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Abstract

A faithful description of polypeptide adsorption at ionizable surfaces remains a theoretical 

challenge from a molecular perspective due to the strong coupling of local thermodynamic non-

ideality and ionizations of both the adsorbate and substrate that are sensitive to the solution 

condition such as pH, ion valence, and salt concentration.  Building upon a recently developed 

coarse-grained model for natural amino acids in bulk electrolyte solutions, here we report a 

molecular theory applicable to polypeptide adsorption on ionizable inorganic surfaces over a broad 

range of inhomogeneous conditions.  Our thermodynamic model is able to account for the effects 

of the amino-acid sequence as well as surface association such as hydrogen bonding or bidentate 

coordination regardless of the solution pH, salt type and concentration.  The theoretical predictions 

have been validated by extensive comparison with experimental data for the adsorption isotherms 

of three representative polypeptides at a titanium surface.   
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1. Introduction

Understanding the thermodynamic properties of polypeptides at interface is of critical 

importance to a myriad of real-world problems and technological applications such as surface 

fouling in biomedical devices and food systems1-3, adhesion in wet environments4, 5, and controlled 

drug delivery6-8.  A theoretical description of polypeptides is complicated because of the diversity 

in amino-acid sequences and the flexibility in the microscopic structure and charge behavior 

sensitive to the local environment. Under inhomogeneous conditions, each amino-acid residue 

exhibits unique interactions with other residues and chemical species in the solution as well as 

with the interface.  To account for the sequence effect, a theoretical model must distinguish 

segment-level interactions including different charge states of ionizable residues.  For adsorption 

at an inorganic surface, the model must incorporate possible ionization of the substrate and the 

inherent coupling between the chemical equilibrium and local ionic distributions. To complicate 

the matter further, the charge behavior of both the polypeptide and the surface is sensitive to the 

solution conditions such as pH, ion valence, and salt concentration.

  Experimental investigations of polypeptides at interface provide a useful guide in the 

development of a satisfactory thermodynamic model. In particular, a wide variety of techniques 

have been used to study the interfacial behavior of polypeptides at inorganic surfaces9, 10.  For 

example, phage display11, quartz crystal microbalance measurement12, ellipsometry13, and surface 

plasmon resonance (SPR)14 are a few methods that are commonly used to determine the affinity 

of polypeptides binding with specific surfaces. Alternatively, single molecule force spectroscopy 

(SFMS) provides insight about the interaction between polypeptides and an inorganic surface at 

the single-molecule level, thereby allowing for a detailed study of molecular interactions not 

available with other techniques15.  Maity et al. took advantage of SFMS to identify the amino-acid 
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sequence effect by replacing a proline residue in a polypeptide chain with an alanine residue and 

found that the mutation had a detrimental impact on the binding capability with a mica surface16.  

The reduced binding was attributed to differences in the conformational freedom of the 

polypeptide when the residue was changed from proline to alanine. The distinctive cyclic structure 

of the proline residue leads to a high conformational rigidity in the polypeptide chain compared to 

that with the alanine residue.  The experimental results thus unequivocally demonstrate the 

importance of segment-level details in determining polypeptide adsorption.  The importance of 

intramolecular interactions in polypeptides and the resulting multibody correlations makes 

polypeptide adsorption distinctively different from their monomeric counterparts (viz. amino 

acids).  Another technique that is commonly utilized to evaluate the affinity of peptides with 

inorganic surfaces is through peptide arrays. The combinatory procedure provides a quick 

evaluation of the surface affinity by measuring the change in the color of the solution due to the 

peptide binding17.  The resulting color changes can then be mapped into binding scores to unravel 

the mechanisms underlying the adsorption (or lack thereof) of the polypeptide to the surface.

The interfacial behavior of polypeptides can also be measured indirectly by monitoring its 

concentration in the bulk phase upon interacting with a surface.  The adsorption isotherm, i.e., the 

amount of polypeptide attached to the surface as a function of the equilibrium concentration in the 

bulk solution, can be determined from the reduction of the polypeptide concentration in the bulk 

solution18-23. By utilizing semi-empirical models such as the Langmuir equation, one can gain 

valuable insight into the strength of surface binding.  Unfortunately, semi-empirical models often 

have little predictive capability. They are mostly used only as a benchmark for comparing different 

polypeptides as well as different surfaces and solution conditions.  Nevertheless, the experimental 

adsorption data are valuable for the calibration of various thermodynamic models and validation 
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of their hypotheses to account for the key physics necessary to describe different aspects of 

surface-polypeptide interactions.

A number of theoretical methods have been proposed to describe the adsorption and 

interfacial behavior of polypeptides at inorganic surfaces24, 25 26.  These methods offer valuable 

insights to bridge the knowledge gap between microscopic and macroscopic observations.  For 

example, Kurut et al. utilized molecular simulation and a polymer density functional theory (DFT) 

to study the charge regulation of histidine in unstructured peptides at interfaces27.  They found that 

the adsorption of the peptide composed of histidine to be weaker at pH 8 than 6 because the 

histidine residues are less likely to be charged.  In addition, added salt lowered the adsorption 

amount due to the screening effect on electrostatic-driven adsorption. Biesheuvel et al. studied the 

adsorption of ionizable polyelectrolytes such as lysozyme on a silica surface using a modified 

Poisson-Boltzmann model28.  The mean-field method accounted for charge regulation due to 

intermolecular electrostatic interactions between the surface, ions, and ionizable proteins.  In 

general, the adsorption of lysozyme exhibited a maximum in adsorption with pH at a pH less than 

the isoelectric point.  The increase in the salt concentration reduced the adsorption at high pH when 

the adsorption was electrostatic-driven, whereas the added salt would increase the adsorption at 

low pH when the electrostatic interactions between the surface and the lysozyme were less 

important.  A different approach by Leermakers et al. utilized a polymer self-consistent-field 

theory to study the adsorption of β-Casein29, 30.  They found that the protein formed a dense layer 

near the surface and that the adsorption tended to increase with pH and bulk protein concentration.

Molecular simulation methods have also been utilized for predicting polypeptide 

adsorption with different levels of microscopic details, ranging from atomistic to coarse-grained 

models.  For example, Verde et al. employed an all-atom molecular dynamics (MD) simulation to 
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study peptide adsorption on a gold surface31.  It was found that the dynamics of peptide adsorption 

is dictated by a free-energy barrier that depends on the chain flexibility.  The key to overcoming 

the barrier to adsorption was that the peptide must have high conformational flexibility but low 

conformational stability, i.e., the polypeptide should be able to freely adapt to the surface/local 

environment and does not get trapped in a single conformation.  Xie et al. investigated the 

adsorption of neuromedin-B peptide, a decapeptide originally isolated from porcine spinal cord, at 

different self-assembled monolayers (SAM) using all-atom MD simulation32.  They found that the 

surface induces the peptide conformational change compared to that in the bulk solution and that 

the variation was greatest for a hydrophobic SAM.  Alternatively, polypeptide adsorption has been 

investigated with coarse-grained models33, 34.  In comparison with atomistic methods, a coarse-

grained model offers a significant decrease in the computational burden thus is suitable for the 

systematic study of more realistic systems.  Hyltegren et al. investigated the adsorption of the 

saliva protein histatin 5 (24 residues) on silica surface using a bead-spring model with each bead 

representing an amino-acid residue35.  Their work highlights the importance of the peptide and 

surface charge in predicting the peptide adsorption. Further details can be included in the coarse-

grained description of polypeptide adsorption. For example, Qiu et al. used the Martini model that 

maps each residue into one or more beads in order to capture its intrinsic characteristics such as 

polarity and shape.36  They identified the important role of the adsorbed water in driving the 

polypeptide adsorption to a neutral surface through van der Waals forces.

A major difficulty in modeling polypeptide adsorption lies in the accurate representation 

of solution conditions (e.g., pH, ion valence, and salt concentration). The environmental effects 

are important not only for polymer-surface interactions but also for both the inter- and 

intramolecular interactions that dictate the peptide conformation.  In particular, the solution 
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condition directly influences the charge behavior of the polypeptide and substrate that is often 

utilized for the dynamic control of the polypeptide properties in practical applications. Recently, 

Grünewald et al. demonstrated a convenient way to incorporate titratable beads into the Martini 

coarse-grained model37. Conversely, the charge regulation can be implemented with 

thermodynamic models that explicitly take into account ionization equilibrium. The theoretical 

calculations are significantly faster than the simulation counterparts. One example of the 

theoretical approach is by incorporating charge regulation through the mean-field approximation, 

i.e., the average ionization of each monomer or surface site is assumed uncorrelated with other 

ionizable groups in the system38.  The mean-field approximation allows for the consideration of 

multi-chain systems near ionizable surfaces under realistic conditions, opening up the possibility 

of computational screening and materials design10, 39, 40.  A similar mean-field approach to charge 

regulation was used in the work by Kurut et al. discussed earlier27.  Typically, the mean-field 

methods fail to account for the influence of intramolecular correlations on the ionization behavior 

of individual residues.

In a previous work,41 we developed a coarse-grained model for describing the adsorption 

of natural amino acids onto inorganic surfaces in various aqueous solutions.  The thermodynamic 

model provides a faithful description of the charge behavior of the amino acids as a function of 

pH and solution conditions.  We demonstrated that the charge regulation of various ionizable 

surfaces is well described by an explicit consideration of the inhomogeneous ion distributions and 

protonation/deprotonation reactions42.  Herein, we extend the coarse-grained model to 

polypeptides and examine their adsorption behavior at the titanium surface leveraging on the 

recently developed Ising density functional theory (iDFT)43.  The molecular thermodynamic model 

allows us to predict the adsorption of various polypeptides in response to the changes in solution 
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conditions.  The predictive molecular theory fills the gap between phenomenological models to 

describe polypeptide adsorption and various molecular simulation methods.  Importantly, the 

theoretical procedure opens new possibilities for the future studies of polypeptide systems 

including polymer-mediated adhesion.

2. Thermodynamic Model and Methods

2.1 A coarse-grained model for polypeptide adsorption 

In this work, we are interested in developing a generic model applicable to polypeptide 

adsorption at ionizable surfaces over a broad range of solution conditions.  Toward that goal, we 

employ an augmented primitive model (APM) that takes into account the molecular excluded 

volume effects, short-ranged solvent-mediated interactions, and different ionization states of each 

amino-acid residue as well various ionizable functional groups at the surface.  In APM, each 

monomer or polymer segment has a unique hard-sphere diameter , and may exist in different i

charge states as described by the “Ising parameter” .  Except the chain connectivity, the coarse-is

grained model is similar to our previous studies for the adsorption of amino acids and their titration 

behavior in bulk solutions41, 44.   The equilibrium constant for the ionization of each amino acid 

side chain is assumed to be the same as that for the monomer44.

Figure 1 shows a schematic representation of a polypeptide chain near an inorganic surface 

as described by our coarse-grained model.  We describe polypeptides as tangent-hard-sphere 

chains in which each monomer represents one amino-acid residue.  These monomers can be acidic, 

basic, or neutral depending on the functional groups in the side chain and the charge of the 

monomer is dependent on the local environment.  In addition, we consider the end-effects (viz. the 

C- and N-terminus groups) in the polypeptide chains where the -NH2 and -OH groups are described 

as ionizable hard spheres ( ).  The equilibrium constants for the terminus groups 𝜎𝑁𝐻3/𝑂𝐻 = 3.0 Å
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correspond to the previously determined values for the natural amino acids44.  In the absence of 

polypeptides and ionizable surface, the coarse-grained model reduces to the conventional primitive 

model of aqueous electrolyte solutions, i.e., the ions are represented by charged hard spheres and 

the solvent by a dielectric continuum of relative permittivity , which corresponds to that 78r 

for liquid water at ambient conditions. The augmented aspect of the primitive model refers to, in 

part, the consideration of ionization equilibrium for each amino-acid residue and the inclusion of 

various well-recognized but poorly understood water-mediated interactions.  For simplicity, we 

assume that such interactions are short-ranged and can be empirically represented through the 

square-well (SW) model. Throughout this work, the SW width is fixed at , nm0.4surf 

approximating the same as the diameter of a water molecule45.  

Figure 1. Schematic of a coarse-grained model for polypeptide adsorption on an ionizable surface.  

A polypeptide molecule is represented by a tangent-hard-sphere chain such that each segment 

corresponds to an amino-acid residue and the N- and C-terminus groups are considered explicitly. 

In addition to electrostatic interactions due to the charge of ionizable residues and the terminus 
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groups at the surface, amino-acid residues bind with the surface through chemical association and 

solvent-mediated interactions represented by a square-well potential of strength  and width surf

.  surf

While the phenomenological model neglects atomic details and the anisotropic nature of 

individual residues, it provides a flexible framework to quantify the interfacial behavior of 

polypeptides by treating the square-well attraction energy  as an adjustable parameter. surf

Approximately, this parameter characterizes the short-range interaction between an amino-acid 

with a specific surface thus may be assumed independent of the solution conditions.  We 

demonstrated in our previous work that the augmented primitive model can well describe the 

thermodynamic properties of amino acids in bulk solutions as well as their adsorption to inorganic 

surfaces and the theoretical predictions were found in good agreement with experimental 

observations41, 44.  Further details on the molecular model can be found in our previous work.

Polypeptide adsorption at an inorganic surface is driven by either electrostatic attraction or 

surface binding (non-electrostatic). While the electrostatic interactions are coupled with ionic 

species in the solution, we expect that the surface binding is relatively insensitive to solution 

conditions directly. The non-electrostatic potential is thus represented by a square-well model with 

a constant surface energy for each residue

. (2)  ,

/ 2
/ 2

0

i
ext

i surf i i surf

z
V z

els
z
e


  





  



Spruijt et al. proposed that the binding strength of polymers containing carbonyl groups to a silica 

surface is dependent upon the number of surface hydroxyl groups that are not deprotonated46.  

Their reasoning follows from the fact that the hydrogen bonds between the surface hydroxyl group 
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and the carbonyl group cannot occur when the surface is deprotonated.  The surface groups will 

deprotonate as the pH is increased, which results in fewer binding sites for the polymer thereby a 

weaker average binding energy.  In this work, we also find that the attraction energy is related to 

the available surface sites (viz. surface functional groups) that the polymer can bind to and such 

effects can be represented by the empirical relation:

(3)0
, , 1 1TiO TiO

surf i surf i
sites sites

N N
N N

         
        

      

where  is the surface binding energy at an uncharged surface, and  corresponds 0
,surf i / sitesTiO

N N

to the fraction of negatively charged surface sites.  The determined empirical relation indicates 

that the attractive binding energy will decrease with an increased presence of the negatively 

charged surface sites as one expects from the decrease in possible binding sites.  However, there 

is a less than linear dependence of the binding energy on the fraction of negatively charged sites 

since the monomer can still interact with nearby sites that surround it.  Within our model, there is 

no difference in the interaction energy between a neutral site and a positively charged site.  In 

reality, the protonated site ( ) may have a slightly stronger hydrogen bond energy than the 2TiOH 

neutral site ( ).TiOH

In addition to physical interactions, we also consider the charge regulation of the inorganic 

surface through the deprotonation and protonation of the surface hydroxyl sites.  For the titanium 

dioxide surface considered in this work, the deprotonation and protonation reactions are given by

, (4)- +-TiOH -TiO +H

. (5)+ +
2-TiOH+H -TiOH

These reactions are governed by the equilibrium constants, KD and KP, respectively, which are 

related to the solution  and the activities of the surface sites:pH log
H

a  
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, (6)TiO TiO
H

TiO Ti
D

H OH

K
N

a
N




 



, (7)2 2 1TiOH TiO

TiO TiOH

H
P

H H

K
N

N a




 





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

corresponding surface site.  

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

the local environment47.  In this work, we assume that the surface activity coefficients are mainly 

determined by the electrostatic interactions between surface sites, ions, and the polypeptides.  As 

a result, we can express the ratio of activity coefficients for the uncharged to charged states of the 

surface functional groups by the mean electrostatic potential (viz.  and / exp[ ]TiOH sTiO
e    

.  The equilibrium constant and the ratio of activity coefficients can be 
2

/ exp[ ]TiOH sTiOH
e     

combined into an apparent equilibrium constant:  and  /D D TiOH TiO
K K    

2
/TiO HP P H TiO

K K    

which correspond to the experimentally measured equilibrium constants.  

An explicit expression for the surface charge density can be derived in terms of the total 

number of available sites per unit area, the apparent equilibrium constants, and the proton activity 

:
H

a 

(8) 
2

/
1 /

D PH H
TiO TiOH s

D
i

PH
es

H
t

K a K a
Q e N N e

K K a
N

a
 

 

 

 
    

  

where the total number of ionizable sites, , can be determined from 
2

sites TiOH TiO TiOH
N N NN   

experimental data or estimated from the crystalline structure. Since the surface charge is related to 

the mean electrostatic potential through Gauss’ equation, there is a coupling between the surface 
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charge and the polypeptide adsorption. A comprehensive description of the surface charge 

regulation can be found in our previous publications41, 42.

2.2 Ising Density Functional Theory

Ising density functional theory (iDFT) provides a convenient avenue to describe the 

ionization of weak polyelectrolytes at inhomogeneous conditions43. For a polypeptide represented 

by M ionizable segments, the chain conformation is fully specified by a multidimensional vector, 

, where  denotes the segment position, and the ionization state of the entire 1 2( , ,..., )R r r rM ri

polymer chain can be specified by vector , where  or 0 is the charge 1 2( , ,..., )Sk Ms s s 1is  

number (viz., the valence of segment i in the polypeptide chain).  In the context of polypeptide 

adsorption, the density profile in configuration  is given by( , )X R S

(9)  ( ) exp ( ) ( ) )[ ( ) ](B ext ex HV V          X X X SX X

where  represents the bond potential,  is the chemical potential of the polypeptide in its ( )XBV 

fully uncharged state,  is the non-electrostatic external potential for the entire chain (that for extV

each segment is given by Eq. 1),  is the local excess chemical potential to ) ( )( /ex exF  X X

account for the thermodynamic non-ideality due to inter- and intra-molecular interactions,  ( ) X

is the contribution to the potential energy due to the intramolecular electrostatic interactions in 

configuration X, and  is affiliated with the ionization of individual segments, i.e.,( )H S

. (10)p( ) ln1 H)( K p0 i i
H H

i B

M M

i i
k T s     S

The ionization energy accounts for the change in the grand potential due to 

deprotonation/protonation of the ionizable segments. The equilibrium constant of the ionization 
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reaction, Ki, depends on the identity of the ionizable site and system temperature but not on the 

solution composition.  

According to the thermodynamic perturbation theory (TPT), the local excess chemical 

potential can be decomposed into one-body and two-body contributions:

(11)     1( ) ln ,ex mon ch
i i i i i iy        X x x x x

where  is the excess chemical potential for the monomer system,  is excess chemical mon
i

ch
i

potential due to chain connectivity which describes the free energy due to intrachain correlation 

by segment i in state , and  is the natural logarithm of the two-body cavity correlation is ln y

function.  The first summation accounts for the thermodynamic non-ideality due to monomeric 

interactions, and the second summation accounts for the intramolecular correlations48.  In this work, 

we consider the excluded-volume effects through the modified fundamental measure theory49, the 

electrostatic correlations by the reference fluid method using the mean spherical approximation 50, 

and the square-well attractions through a mean-field method45.  
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Figure 2.  A flowchart for predicting the adsorption of peptides on an inorganic surface through 

the Ising density functional theory (iDFT).

Figure 2 presents a flowchart to determine the adsorption of polypeptides on an inorganic 

surface.  In numerical implementation of iDFT, we first determine the speciation of the polypeptide 

in the bulk solution:

(12) 
  
  

 

exp (( )

(

)

exp () )

ex H
bulk bulk
P P ex H

  





  

 





     
      

S

S S S
S

S S S

where  and  are the bulk counterparts of  and , respectively. Eq.(11) ( )ex S ( ) S ( )ex X ( ) X

follows from Eq.(8) by assuming that the segment densities are uniform and the inter- and 

intramolecular correlations are independent of the polymer conformation R.  Because the 

intramolecular interactions are evaluated at the nearest-neighbor level (i.e., interaction between i 

and i+1 only), we can solve Eq. (11) using a numerical procedure the same as that for the nearest-

neighbor site-binding model of weak polyelectrolyte titration51.  In the bulk solution, the inter- and 

intramolecular correlations are dependent upon the average concentrations of ions and polypeptide 

segments. Because the excess chemical potential of the polypeptide depends on its valence vector 

S, the adsorption model must self-consistently account for the speciation of the polypeptide in the 

bulk.  

Next, we solve for the density profiles of the polypeptide segments and salt ions near the 

inorganic surface. The polypeptide adsorption is coupled with surface ionization which depends 

on the local environment (viz. mean electrostatic potential).  Different from alternative methods 

that consider only the intermolecular interactions on the inhomogeneous distributions of 

polypeptide chains and salt ions28, iDFT takes into account the effects of intramolecular 

correlations on the polypeptide charge and chain conformation.  The intrachain contribution is 
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particularly important for polypeptides with different types of charged residues in which the 

amino-acid sequence can play an important role in the adsorption behavior.  

Lastly, we calculate the surface excess, i.e., the adsorption of individual amino-acid 

residues in their specific charge states from

(13)     , ,ex bulk
P i i i i i is s s d      r r

where the density profile of each residue in its charge state is given by

. (14)       , exp ( , ) ( ) ] ,( ,[ ) ,ext mon H L R
i i i i i i i i i i iss s s sV G G s       r r r rr

In Eq.(13),  and  are the propagator functions that account for the possible configurations L
iG R

iG

of the polymer given that segment i is at position r in charge state si
43.  Additional details on iDFT 

calculations can be found in our previous publication43.

3. Results and Discussion

In our previous work, we demonstrated that classical density functional theory (cDFT) can 

well capture amino acid adsorption and the influence of pH and salt concentration on the ionization 

of natural amino acids in the bulk and near inorganic surfaces42.  In the following, we provide 3 

case studies to illustrate the application of our coarse-grained model to describe the pH effect on 

the adsorption of oligopeptides at a planar surface of titanium oxide.  These oligopeptides are 

composed of some or all of the following amino-acid residues: alanine, lysine and aspartic acid.  

The equilibrium constants for two ionizable residues are taken from our previous work44: 

 and .  The experimental data used for the validation of our theoretical 5p 1 .9K 0Lys  7p 3.9K Asp 

results are from Imamura et al.52.  Unfortunately, no titration data were reported for the titanium 
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dioxide surface used in the experimental work for oligopeptide adsorption.  To minimize unknown 

parameters, we adopted the equilibrium constants for protonation and deprotonation of the 

hydroxyl groups,  and , respectively, from a titanium surface different than pK 4.1P   pK 6.5D 

the one considered in the experimental work41.  We expect that the equilibrium constants should 

not differ from those of the surface studied by Imamura et al. Because differences in surface 

preparation could change the number density of the hydroxyl sites on the surface53,  we use the 

surface site density of 1.0 #/nm2 to best fit the experimental data. 

For comparison with the experimental adsorption isotherms, we determine a binding 

energy (  is attractive) for each amino-acid residue based off correlation with the 0i 

experimental data by Imamura et al.52 shown in the figures to follow: , 0
, 5.50surf Asp Bk T 

, and .  The non-electrostatic binding energy is affiliated with 0
, 3.75surf Ala Bk T  0

, 1.90surf Lys Bk T 

the hydrogen bonding by the carbonyl group in the polypeptide backbone and an additional binding 

capability by the carboxyl group in aspartic acid.  The energy values are weaker than that found 

for the adsorption of natural amino acids to titanium because of the absence of the amine and 

carboxyl groups in the residues (viz. loss in hydrogen bonding groups)41.  The binding strength of 

lysine is lower than that of the alanine residue even though they both contain one carbonyl group. 

The difference may be indicative of the extended conformation of the lysine structure that favors 

the side chain orientation towards the surface and therefore, the backbone carbonyl group will be 

less likely to interact with the surface.

3.1 Adsorption of oligopeptide with acidic and neutral residues
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Figure 3.  (a) Adsorption isotherms for polypeptide DADADADA on the titanium surface in a 100 

mM potassium nitrate solution. The lines are the theoretical predictions and the symbols are 

experimental data52.  (b) The fractions of ionizable sites on the titanium surface with and without 

the polypeptide (at 50 M) in 100 mM KNO3 solution.  The surface sites , , and 𝜇 2TiOH  TiOH

 correspond to the red, black, and blue lines, respectively.TiO

We first consider the adsorption of oligopeptide DADADADA on a titanium surface as 

investigated experimentally by Imamura et al.52.  The peptide is composed of four acidic residues 

(viz. aspartic acid, D) and four neutral residues (viz. alanine, A).  The adsorption isotherm is 

considered in the range of 0 to 50 M peptide concentrations at 6 pH values in a 100 mM potassium 𝜇

nitrate solution. Figure 3a shows a comparison between the theoretical and experimental results.  

In general, the decrease in pH results in an enhanced adsorption of the acidic polypeptide.  The 

trend is expected because the oligopeptide is predominately negatively charged (due to the 

deprotonation of the carboxyl side chain in the aspartic acid residues) while the titanium surface 

increases in charge with a decrease in pH. The increased adsorption at low pH is thus driven by 

more favorable electrostatic interactions between the negatively charged polypeptide and the 
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positively charged surface.  In addition, the adsorption is favored by the non-electrostatic surface 

binding as evidenced by the excess adsorption of the peptide at the surface up to pH 7.5 when the 

titanium surface is negatively charged (isoelectric point of 5.3)41.  Overall, our theoretical 

predictions agree with the experimental results at a semi-quantitative level indicating that the 

coarse-grained model for polypeptide adsorption captures the ionizations of both the aspartic acid 

residues and the titanium surface reasonably well.  The most noticeable discrepancy between our 

model and the experimental results is for the conditions of pH 3.0.  We find that our model 

underestimates the adsorption of the polypeptide which may be due to the stronger non-

electrostatic binding of the monomer to the protonated surface that is not accounted for through 

Eq. (2).  There is also a deviation between the theoretical and experimental results at pH 7.0 since 

our model predicts a slightly later decrease in the adsorption of the polypeptide with pH; however, 

our model does capture the large drop in adsorption from pH 6.5 to 7.5.

Figure 3b shows the influence of the polypeptide adsorption on the dissociation of the 

surface hydroxyl sites at the titanium surface.  Without the polypeptide, the surface is positively 

charged at pH below the isoelectric point (pI=5.3) and negatively charged at pH above the 

isoelectric point.  In the presence of the polypeptide ( ), the surface composition is M50bulk
p 

significantly different, in particular at low pH.  The large change in the composition of surface 

sites can be attributed to the strong attraction (both electrostatically and non-electrostatically) of 

the aspartic acid and alanine residues to the surface.  The isoelectric point of the titanium surface 

is shifted from 5.3 to approximately 6.7 as shown by the vertical dotted lines in Figure 3b.  The 

negatively charged residues in the polypeptide promote the presence of positively charged sites on 

the surface and inhibit the formation of negatively charged sites, thereby shifting the surface 

isoelectric point to a higher pH value.  As the pH is further decreased, the favorable electrostatic 
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interaction between the surface and the aspartic acid residues leads to a larger positive surface 

charge compared to the salt only solution.  At low pH, the aspartic-acid residues start to lose their 

negative charge, which explains why the surface does not dissociate to the  group as 2TiOH 

quickly with a decrease in pH as it does at a slightly higher pH since there are less favorable 

charge-charge interactions.  At high pH, there is no difference in the titration of the titanium surface 

whether the polypeptide is present or not in the bulk solution since the polypeptide will no longer 

adsorb on the surface.  Thus, we see that the correct treatment of the thermodynamic non-ideality 

in the charge regulation of both the residues and the surface is important for an accurate description 

of polypeptide adsorption on inorganic surfaces.

Figure 4.  (a) The degree of ionization for aspartic-acid residues from DADADADA in the bulk 

and that adsorbed on the titanium surface.  The lines for the middle residues, D2, D3, and D4, are 

nearly indistinguishable from one another and the lines for N-term are at .  (b) The average 1.0 

degree of ionization for aspartic-acid residues as a function of the distance from the surface for 

different pH values.  In both panels, the peptide concentration is 50 M in the bulk and the bulk 𝜇

potassium chloride concentration is 100 mM.
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The charge regulation of different amino-acid residues and terminal groups is key to the 

adsorption of the polypeptide to the titanium surface.  We show in Figure 4a the degree of 

ionization for aspartic acid residues and the terminus groups in the bulk solution and adsorbed to 

the surface.  As a result of the intrachain correlations and the spatial conformation of the 

polypeptide, the acidic residues may not necessarily be at the same average degree of ionization 

near the interface.  We find that the ionization degree for the end residue (D1) is significantly 

greater than the degree of ionization for the middle residues (D2, D3, and D4) whether in the bulk 

or adsorbed at the surface.  The similarity in the ionization for the three middle residues indicates 

that the intrachain correlations of the polypeptide play an important role in determining the charge 

status of these residues.  While D2, D3, and D4 are surrounded by neutral alanine residues, D1 is 

neighbored by a positively charged N-terminus group (which is always charged below pH 9 as 

shown in Figure 4a); the ionization of the terminal residue (D1) is promoted by the favorable 

charge-charge interaction.  Since the adsorbed polypeptides mostly lay flat on the surface, there is 

not a significant difference between the three aspartic-acid residues in the middle.  A mean-field 

method (i.e., one that does not incorporate intramolecular interactions such as the modified Poisson 

Boltzmann method28) would miss the different ionization behavior of aspartic acid residues at the 

end and in the middle.

The ionization of polypeptides near the interface is different from that in the bulk due to 

the changes in the local environment as well as the surface-induced interactions (i.e., charge 

regulation).  At high pH, the polypeptide charge is unaffected by its local environment due to the 

strong chemical driving force.  As the pH is reduced, the degree of ionization for the amino-acid 

residues at the surface is initially lower than that in the bulk solution. Since there is a strong 

adsorption of the polypeptide even when the surface is nearly neutral (~ pH 5), the repulsion 
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between charged aspartic-acid residues at the surface leads to the ionization of the residue being 

less favorable than that in the dilute bulk solution.  However, as the pH is further decreased, the 

surface becomes sufficiently charged and results in a favorable electrostatic attraction that 

overcomes the mutual repulsion between the aspartic acid residues.  In this case, the average 

ionization of the residues at the surface decreases slower with pH compared to the residues when 

they are in the bulk solution.  Our theoretical method improves upon conventional approaches by 

capturing the charge regulation of the polypeptides due to both inter- and intra-chain correlations 

important for describing polypeptide adsorption on ionizable surfaces.

Figure 4b shows the average degree of ionization for the aspartic acid residues as a function 

of distance from the surface.  When the polypeptide is distributed greater than 3 nm from the 

surface, its ionization behavior is almost identical to that in the bulk because the surface effects 

are negligible (i.e., salt ions have sufficiently screened the long-range electrostatic interaction).  At 

short distances (i.e., within square-well width), the ionization of aspartic-acid residues is typically 

higher than that in the bulk due to favorable electrostatic interaction with the surface.  For example, 

at pH 2 about half of the absorbed aspartic residues are charged due to interactions with the 

titanium surface, whereas aspartic-acid residues in the bulk solution are essentially neutral.  

Interestingly, within the surface region, there is a significant drop in the ionization between those 

residues in direct contact with the surface and those at the edge of the square-well potential.  We 

attribute the large variation in ionization within the short distance to the strong screening of the 

positively charged surface sites by the large local concentration of negatively charged aspartic-

acid residues.  At low pH, the surface charge is not fully compensated by the oppositely charged 

amino-acid residues, and therefore, an increased presence of counterions near the surface explains 

the gradual decrease in ionization until it reaches that of the bulk.  On the other hand, at higher pH 
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such as pH 4, the degree of ionization for polypeptides near the surface is lower than that in the 

bulk because the electrostatic repulsion among aspartic-acid residues becomes stronger than the 

surface attraction. In other words, electrostatic interactions with the oppositely charged surface 

becomes insufficient to compensate the repulsion among aspartic-acid residues accumulated at the 

surface.

Figure 5. (a) The surface composition (defined by the fraction of species within a distance smaller 

than the square-well width) of different residues in oligopeptide DADADADA as a function of pH 

in a 100 mM KNO3 solution.  (b)  The segment profile of the oligopeptide as a function of distance 

from the surface and the solution pH.  The concentration of polypeptide and KNO3 in the bulk are 

50 M and 100 mM KNO3, respectively. 𝜇

We next investigate the polypeptide composition at the surface as defined by the fractions 

of different residues within a distance smaller than the square-well width.  As shown in Figure 5a, 

the aspartic-acid residues are present at the surface to a higher degree than alanine residues. The 

difference can be attributed to higher non-electrostatic binding energy and to the favorable 

electrostatic interaction between the aspartic-acid residues and the surface.  Nonetheless, the high 

presence of alanine residues within the surface region indicates that the polypeptides mostly lay 
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flat upon adsorption.  Interestingly, the aspartic-acid residue on the N-terminus side of the 

oligopeptide, D1, is present at a lesser degree compared to the other three aspartic acid residues 

(D2, D3, D4), despite its higher degree of ionization.  A similar behavior is found for the A4 

residue which is connected to the C-terminus group.  The reduction in the end-segment densities 

may be attributed to the depletion of the C- and N-terminus groups from the surface (their surface 

compositions are less than 0.02). Clearly, the explicit consideration of N- and C-terminus groups 

within our model has a significant influence on the adsorption of the neighboring residues in the 

polypeptide chain.  Specifically, when the surface is positively charged (at low pH), the positively 

charged N-terminus groups are repelled from the surface thus reduce the adsorption of the 

neighboring aspartic-acid residue (D1). As the pH increases, the difference in the surface 

composition between residue D1 and the middle residues is negligible at pH greater than 6 because 

the surface is mostly neutral. In that case, the presence of the N-terminus group is no longer 

relevant.  On the other end, the C-terminus group is negatively charged, and therefore it is attracted 

to the positively charged surface at low pH.  However, the C-terminus group must also compete 

with the aspartic-acid residues for the electrostatic surface attraction. Besides, the A4 residue is 

located further from the surface than the middle alanine residues. Owing to intrachain correlations 

and electrostatic interactions with the surface, the inclusion of the terminus groups is an important 

component in understanding the conformation of polypeptides at ionizable interfaces.

Figure 5b shows the total segment distribution as a function of distance from the surface 

and pH.  We see a noticeable increase in the polypeptide density at the surface as the pH is 

decreased, which follows from the adsorption trend as shown in Figure 3a.  The polypeptide is 

adsorbed at the surface mostly due to the non-electrostatic binding energy.  Beyond the square-

well width, there is a sharp drop off in the segment density. The formation of a second peak in the 
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density profile arises from the excluded-volume effects and becomes more noticeable as the pH is 

decreased.  The second peak may also be attributed to segments (mostly alanine) that are pushed 

out of the surface layer in favor of the adsorption of more aspartic-acid residues. The surface excess 

essentially disappears beyond the region of square-well attraction, suggesting that electrostatics 

alone is insufficient for the adsorption of polypeptides.

3.2 Adsorption of oligopeptides with basic and neutral residues 

Figure 6.  (a) The pH-dependence of adsorption isotherms for polypeptide KAKAKAKA on a 

titanium surface in a 100 mM potassium nitrate solution.  The lines are theoretical predictions and 

the symbols are from experiment52.  (b) The fractions of ionizable sites at the titanium surface in 

100 mM KNO3 solution with and without the polypeptide (at 50 M).𝜇

We next consider the adsorption of polypeptide KAKAKAKA to the titanium surface. The 

polypeptide is composed of four lysine residues and four alanine residues; the basic residues are 

fully ionized in the pH range considered in this work ( ).  As shown in Figure 6a, the 5p 1 .9K 0Lys 

polypeptide interacts favorably with the surface when it is negatively charged. The binding 

energies due to non-electrostatic interactions of the basic residues with the surface is much weaker 

than those of the acidic residues (viz., 1.90 kBT vs. 5.50 kBT), which leads to less adsorption 
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compared to the acidic polypeptide (see Figure 3a).  Interestingly, the polypeptide adsorption 

increases with pH up to a maximum at pH 7.5 before decreasing as shown by the experimental 

results for pH 8.8.  It would be expected that the adsorption of the basic polypeptide would 

continue to increase as the surface becomes more negatively charged (i.e., an increase in pH) since 

there are favorable charge-charge interactions and lysine residues maintain their positive charge 

even at pH>10.  To explain the decrease in polypeptide adsorption, we focus our attention on the 

non-electrostatic interaction between the surface and the carbonyl group which is facilitated by a 

hydrogen bond to the surface  group (viz., we model this interaction through the square-TiOH

well potential).  When the surface deprotonates, the peptide can no longer form hydrogen bond 

with the surface and therefore it loses its chemical binding capability.  We model the loss in 

hydrogen bond capability through Eq.(2) by decreasing the binding energy as the surface hydroxyl 

sites deprotonate..  As a result, it becomes less favorable for the peptide to adsorb to the surface at 

high pH (viz. a decrease in the adsorption) since the adsorption is now facilitated mostly through 

the electrostatic interaction between the positively charged monomers and the negatively charged 

surface sites.  Our model generally underestimates the adsorption of the basic polypeptide which 

may be attributed to the extended nature of the lysine residue that in reality allows for an increased 

likelihood of favorable interactions with the surface.  While our model captures many of the 

important characteristics of polypeptides through its segment-level detail, it underestimates the 

conformational freedom of residues that can be significantly extended away from the overall 

polymer backbone. 

Figure 6b shows the effect of polypeptide KAKAKAKA adsorption on the speciation of 

the titanium surface.  Similar to the findings for polypeptide DADADADA, the speciation of the 

titanium surface is influenced by the polypeptide adsorption; although to a lesser degree since the 
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binding energy due to non-electrostatic interactions is much weaker (viz., 1.90 kBT vs. 5.50 kBT).  

There is a shift in the isoelectric point from 5.3 to 4.8 since the positively charged residues promote 

the deprotonation of the surface hydroxyl groups and inhibit the protonation.  Since the polypeptide 

adsorption takes place in the pH range from 6 to 10, the surface behaves as it would in a solution 

without the polypeptide outside this pH range.  As expected, the surface carries a greater negative 

charge at pH 7 when the peptide is adsorbed than it would have in the salt-only solution.  Overall, 

our model performs well to capture the adsorption of the basic polypeptide to the titanium surface 

since we account for the change in non-electrostatic binding resulting from the loss in possible 

binding sites on the surface.

Figure 7. (a) The surface composition (defined as the fraction of residues within the square-well 

width) for the adsorption of oligopeptide KAKAKAKA as a function of pH.  (b)  The density 

profile of oligopeptide segments as a function of the distance from the surface and solution pH.  

The bulk concentrations of polypeptides and KNO3 are 50 M and 100 mM, respectively.𝜇

Figure 7a shows the surface composition of oligopeptide KAKAKAKA adsorption at 

different pH values.  Unlike the surface composition for the oligopeptide DADADADA, there is 

significant variation in the surface composition for the basic polypeptide in the segment 
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distribution with pH.  The greater change can be attributed to the fact that the basic polypeptide 

does not interact with the surface non-electrostatically as strongly as the acidic polypeptide so it is 

more sensitive to the dependence of the surface charge on pH.  In other words, the electrostatics 

plays a greater role in determining the conformation of basic KAKAKAKA polypeptide than the 

acidic DADADADA polypepetide.  As the pH increases, K1 and A1 are the most likely to be 

present at the surface out of the other lysine and alanine residues, respectively.  We can attribute 

this trend to the N-terminus group, which is positively charged in the pH range considered, and 

neighbors the K1 residue leading to two consecutive positive charges in the polymer chain that 

can interact favorably with the negatively charged surface.  Since the A1 residue neighbors with 

the K1 residue, which in close contact with the surface, it is less likely for the A1 residue to orient 

away from the surface since K2 would also prefer to be near the surface.  On the other end, the 

lysine residue K4 is followed by the neutral A4 residue and then the negatively charged C-terminus 

group.  The C-terminus is repulsed by the negatively charged surface and therefore prefers to orient 

away from the surface.  In addition, the A4 residue can bind non-electrostatically to the surface, 

but it is outcompeted by the lysine residues and other alanine residues as indicated by Figure 7a.  

Therefore, we expect that the K4, A4, and C-terminus tend to form a tail region away from the 

surface.  It should be noted that the surface composition of the C- and N-terminus groups are less 

than 0.04 (not shown).  Clearly, the segment-level details are important for understanding the 

unique feature of polypeptide adsorption.

We present in Figure 7b the total segment distribution as a function of distance from the 

surface and pH.  The accumulation of the polypeptide at the surface follows a bell-shape with pH 

in the range of 3 to 11.  Unlike the acidic polypeptide, the basic polypeptide shows a noticeable 

presence of peptide in the following layers after the surface, particularly around pH 8.  The profile 
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away from the surface agrees with the notion that the peptide has a tail region away from the 

surface which is present with K4, A4, and C-terminus groups.  The weaker non-electrostatic 

binding results in more conformational flexibility for the polypeptide as it no longer needs to lay 

flat along the surface (i.e., within the square-well width) to maximize the surface attraction.

  

3.3 Adsorption of oligopeptide with acidic and basic residues 

Figure 8.  (a) The pH-dependence of adsorption isotherms for amphiphilic polypeptide 

DKDKDKDK on the titanium surface in a 100 mM potassium nitrate solution.  The lines are the 

theoretical predictions and the symbols are from experiment52.  (b) The fractions of different 

ionizable sites at the titanium surface in 100 mM KNO3 solution with and without the polypeptide 

(at 50 M).𝜇

The last case we consider is the adsorption of polyampholyte DKDKDKDK to the titanium 

surface. Figure 8a shows the adsorption isotherms at different solution pH values. The alternating 

sequence of the polypeptide leads to attractive intrachain interactions between neighboring 

residues; therefore, all residues maintain full ionization in the pH range considered in this work.  

As a result, the polypeptide has a net charge of zero and we expect that the polypeptide adsorption 
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would less sensitive to the change in surface charge and pH.  Indeed, we find that the polypeptide 

shows relatively similar adsorption for the pH 3.5, 4.5, and 6.5, but a noticeable drop in adsorption 

when the pH is 7.5.  The latter can be explained by the reduction in the non-electrostatic binding 

energy due to the deprotonation of the surface sites as the surface charges more negatively.  Thus, 

we find that the polyampholyte represents a middle ground between the strong binding by the 

aspartic-acid residues and the weaker binding by the lysine residues.  We show the influence of 

the polypeptide on the surface speciation in Figure 8b.  As expected from its “neutral” nature, the 

polypeptide has a minimal impact on the speciation of the titanium surface because it does not 

contribute to the net charge of the fluid.

Figure 9.  The segment profile for the (a) aspartic-acid residues and (b) lysine residues of the 

amphiphilic oligopeptide as a function of distance from the surface and solution pH.  The bulk 

concentrations of polypeptide and KNO3 are 50 M and 100 mM, respectively. 𝜇

Lastly, Figure 9 shows the segment distribution as a function of distance and pH for the 

two different residues in the oligopeptide DKDKDKDK.  The polyampholyte shows adsorption to 

the surface in the pH range from 2 to 8 after which the high charge of the surface leads to the 

counterions outcompeting the “neutral” polypeptide in the surface region.  By comparing Figure 
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9a and 9b, we see that the aspartic-acid residues dominate the surface region and show little 

presence in the following layers.  In contrast, lysine residues show a noticeable presence in the 

layer following the surface (but still within the square-well width); particularly at low pH.  Since 

aspartic-acid residues bind strongly to the surface through the square-well potential, they maintain 

a relatively consistent occupancy of the surface region in the pH range that the polypeptide is 

adsorbed to the titanium surface.  On the other hand, lysine residues do not bind as strongly to the 

surface and therefore are more susceptible to the variation in the surface charge.  When the surface 

is positively charged (low pH), it is more preferable to exclude lysine residues in the surface layer.  

On the other hand, at high pH, the favorable electrostatic interaction between the positively 

charged lysine residues and negatively charged surface leads to more adsorption of lysine residues 

in the surface region and, therefore, the presence of lysine in the second layer is reduced.  At low 

and high pH, the surface becomes highly charged and counterions will occupy the surface region 

instead of the polypeptide.  

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 polypeptides 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 have developed a molecular theory that is able to predict 

the adsorption of polypeptides on inorganic surfaces driven by electrostatic binding and/or surface 

complexation.  The thermodynamic model integrates ionization equilibrium for both polypeptide 
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and inorganic surfaces with the Ising density functional theory (iDFT) that facilitates an accurate 

description of the inhomogeneous distributions of polypeptides and ionic species near ionizable 

inorganic surfaces.  Importantly, this model accounts for both chemical and physical interactions 

between polypeptides and an inorganic surface, which is key to capturing the changes in adsorption 

due to variation in solution conditions.  

To demonstrate the effectiveness of our model, we compare the theoretical predictions 

directly with experimental adsorption data for different oligopeptides featuring acidic, basic, and 

neutral monomers on a titanium surface.  We have investigated the adsorption behavior of different 

oligopeptides at the titanium surface in aqueous solutions that are varied in pH. We found that 

polypeptide adsorption typically shows a maximum in pH that is dependent upon the type of 

residues in the peptide.  For acidic residues, the non-electrostatic surface binding makes a 

significant contribution to the adsorption even when the electrostatic charges of the acidic residue 

and the surface are of the same sign.  On the other hand, a basic residue like lysine shows a 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 where the 

surface sites are mostly deprotonated and as a result the non-electrostatic interaction is diminished 

due to the lack of hydrogen bonding sites for the carbonyl group in the backbone.

An accurate description of the charge regulation for both polypeptides and the underlying 

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

adsorption behavior of polypeptides, particularly when the peptide sequence contains acidic and 

basic residues, to inorganic surfaces.  The interaction between polypeptides and the surface also 

affects equilibrium between different charged states leading to the speciation of the polymer 

significantly different from that in the bulk solution.  Because of the shift in speciation, the peptide 
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adsorbed at a highly charged surface may exist in an ionized state of opposite charge to the surface 

while those in the bulk solution are entirely neutral.  Although the coarse-grained model to capture 

polypeptide adsorption employs a number of semi-empirical parameters (viz. square-well 

attraction energy for the monomers lysine, alanine, and aspartic acid), it provides a predictive 

description of thermodynamic non-idealities that are relevant to describe the environmental effects 

on both polypeptide adsorption and chemical equilibrium.  In the future, we plan to extend this 

theoretical framework to describing the adsorption of flexible proteins which are of keen interest 

for practical applications such as in bioadhesives.
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