9 where there is a strong electrostatic repulsion between the 

acidic amino acids and the negatively charged surface.  In this case, the adsorption can be attributed 

to hydrogen bonding between the carboxyl groups from the amino acids and the surface hydroxyl 

sites38,39.  Such interaction can be modeled through a square-well potential between the amino acid 

and the surface, irrespective of the charge status.  We determined the fitting parameter to be surf

=9.6 kBT based off a comparison with the experimental adsorption data for 0.5 mM amino acid 

and 100 mM sodium chloride solution.  Due to similarities in the chemical structure of both acidic 

amino acids, it is expected that the two will interact similarly with the rutile surface.  Therefore, 

we did not distinguish the surface binding energy between the two amino acids which, as 

demonstrated by Figure 4, was found to be satisfactory.

As expected, the solution condition has an important effect on the adsorption of acidic 

amino acids at the rutile surface.  In general, the adsorbed amount increases with the total 

concentration of amino acid in the solution.  For example, the mean lateral separation between 

glutamic acid on the rutile surface at pH 3 decreases from approximately 3 nm (~0.2 mol/m2) to 𝜇

1 nm (~1.52 mol/m2) when the concentration of glutamic acid is increased from 0.1 mM to 2.0 𝜇

mM.  Such effect is most noticeable at low pH because the opposite surface charge leads to a 

stronger driving force for the adsorption.  While the amino-acid concentration has little effect on 

the solution pH at which the maximum in adsorption occurs, the salt concentration results in a 

notable shift in the pH at which the adsorption is maximized.  The variation of the salt 

concentration will also influence the adsorption of charged amino acids because of the electrostatic 

screening effect.  

Page 57 of 76

AIChE Journal

AIChE Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Figure 4. The pH-dependent adsorption of glutamic acid and aspartic acid on the rutile surface at 

(a and b) various total concentrations of amino acids in a 100 mM aqueous NaCl solution and (c 

and d) several NaCl concentrations in a 0.50 mM aqueous amino acid solution. The symbols are 

from experiment19, and the lines are predictions of the coarse-grained model.

It has been well documented that the addition of salt ions to the solution will promote 

ionization of the inorganic surface by decreasing the electrostatic repulsion between the surface 

sites (as shown previously in Figure 3).  However, it is not clear how the distribution of charged 

states for the amino acid is affected by the increase in salt concentration.  While the ionized forms 

of the amino acid would be typically favored by increasing the salt concentration in the bulk 

solution, the reduced Coulomb interaction with the surface sites may be more impactful on amino-

acid speciation.  Since an increase in the salt concentration shifts the maximum adsorption to a 
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higher pH (i.e., the chemical equilibrium shifts to the negatively charged state of the amino acid), 

we expect that, at a fixed pH, the addition of salt inhibits amino acids in the ionized state.  This is 

because a weaker interaction with the positively charged surface by the negatively charged amino 

acid reduces the preference of the amino acid in its anionic state. 

Figure 5. (a) The pH-dependent speciation of glutamic acid at the rutile surface and in the bulk 

solution.  The total concentration of glutamic acid is 0.5 mM, and the NaCl concentration is 100 

mM. (b) Speciation of adsorbed glutamic acid into its two predominant states, neutral and 

negatively charged, in the pH range of 3 to 7 at three NaCl concentrations (10, 100, and 300 mM). 

The interfacial behavior of amino acids at inorganic surfaces are dependent on their 

ionization states near the surface.  In most cases, the dominate charge state at the surface is 

significantly different from that in the bulk solution due to the selective interactions of the surface 

with amino acid molecules.  To demonstrate this, we show in Figure 5a the pH-dependent 

speciation of glutamic acid in the bulk solution and on the rutile surface in 100 mM sodium 

chloride solution.  At low pH, the amino acid is dominated by its negatively charged state due to 

strong Coulomb interactions with the positively charged surface sites on rutile while the amino 

acid mostly exists in its neutral state in the bulk solution (i.e., far from the surface).  There is a 
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small reversal in this trend as the pH is increased because the rutile surface transitions to negatively 

charged and repulses the anionic state of the amino acid.  At higher pH, the monovalent anionic 

state is maintained somewhat more than that in the bulk solution to avoid the repulsion between 

the negatively charged surface and amino-acid molecules in the divalent anionic state.  Based off 

these results, it also becomes clear why there is a maximum in the adsorption at low pH seen in 

Figure 4.  While the surface has more positive charge as pH falls, it adsorbs less amino acid even 

though it is negatively charged.  This interplay between a stronger electrostatic attraction but a 

lower concentration of amino acids in the anionic state leads to the maximum adsorption in 

responding to the pH changes.  Although the positively charged surface promotes the ionization 

of the acidic amino acid relative to the bulk solution, the increased electrostatic force is insufficient 

to compensate the reduction in the concentration of a negatively charged amino acid.  

Figure 5b shows the influence of salt concentration on the speciation of the adsorbed amino 

acid molecules in neutral and negatively charged states.  It is clear that the salt concentration plays 

a key role on speciation at low pH where the adsorption is mostly driven by electrostatic forces.  

At low pH, an increase in the salt concentration disfavors the presence of the amino acid in the 

negatively charged state.  Interestingly, an opposite trend is observed as the salt concentration in 

the bulk solution rises40.  In the former case, the addition of salt weakens the electrostatic attraction 

between the rutile surface and amino acid molecules (viz. through the reduction of the mean 

electrostatic potential).  The electrostatic interaction is responsible for the increased population of 

the anionic state near the surface while the bulk solution is dominated by amino-acid molecules in 

the neutral state.  The increase in the salt concentration reduces the mean electrostatic potential at 

the surface leading to a reduction of the local concentration of the amino acid in the negatively 

charged state. At these conditions (e.g., low pH and small salt concentration), the ionic excluded-
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volume effects and electrostatic correlations are relatively insignificant in the ionization behavior 

of the acidic amino acid.  Therefore, an accurate description of charge regulation for both the 

amino acid and the surface is essential for understanding the adsorption of amino acids at the rutile 

surface.

Figure 6. (a) The speciation of glutamic acid as a function of the distance from the surface at pH=3.  

(b) The net charge of the glutamic acid as a function of the distance from the surface and pH.  In 

both cases, the total concentration of glutamic acid is 0.5 mM, and the NaCl concentration is 100 

mM.

The presence of rutile, particularly when it is highly charged, leads to a significantly 

different speciation of the amino acid near the surface from that in the bulk solution.  The variation 

in local ionization may span up to a few nanometers depending on the salt concentration.  In Figure 

6a, we present theoretical predictions for the speciation of glutamic acid as a function of the 

distance from the surface at pH=3.0.  In this case, the rutile surface is positively charged as 

previously shown in Figure 3.  The strong electrostatic attraction between the amino acid in the 

negatively charged state and the positively charged surface shifts the protonation equilibrium of 

the amino acid to the anionic state.  Meanwhile, the amino acid in neutral and cationic states, which 
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dominate in the bulk solution, are depleted near the surface. While amino acids typically show 

monolayer adsorption and thus the long-range ionization behavior is of less significance, the strong 

variation in speciation near the surface results in drastic differences between the composition of 

the adsorbed layer and that in the bulk solution.  On the other hand, the long-range ionization 

behavior may find more importance in the adsorption of polypeptides and proteins due to strong 

intrachain correlations.  

Figure 7. (a) The pH-dependent adsorption of glutamic acid on the rutile surface at different 

concentrations of CaCl2 in 0.01 mM aqueous glutamic acid solution from experiment36 (symbols) 

and the theoretical prediction (lines).  (b) The mean electrostatic potential as a function of the 

distance from the rutile surface for the adsorption of glutamic acid at pH = 10 from salt-free and 1 

or 3 mM CaCl2 solutions. The shaded region corresponds to a monolayer of glutamic acid adsorbed 

at the surface.

We show in Figure 6b how the net charge of glutamic acid varies with the distance from 

the rutile surface and pH.  In general, the net charge is shifted towards the charged state that favors 

interaction with the surface.  At low pH, the glutamic acid has a positive net charge in the bulk 

solution while the rutile surface is also positively charged. In this case, the net charge is reduced 
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as the amino acid is positioned close to surface.  The opposite occurs at high pH with the net charge 

increasing near the surface since rutile is negatively charged at these conditions.  Again, an 

accurate description of the charge regulation for both the surface and amino acid is important to 

predict how changes in the environment affect the amino-acid adsorption.

Next, we consider the role of multivalent ions in facilitating the adsorption of amino acids. 

Because of electrostatic correlations, significant adsorption may take place in the presence of 

multivalent ions despite that the amino acid and the surface have the same sign of electric charge.  

Figure 7 shows the adsorption of glutamic acid at the rutile surface in a salt-free solution and two 

calcium chloride solutions of different concentrations.  For both glutamic acid and calcium ions, 

the surface energy parameters are the same as those determined previously.  For the salt-free case, 

glutamic acid exhibits a maximum adsorption at low pH with little to no adsorption when pH>7.  

Qualitatively, the pH effect is consistent with the adsorption at higher amino-acid concentrations 

as previously shown in Figure 4.  The addition of calcium ions to the solution leads to significant 

adsorption of the glutamic acid at high pH when both the amino acid and the rutile surface are 

negatively charged.  

To understand the origin of attraction, we show in Figure 7b the mean electrostatic potential 

as a function of the distance at pH=10 for the three aqueous solutions considered in Figure 7a.  For 

the salt-free case (i.e., 0 mM CaCl2), the mean electrostatic potential is strongly negative at the 

surface and decays slowly with the distance as predicted by a conventional electric double layer 

(EDL) model.  However, in the presence of calcium ions, the surface potential is significantly 

reduced and the local electrostatic potential switches in sign (i.e., from negative to positive) 

signaling charge inversion.  In other words, the surface charge is overcompensated by the 

oppositely charged ions through specific association and electrostatic correlations41.  The charge 
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inversion leads to the adsorption of the negatively charged glutamic acid which experiences an 

effective attraction to the overcompensated “positive” surface despite itself being negatively 

charged.  Although the agreement between experiment and theoretical predictions is only semi-

quantitative, Figure 7 clearly demonstrates that our model captures the important physics regarding 

the effect of multivalent ions on the adsorption of amino acids at inorganic surfaces.

3.2 Adsorption of basic amino acids 

Figure 8. (a) The pH-dependent lysine adsorption at the rutile surface from experiment36 (symbols) 

and the theoretical prediction (lines).  (b) The mean electrostatic potential as a function of the 

distance from the rutile surface in two aqueous solutions at pH=9. Approximately, the shaded area 

corresponds to a monolayer of lysine at the rutile surface.

We now turn our attention to the adsorption of lysine, a basic amino acid, at the rutile 

surface.  In the bulk solution, lysine molecules mostly exist in its positively charged state, except 

for high pH (i.e., pH>9) where its backbone amine group will deprotonate shifting the equilibrium 

to its neutral state.  Further increase in the pH will result in the side-chain amine group also 

deprotonating and the anionic state of lysine becoming dominant.  Figure 8 shows the adsorption 

of lysine at the rutile surface in a salt-free solution and that in a 3 mM calcium chloride solution.  
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While aspartic acid and glutamic acid display significant adsorption when they have the same 

electric charge as the surface, lysine shows no adsorption at similar conditions.  Interestingly, no 

significant adsorption is observed even when the surface is neutral or weakly charged with a 

negative sign.  The non-adsorption behavior can be attributed to the limited binding capability of 

its side chain with the rutile surface.  In contrast to the carboxyl group in the side chain of aspartic 

or glutamic acid, there is less significant binding between the amine group in the lysine side chain 

with the hydroxyl groups from the rutile surface.  In our coarse-grained model, the non-

electrostatic effect is captured by a lower binding energy of each lysine molecule with the surface, 

=5.5 kBT, compared with 9.6 kBT for the acidic amino acids.  As a result, the electrostatic surf

interactions play a more dominant role in lysine adsorption at the rutile surface.  

When the solution pH is above the isoelectric point of the rutile surface (pI = 5.3), lysine 

molecules and the surface have opposite charges and the electrostatic attraction leads to strong 

adsorption of the amino acid.  However, the adsorption shows a maximum at pH=9 beyond which 

it falls as a result of the increased prevalence of lysine molecules in the neutral state.  The situation 

is similar to that found for acidic amino acids at low pH.  In the presence of calcium ions, the 

adsorption of lysine drops dramatically compared to the salt-free case.  This is not surprising 

because the divalent cations outcompete the monovalent lysine.  As the non-electrostatic binding 

energy is relatively insignificant in comparison with that for acidic amino acids, lysine adsorption 

is more sensitive to the screening effects due to salt ions in the solution.  

Figure 8b shows how the local electrostatic potential varies with the distance from the rutile 

surface.  As discussed above, the presence of calcium ions leads to a significant reduction of the 

surface electric potential.  The charge inversion hinders the adsorption of lysine molecules at the 

rutile surface even though the amino acid and the surface have opposite charges.  The competition 
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in adsorption between the amino acid and the multivalent ions to the rutile surface is well captured 

by our coarse-grained model.

3.3 Adsorption of neutral amino acids 

Lastly, we consider the adsorption of a neutral amino acid, dihydroxyphenylalanine 

(DOPA), to the rutile surface.  From the practical perspective, understanding DOPA adsorption is 

highly important due to its extensive use in bioadhesive materials42-44.  DOPA exhibits excellent 

adhesive and cohesive properties through its strong binding to inorganic surfaces by a bidentate 

bonding of its two hydroxyl groups in the side chain and complexation with multivalent ions by 

its aromatic group, respectively45. While most neutral amino acids show little or no adsorption at 

inorganic surfaces18, DOPA displays strong adsorption that is highly dependent on the solution pH 

and salt concentration.  

As demonstrated by spectroscopy measurements46, DOPA binds with an inorganic surface 

in one of two configurations: lying flat or standing up.  When a DOPA molecule is in its flat 

configuration, it interacts with the surface through its carboxyl group in the backbone and the two 

hydroxyl groups in its side chain.  Meanwhile, the standing up orientation allows only for the 

interaction of the two hydroxyl groups with the surface. Since these configurations are dependent 

upon the availability of specific surface sites, the solution pH has noticeable effects on both the 

adsorption and configuration of DOPA due to the protonation or deprotonation of the surface sites.  

In order to accurately describe the adsorption of DOPA to an inorganic surface, we must 

acknowledge the existence of these two orientations at the surface.  Barhi et al. employed an 

extended triple layer model that describes DOPA attachment to the surface through either four or 

two surface sites47.  The former corresponds to the lying flat orientation where the two phenolic 

oxygens and one of the carboxylate oxygens bind to the titanium atom on the surface while the 
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other carboxylate oxygen is hydrogen bonded to a hydroxyl group at the surface.  On the other 

hand, the complexation with two surface sites involves one of the phenolic oxygens bonding to the 

titanium atom while the other phenolic oxygen is involved with hydrogen bonding to the surface.  

The surface complexation scheme can be described through the following chemical reactions47:

(19) 3 3 2TiOH H DP TiOH Ti DP 3H O4     

(20) + -
3 2 2TiOH H DP TiOH TiHDP H O2    

where H3DP represents DOPA in its neutral state.  The thermodynamic equilibrium constants for 

these reactions can be related to the activities of the pertinent species by

, (21) 
  23

3

3

3
H OTiOH Ti DP

,1TiOH Ti DP 4
TiOH H DP

exp r

a a
K

a
e

a
  

 


   

. (22) 
  22

2
3

H OTiOH TiHDP

,22TiOH TiHDP
TiOH H DP

exp r

a a
K

a
e

a
 

 

 

 

 


   

The inclusion of the exponential term results from the electrical work involved with moving ions 

and/or water dipoles to and from the surface26.  The electrostatic work to displace water dipoles 

from the surface is given by , where  represents the stoichiometric 
2 2H O H O ( )sn     

2H On

coefficient of water molecules on the right-hand side of the reactions in Eqs. (19) and (20),  s

and   refer to the electric potentials at the surface and at the plane at which the DOPA molecule 

is adsorbed (i.e., when in contact with the surface, ).  The electrical work involved in / 2DPz 

the first reaction is 

 (23) ,1 3 3 3 0r s s         

where the three terms in the middle correspond to changes in the potentials experienced by the 

three H+ ions adsorbing to the surface, the DP3- ion adsorbing to the -plane, and three H2O 
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molecules desorbing from the surface, respectively.  Thus, there is no contribution by the electrical 

work involved with moving ions and water molecules to and from the surface.  On the other hand, 

the electrical work of the second reaction is 

 (24) ,2 2 2r s s s              

where the three terms in the middle correspond to changes in the electric potentials experienced 

by the two H+ ions adsorbed at the surface, the HDP2- ion adsorbed at the -plane, and H2O 

molecule desorbed from the surface, respectively. Based off the fitting with the experimental data, 

we determined the negative logarithmic equilibrium constants for the two reactions to be 11.6 and 

5.8, respectively. The pKa values are slightly different from those determined by Bahri et al. (11.8 

and 6.4, respectively). The difference is expected because we consider thermodynamic non-

ideality in addition to the direct Coulomb interactions.

We show in Figure 9a and b the adsorption of DOPA to the rutile surface versus the solution 

pH at different salt and total DOPA concentrations.  The adsorption of most neutral amino acids 

shows little sensitivity to pH since they are not directly influenced by changes in the surface 

charge48.  This is valid except at very low or high pH values when the ionized state of the amino 

acid becomes dominate. For example, a neutral amino acid typically carries a positive charge at 

pH<2 while the rutile surface is also positively charged.  Similar to other neutral amino acids, the 

DOPA adsorption is reduced when the ionized states are favored at extreme pH values.  However, 

DOPA adsorption varies with pH even though the molecule is entirely in its neutral state.  Because 

of its association with the surface sites (i.e., TiOH), the surface sites in protonated (TiOH2
+) or 

deprotonated (TiO-) states will impact DOPA adsorption.
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Figure 9. The adsorption of dihydroxyphenylalanine (DOPA) at the rutile surface versus pH in (a) 

10 mM and (b) 100 mM NaCl solutions. Different lines are theoretical predictions corresponding  

to various total DOPA concentrations, the symbols are from experiment47.  The speciation of 

DOPA at the rutile surface as a function of pH predicted according to the thermodynamic model.  

TinDOPA refers to the binding of DOPA to n titanium surface sites as given by Eqs. (21) and (22).

To understand further why DOPA adsorption increases as the pH rises, we may consider 

the distribution of adsorbed DOPA according to the surface configurations:

. (25)
3 2

( TiOH) Ti DP ( TiOH H) Ti DP
ads
DPn n n     
 
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Based off the conditions of chemical equilibrium as shown in Eqs. (21) and (22), we may relate 

the surface concentrations of DOPA in different configurations to the number density of surface 

hydroxyl groups:

(26)4 2
1 TiOH D O2P ,2 Ti HeK xpKads

DP r DPn n c ne c       

where indices 1 and 2 refer to the chemical reactions involving four and two surface sites, 

respectively, and the primes denote the apparent equilibrium constants, i.e., after the conversions 

from activity to the number density or concentration. Eq. (26) indicates that DOPA adsorption is 

intrinsically related to the availability of surface hydroxyl sites and the DOPA concentration at the 

surface.  As the number density of surface hydroxyl sites decreases as the pH deviates from the 

isoelectric point, we expect that the DOPA adsorption will be maximized near the isoelectric point.  

Meanwhile, the exponential factor in the second term on the right side of Eq. (26) explains why 

DOPA adsorption increases with pH beyond the isoelectric point.  When the surface is positively 

charged,  is greater than zero; and it is less than zero when the surface is negatively charged, ,2r

i.e., the surface potential is always greater in magnitude than that at the adsorption plane of DOPA.  

Because the magnitude of  increases as the pH deviates more from the isoelectric point, the ,2r

exponential term approaches unity from below as the pH increases towards the isoelectric point.  

Further increase in the pH will increase the absolute value of the exponential factor and thus 

improve the adsorption of DOPA. Therefore, we conclude that the increase in DOPA adsorption 

with pH results from the favorable electrostatic work due to the complexation of the DOPA 

molecule with the surface.  The importance of electrostatic interactions in the binding of a neutral 

DOPA molecule with the rutile surface explains why the salt concentration plays a significant role 

in the adsorption.  
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Figure 9c and d present the fraction of DOPA in two surface configurations. The 

electrostatic work is a contributing factor for DOPA transition from lying flat to standing up as the 

pH rises. The increase in salt concentration tends to shift the transition between the two surface 

configurations to a lower pH due to electrostatic screening.  Another major factor in determining 

the surface configuration of DOPA is its local number density. When the surface concentration of 

DOPA increases, it lowers the pH at which the transition takes place due to the competition of 

DOPA molecules with each other at the surface.  At small surface concentrations, the competition 

for the surface sites is less important, which explains why the DOPA molecules are mostly lying 

flat at the surface.  Clearly, the surface complexation model provides a satisfactory description of 

DOPA adsorption to the titanium surface and valuable insight into the mechanisms of DOPA 

attachment to inorganic surfaces in an aqueous solution.

4. Conclusion

There have been substantial interests in understanding the interaction of polypeptides and 

proteins with inorganic surfaces due to their applications to the design of bioadhesives and the 

remediation of biofouling.  In the present study, we have initiated a theoretical work for such 

possibilities by employing a coarse-grained model for amino acids that captures their adsorption 

at an inorganic surface under different solution conditions.  By leveraging our previous work to 

account for the key physics governing charge regulation and the interaction of amino acids with 

ionic species in aqueous solutions, we developed a molecular-thermodynamic framework that is 

able to predict the adsorption of amino acids on inorganic surfaces driven by either electrostatic 

binding or surface complexation.  The thermodynamic model integrates ionization equilibrium for 

both amino acids and inorganic surfaces with the classical density functional theory (cDFT) that 

facilitates an accurate description of the inhomogeneous distributions of amino acids and ionic 
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species near inorganic surfaces.  Importantly, this model accounts for both chemical and physical 

interactions between amino acids and an inorganic surface, which is key to capturing the changes 

in adsorption due to variation in solution conditions.  

To demonstrate the effectiveness of this molecular thermodynamic model, we compare 

theoretical predictions directly with experimental adsorption data for different charge types (i.e., 

acidic, basic, and neutral) of amino acids on a rutile surface.  We first showed that the 

deprotonation and protonation of hydroxyl sites at the inorganic surface can be well described by 

coupling the chemical equilibrium of the surface sites with cDFT calculation for ion distributions. 

We then investigated the adsorption behavior of different amino acids at the rutile surface in 

aqueous solutions that are varied in pH, amino acid concentration, salt type and concentration.  We 

found that amino-acid adsorption typically shows a maximum an intermediate pH value that is 

dependent upon the salt type and concentration. While the increase in salt concentration promotes 

the ionization of the surface sites, it also weakens the electrostatic interaction between amino acid 

and the surface.  Therefore, the addition of salt reduces the adsorption of amino acid and shifts the 

pH to a higher value where the maximum adsorption takes place.  For acidic amino acids, the non-

electrostatic surface binding makes a significant contribution to the adsorption even when the 

electrostatic charges of the amino acid and the surface are of the same sign.  On the other hand, a 

basic amino acid like lysine shows much weaker dependence on non-electrostatic surface binding 

and the adsorption is mostly driven by electrostatic attraction from the surface. A maximum 

adsorption takes place at high pH when the amino acid and surface are oppositely charged.  Lastly, 

we considered the adsorption of DOPA, a neutral amino acid, to the rutile surface through a 

combination with the surface complexation model that accounts for the two configurations of 

DOPA molecules at the rutile surface.  
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An accurate description of the charge regulation for both amino acids and the underlying 

surface in a highly inhomogeneous environment plays an important role in understanding the 

adsorption behavior of amino acids, particularly the acidic and basic amino acids, to inorganic 

surfaces.  The interaction between amino acids and the surface also affects equilibrium between 

different charged states leading to the speciation amino acid molecules significantly different from 

that in the bulk solution.  Because of the shift in speciation, the amino acids adsorbed at a highly 

charged surface may exist in an ionized state of opposite charge of the surface while those in the 

bulk solution are entirely neutral.  Although the molecular-thermodynamic model employs a 

number of semi-empirical parameters, it provides a predictive description of thermodynamic non-

idealities that are relevant to describe the environmental effects on both amino-acid adsorption and 

chemical equilibrium.  In the future, we plan to extend this molecular-thermodynamic framework 

to describing the adsorption of polypeptides and flexible proteins which are of keen interest for 

practical applications.  
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