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Abstract 

Single amino acids are present in blood plasma and are the building blocks of larger organic 

residues. Their interaction with surfaces is therefore crucial for biomedical applications in 

contact with blood. In this work, we use well-tempered metadynamics to study the adsorption 

of six amino acids, with non-polar (Ala and Leu), polar (Ser), positively charged (Arg and Lys) 

and negatively charged (Asp) side groups, on a negatively charged rutile (110) surface. The 

free energy of adsorption and the desorption barriers were determined for all amino acids under 

different adsorption conformations. When using the center of mass as the collective variable in 

well-tempered metadynamics, results for different amino acids were difficult to interpret due to 

different adsorption conformations on the surface overlapping in collective-variable space. 

After projecting onto separate collective variables for the backbone and the side group much 

clearer trends were observable. We show that, on the negatively charged surface of rutile, 

adsorption via the backbone occurs for all the amino acids irrespective of their side group. 

Adsorption driven via the side group only occurs for polar and charged side groups as opposed 

to the non-polar side groups. This points to the importance of interactions of the side group with 
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the strongly structured water layer rather than direct side group-surface interactions in 

determining the adsorption behavior. 

 

1. Introduction 

A thin oxide layer forms on titanium surfaces in the presence of air or water and it is reported 

that titanium biomaterials owe their biocompatibility to this oxide layer.1–2 Inorganic surfaces, 

such as the titanium oxide layer on an implant, are covered by organic residues rapidly after 

their implantation in the body;3–5 this can be favorable, in the case of biosensors and drug 

delivery systems;6 or unfavorable, where interactions of the surface with ions and cells in the 

blood plasma, are hindered or prevented by this organic layer.7 

Alongside experimental studies, computational work can provide insights on the 

underlying interaction mechanism. Molecular dynamics (MD) is one of the atomistic tools for 

performing computational studies on the interactions of molecules with surfaces.8 In the 

equilibrium state, the system spends a significant portion of time within stable states,9 which 

are local energy minima; rare events move the system from one stable state to the other.10 Rare 

events occur very infrequently, due to the large energy barriers associated with them, but rather 

quickly once the barrier has been surpassed.9 Observation of rare events in a standard molecular 

dynamics simulation is unlikely due to the still relatively short timescales accessible using 

current hardware and software.10–13 Enhanced sampling methods, such as metadynamics, which 

we use here, bias the potential energy of the system to promote rare events. In metadynamics, 

Gaussians bias potentials are deposited in a space defined by one or a few collective variables 

(CVs).14,15 The free energy can be derived from the deposited bias potential. In well-tempered 

metadynamics, which is one of the flavors of metadynamics, the deposition rate and bias height 

of these Gaussians decrease over the simulation time.15,16 
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Free amino acids represent one group of the many different biomolecules present in blood 

plasma17 and they also build up larger organic residues such as peptides and proteins. Each 

amino acid consists of an amine group, a carboxyl group and a 𝐶" which carries a hydrogen 

and a side group. The different side groups determine specific properties of amino acids. The 

small size of single amino acids makes their adsorption on a biomaterial surface more probable 

in the initial steps after implantation since they are expected to have faster kinetics compared 

to other (larger) biomolecules. Both experimental, as well as computational studies, have 

investigated the interaction of amino acids, in forms of single residues or sequences, with 

inorganic surfaces.5,18–20 One of the main debates on this topic is whether the nature of such 

interaction is entirely electrostatic.21 For example, adsorption of positively charged Lys to the 

titanium oxide with a negative charge is reported to be purely electrostatic at neutral pH.22 

Tentorio et al.23 also observed that adsorption of Glu and Lys on amorphous titanium oxide 

nanoparticles always happens in the pH range where attractive Coulomb interaction exists but 

it also occasionally occurs in the pH range where the Coulomb interaction is repulsive. Notman 

et al.19 compared the free energy of adsorption of methane (as the side chain of Ala) and 

methanol (as the side chain of Ser) on a quartz (100) surface using MD simulations. The free 

energy landscape for both moieties was similar, which is not expected as the two analogues are 

different (hydrophobic and polar, respectively). It was argued that the surface shields the 

hydrophobic residue (methane) from water, favoring the adsorption of the hydrophobic side 

chain on the quartz surface.  

It is also still unclear whether the adsorption and interaction of a single amino acid with an 

inorganic surface is fully determined by the side group as it has been reported that in a 

zwitterion, the three potential binding groups (the amine group, the carboxyl group and the side 

group) compete to interact with the surface.24,25 Schmidt studied the adsorption of different 

amino acids on the titanium oxide surface in different pH ranges.25 Side groups from similar 
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categories (either non-polar, polar or charged) did not lead to similar adsorption behavior in the 

same pH range. While some non-polar amino acids adsorbed, others did not; the same behavior 

was observed for amino acids with polar side groups. However, amino acids with charged side 

groups (either positive or negative) always adsorbed on the surface. 

In much computational work, the side group of the amino acids has often been studied 

because in a peptide chain, both the carboxyl group and amine group are engaged in peptide 

bonds with the neighboring amino acids and the interaction with the surface is mainly via the 

side group. Sultan et al.26 used metadynamics to study the energetics of adsorption of the end 

part of the side chain (side chain analogues) of some amino acids on a rutile (110) surface with 

a surface charge density of -0.104 C∙m-2. The non-polar side groups showed weak interaction 

with the surface while polar and charged side groups showed strong interaction; the side groups 

with an opposite charge to the surface adsorbing the strongest. For the polar and charged side 

chain analogues, they noted that the adsorption affinity increased in the order of Ser, Asp, Lys 

and Arg. 

Brandt et al.27 used umbrella sampling and metadynamics to look at the same question but 

on a non-hydroxylated and charge neutral rutile (100) surface. They looked at analogues of the 

side group for all 20 naturally occurring amino acids. The results of both methods were 

consistent and showed that polar and aromatic side groups had strong interactions with the 

surface while the non-polar (and non-aromatic) side groups had a weak affinity for the surface. 

Ser showed the strongest adsorption on the neutral rutile (100) surface and the free energy of 

adsorption increased in the order of Ala, Lys, Leu, Asp, Arg and Ser. They observed that 

positively charged Lys had a lower adsorption energy than the non-polar Leu; in fact, the 

authors mention that a trend for the charged side chains could not be generalized and the reason 

was that the strongly bound water on the surface shields the interactions between the surface 

and charged functional groups. 



 
 

5 

The free energy of adsorption of full amino acids using well-tempered metadynamics was 

studied on gold and silver surfaces.28 While the adsorption behavior on a metallic substrate 

should be different from an inorganic surface, this study seems to be the closest study to ours, 

which considers the entire unit of amino acids and not just the side group. The authors observed 

different trends for different substrates. The adsorption free energy increased in the order of 

Leu, Ala, Lys, Asp, Arg and Ser on the silver substrate and in the order of Lys, Ala, Asp, Ser, 

Leu and Arg on the gold substrate.  

Here, we use well-tempered metadynamics to investigate the adsorption conformation and 

behavior of different amino acids on a rutile surface from the viewpoint of the free energy. In 

considering the full amino acid, we would like to explore whether it is the side group or 

backbone which mainly drives the adsorption. Six amino acids are chosen to cover those with 

polar, non-polar and charged side groups. All the simulations are performed on the rutile (110) 

surface which carries a small negative charge. This surface has the lowest surface energy among 

other rutile surfaces and therefore, it is the most stable surface of rutile.2 The well-tempered 

metadynamics simulations were carried out using a single collective variable (center of mass 

of the amino acid) followed by projection of the results onto two collective variables (center of 

mass of side group and backbone) for further analysis. 

 

2. Simulation methods 

Rutile surface. We study the (110) surface of rutile which is hydroxylated in presence of air or 

water. Two types of hydroxyl groups form on this surface: the bridging and the terminal 

hydroxyl.29 Under physiological conditions (T~37 ℃ and pH~7.4), rutile is negatively charged 

with a surface charge density of approximately -0.1 C∙m-2,30,31 which stems from a partial 

deprotonation of bridging hydroxyl groups. Predota et al. showed that surface groups of rutile 

(surface Ti and the hydroxyl groups) are variable-charge atoms29 and presented the partial 
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charges of these groups for different surface charge densities.32 In the current work, we are 

concerned with the interaction of the amino acids with a single charged site on the surface, 

mainly to avoid complications related to the distribution of charged sites and the complexities 

which it can add to draw conclusions. Therefore, in this paper, we deprotonate only one bridging 

hydroxyl group on the rutile surface, which has 72 bridging and 72 terminal hydroxyl groups. 

This single deprotonated hydroxyl results in a surface charge density of -0.011 C∙m-2 on our 

rutile (110) surface. The surface, the hydroxyl groups on the surface, and the single charge point 

on the surface are shown in figure S1. The partial charges of the surface groups at this surface 

charge density were calculated as explained in section SI-2 of the SI. 

The surface dimensions of the rutile slab were 35×38 Å( with a thickness of 70 Å. A water 

layer with a thickness of 90 Å was added on one side of the solid slab in the z direction. The 

thickness of the solid slab was selected such that interactions between the upper and lower faces 

of the slab were avoided. Also, the thickness of the water layer assured bulk water properties 

when far from the solid-liquid interface or the liquid-vacuum surface. Periodic boundary 

conditions were applied in all directions. Along the z direction, the periodic images were 

separated from each other by a vacuum gap of 100 Å to prevent interaction between periodic 

images of the simulation box. 

Amino Acids. Six amino acids were chosen (figure 1): alanine and leucine (Ala and Leu; both 

with a non-polar side group), serine (Ser; with a polar side group), aspartic acid (Asp; with a 

negatively charged side group), and arginine and lysine (Arg and Lys; both with positively 

charged side groups). The selection of amino acids was made in a way to consider amino acids 

with different side groups. Also, the amino acids were chosen similar to those present in the 

titanium-peptide binding sequence which consists of Arg-Lys-Leu-Pro-Asp-Ala amino acids. 

This hexapeptide has proven to have a high affinity for several surfaces, including titanium. In 

our choice of amino acids, we replaced the aromatic and non-polar Pro with the polar Ser. pKa 
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and pKb for all amino acids are less than 3.0 and more than 8.0.33 In the pH range between these 

two values (e.g., the physiological pH of 7.4 at 37 ℃), the carboxylate group is deprotonated 

and the amine group is protonated; amino acid in this state is called a zwitterion. The overall 

charge of the amino acid in the zwitterion state depends on the charge of the side group. The 

charging state of the side groups of each amino acid was chosen based on its pK. Therefore, 

with a pK of 12.48 and 10.53, for the amine side groups of Arg and Lys,33,34 respectively, their 

side groups are protonated. With a pK of 3.65 for the carboxyl side group of Asp, 33,34  its side 

group is deprotonated. Ala, Leu and Ser have non-polar and polar side groups which do not 

protonate or deprotonate. 

 
Figure 1. Amino acids studied in this work; a) 

alanine, b) leucine, c) aspartic acid, d) serine, e) 

arginine and f) lysine. Amino acids are labelled 

using their abbreviations in the figure. The 

atoms in blue are considered as the backbone 

and the atoms in red are the side group. Some of 
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the analyses, as stated in the text, are based on 

the atoms shown with outline font. 

 

Force fields. The classical force field developed by Predota et al.29 was used to define 

interaction parameters of rutile. Water was modelled using the SPC/E model.35 Rutile-water 

interactions were described by the parameters proposed by Predota et al.29 which are based on 

previous ab initio studies.36 The force field input files for the amino acids were prepared by the 

DL_FIELD package.37 The CHARMM force field38 was used in this package to obtain the 

interaction parameters. Parameters for cross-interactions between water and the amino acids, 

and between rutile and the amino acids were all obtained using the mixing rules of Lorentz-

Berthelot.39 Since the parameters in the Lennard-Jones form are required to use these mixing 

rules, fitting of the Lennard-Jones form to the force field parameters of rutile to the Buckingham 

form was carried out (see SI-3). It should be noted that for describing rutile, we used the force 

field developed by Predota et al.29 in the Buckingham form and the Lennard-Jones parameters 

were used only for rutile-amino acid interactions. The cutoff for the short-range van der Waals 

interactions as well as the real space part of the electrostatic calculations was 12 Å. Long-range 

electrostatics were treated by an Ewald summation. A Nosé-Hoover thermostat with a 

relaxation time of 0.5 ps was used to impose a temperature of 37 ℃ in the NVT ensemble. The 

equations of motion were integrated with a time step of 0.7 fs. The integration algorithm was 

Verlet leapfrog. 

Simulation details. Well-tempered metadynamics simulations16 were performed using 

DL_Classic v1.940 with the Plumed plugin v2.2.2.41 Gaussian hills with an initial height of 1 

kJ∙mol-1 and a width of 0.5 Å were deposited every 2,000 time steps (1.4 ps) with a bias factor 

of 15. Before production runs, each system was equilibrated for 200-250 ps during which the 

𝐶" atom of the amino acid was kept fixed at a distance of 15 Å from the surface. All atoms of 



 
 

9 

the rutile slab, except the hydroxyl groups on the surface, were kept frozen during the 

equilibration and production runs to speed up the computation. The perpendicular distance of 

the center of mass of the amino acids from the surface was considered as the collective variable 

(CVCOM) and it was limited to a distance of 12 Å from the surface in the z direction. The surface 

position was defined to be the average z component of the oxygen atoms of all the hydroxyl 

groups. In the XY plane, the center of mass of the amino acid was confined to move within a 

radius of 4 Å around the charge point on the surface (figure S1).  

To be able to better differentiate the role of the backbone and the side group of an amino 

acid in its adsorption behavior, we projected the results obtained in the CVCOM space into a two- 

dimensional space that allows us to differentiate between adsorption of the backbone and the 

side chain. The validity of this so-called reweighting approach,42 in particular in combination 

with well-tempered metadynamics, was previously shown for projections onto two dihedral 

angles after having biased the dynamics of only a third dihedral in an alanine dipeptide.42 

Plumed analysis tools were used for post-processing. The ‘reweight_metad’ functionality of 

Plumed was first used cancel out the bias applied to the system due to the usage of CVCOM. This 

functionality implements the Tiwary-Parrinello reweighting method42 to an already biased 

trajectory. Then, the ‘histogram’ functionality was used to accumulate the average probability 

density of the two new collective variables. Finally, ‘convert_to_fes’ was used to obtain the 

free energy profile. 

The two-dimensional space we project into is spanned by the collective variables CVBackbone 

and CVSide. Both collective variables represent the distance from the surface in the z direction 

for the center of mass of a part of the amino acid. The CVBackbone takes into account the amine 

group, the carboxyl group, the 𝐶" and its hydrogen. The CVSide includes the rest of the amino 

acid which we refer to as the side group. The groups of atoms considered for the backbone and 

the side group are shown in figure 1 in blue and red, respectively. The free energy landscape as 
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a function of these two collective variables helped us to detect favorable adsorption 

conformations. We will also be able to see if an amino acid prefers to approach the surface 

mainly via the backbone, the side group or both. 

All simulations were carried out for 20 ns, corresponding to 31-44 days per calculation on 

our available HPC resources. Using the block analysis method, the average error of the 

calculations was estimated for different block sizes. Figure S3 shows the error corresponding 

to each amino acid as the block size increases. As the convergence of the error value can be a 

proper criterion for sufficient sampling, we can say that the simulation length is acceptable. The 

estimated error associated with our calculations (performing well-tempered metadynamics 

using the CVCOM) is less than 1.6 kJ.mol-1.  

 

3. Results and Discussion 

3.1.Water-Surface interactions and adsorption mode of amino acids 

It has been shown that close to rutile surfaces, independent of surface charge, water is orientated 

in a few layers with a higher density than bulk water.26,29,43 The water density in the normal 

direction to the surface is plotted in figure S4. As it can be seen in this figure, there are high-

density water layers at distances of 2.35 and 4.6 Å from the surface, which is in agreement with 

previous studies.29,44,45 We define direct binding when a group binds directly to the surface 

without the presence of intermediate water molecules. During this binding mode, the binding 

group has to lose some of its associated water molecules. Unlike direct binding, indirect binding 

involves the presence of water molecules between the binding group and the surface. Many 

studies have emphasized the competition between water and the adsorbate during the adsorption 

of organic residues on the surface. In many cases, the indirect binding can have a long residence 

time and can be the primary binding mode of the adsorbate.27,46,47 The stability or residence 

time of a bound configuration depends on the energy required to distort the bond. If such energy 
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is not negligible, the bond will have a longer residence time. For the sake of simplicity, in our 

study we have considered the adsorption mode to be indirect if the bonding distance from the 

surface is further than the water layer closest to the surface (at 2.35 Å) since in such a case, 

water molecules are present between the adsorbent and the surface. We consider the bonding 

mode to be direct if the adsorption distance from the surface is closer than this water layer to 

the surface mainly because in such a case, the adsorbent has a high affinity for the surface which 

has allowed it to pass the closest water layer to the surface, reach the surface and have a direct 

interaction with it. 

The distance of the main atom of each group (outline fonts in figure 1) from the surface is 

shown in figure 2 (for those with two end atoms in the side group, the average value is plotted); 

we also present some atomic snapshots over the simulation time in this figure. Close 

observation of this figure for different amino acids reveals that in the adsorbed state, most of 

the time, one of the potential binding groups is closer to the surface than the first water layer 

(shown as the horizontal dashed line in figure 2) meaning that the adsorption is driven by direct 

binding with at least one of the groups. For the cases where the adsorption is mainly via the 

carboxyl group (e.g., figure 2-b in the time interval of 16-18 ns) or a negatively charged side 

group (figure 2-c in the time interval of 12-12.5 ns), the repulsive electrostatics between the 

negative charge point on the surface and the negatively charged binding group of the amino 

acid (the carboxyl group in the backbone or the side group of Asp) causes the adsorption to take 

place slightly farther from the surface (figure 2-c-ii). Nonetheless, since there is no water 

molecule between the binding group and the surface, this adsorption mode is still considered to 

be direct (figure 2-b-ii). In fact, based on figure 2, we do not observe any indirect yet stable 

binding of the amino acid to the surface, i.e., there is no clear stable adsorption in which the 

distance of the binding group from the surface is more than the first water layer while water 

molecules can be seen in the atomic snapshot between the binding group and the surface.  
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Figure 2. Distance from the surface of outlined atoms of figure 1, for a) Ala, b) Leu, c) Asp, d) Ser 

e) Arg and f) Lys. For Leu, Asp and Arg the red plot corresponds to the average of two outlined 

atoms of the side group in figure 1. The dashed horizontal line shows the position of the first water 

layer. Atomistic snapshots (labelled by i, ii and iii) were visualized by Vesta48 and correspond to the 

time points shown by grey lines. 

 

3.2.Free energy profile using CVCOM 

The free energy as a function of the center of mass of the amino acid from the surface (collective 

variable CVCOM), is shown in figure 3. This CV allows the amino acid to approach the surface 

in different orientations and conformations of the backbone and the side group. In previous 

studies by other groups, the center of mass was used to examine the energetics of the 

adsorption;26,27 since these studies investigate only side group analogues of the amino acid, the 

use of this collective variable can be sufficient in obtaining proper free energy profiles of the 

adsorption. Here, however, we observe that using only CVCOM fails to provide sufficient details 

with respect to the adsorption behavior; for example, in figure 3, it is unclear why Ala and Ser 

have similar energy landscapes and what causes a single-well landscape for these two amino 

acids but not for the others. Even Arg and Lys, which have similar positively charged side 

groups, show different energy states in their multi-well energy profiles. Consequently, we use 

the so-called reweighting method42 so that we could extract more details from the atomistic 

trajectories. 
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Figure 3. Free energy profile as a function of 

the CVCOM (distance of the center of mass of 

amino acid from the surface). 

 

3.3.Free energy profile after reweighting 

The nature of the adsorption mode can be further understood by reconstructing the free energy 

of adsorption with respect to the backbone and the side group using a reweighting method42 as 

explained in the following. It is important to note that increasing the dimensionality of the CV 

space during reweighting can lead to limitations and that directly performing well-tempered 

metadynamics using CVBackbone and CVSide would be preferable, although computationally much 

more intensive. We hence use reweighting here as a means of projecting results of CVCOM into 

the two-dimensional space of CVBackbone and CVSide. It should also be noted that we tried 

reweighting using two separate collective variables for the amine and the carboxyl group but 

the small and almost constant distance between these two groups makes these two collective 

variables correlated. As the collective variables in metadynamics should be independent, the 

amine and carboxyl groups, along with 𝐶" and its hydrogen, were considered as the backbone 

group while the remaining part of the amino acid was considered as the side group (see blue 

and red coloring in figure 1, respectively). 

The free energy landscape as a function of the CVBackbone and the CVSide is shown in figure 

4. All the amino acids show an energy minimum where both the CVBackbone and the CVSide are 
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small (point A). In such a conformation, both the backbone and the side group are involved in 

the adsorption of the amino acid on the surface. An energy minimum at point S (small CVSide 

and large CVBackbone) represents adsorption of the amino acid via only its side group while an 

energy minimum at point B (small CVBackbone and large CVSide) represents the adsorption of the 

amino acid only via the backbone. 

 

   
Figure 4. Free energy landscape as a function of 

CVBackbone and CVSide, which are the distance of 

the center of mass of the backbone and the side 

group from the surface, respectively for a) Ala, 

b) Leu, c) Asp, d) Ser e) Arg and f) Lys. Points 

A, B and S are adsorption via A: both backbone 

and side group, B: backbone and S: side group. 
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The free energy map in 2D (figure 4) can be further clarified by using the radius of gyration 

(Rg) of the individual amino acids (figure S5-a). Here, we discuss the adsorption behavior of 

amino acids in increasing order of Rg which is Ala, Ser, Asp, Leu, Lys and Arg; the values are 

reported in table 1 and are obtained from performing molecular dynamics simulations on a box 

of water containing single amino acids (figure S5-b). Ala, as the amino acid with the smallest 

Rg, shows a single energy well at point A in which the adsorption seems to be via both the 

backbone and the side group (figure 2-a-i and ii). However, close observation of figure 2-a 

reveals that in the adsorbed state, most of the time, the adsorption is directly driven by the amine 

group (figure 2-a-iii). We can also see in figure 4-a that the energy minimum of Ala at point A 

is extended vertically, which shows that in this adsorption conformation, the side group is 

further from the surface than the backbone. So, the dominant adsorption mode of Ala is rather 

with the amine group in the backbone than the backbone and side groups together. 

 

Table 1. Radius of gyration, adsorption energy on the surface and normalized desorption rates 

for the amino acids. 

Amino 
acid Rg [Å] ∆𝑬𝒂𝒅𝒔 

[kJ∙mol-1] 
𝒓𝒅𝒆𝒔

𝑨1  

Ala 1.87 ± 0.02 50.14 3.53 * 10-9 

Leu 2.40 ± 0.03 30.92 6.13 * 10-6 

Asp 2.08 ± 0.02 32.83 2.92 * 10-6 

Ser 1.99 ± 0.03 54.92 5.52 * 10-10 

Arg 3.18 ± 0.10 < 4 Å: 3.89 
4-8 Å: 10.52 

2.21 * 10-1 
1.68 * 10-2 

Lys 2.90 ± 0.07 91.06 4.46 * 10-16 

 

Ser has a slightly larger Rg compared to Ala and as seen in figure 2-d-i, ii, iii, it can adsorb 

either via the side group or the side group and the backbone. The fact that we observe only one 

energy minimum for Ser at point A, similar to Ala, is due to its small size, which does not allow 
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us to resolve other possible energy minima such as B and S. For Asp, we observe that the energy 

minimum at point A is extended both vertically towards the region of adsorption via the 

backbone and horizontally towards the region of adsorption via the side group. However, it 

seems that the size of Asp is still too small for the energy minimum to be separated from each 

other. In summary, for smaller amino acids (Ala, Asp and Ser), in our setup, the small Rg 

prevents the formation of a noticeable energy minimum other than point A even if either of the 

side group or the backbone are mainly driving the adsorption. 

Leu exhibits a similar behavior to Ala; in the adsorbed state, the adsorption is direct via the 

backbone (figure 2-b-i, ii and iii). The larger size of Leu allows the formation of the energy 

minimum at point B. Arg and Lys exhibit several energy minima, as well. One would expect 

similar free energy landscapes for Arg and Lys due to their similarity in having a positively 

charged side group but the minimum at point B does not appear for Arg.  One explanation could 

be that since Arg has a larger Rg than Lys (figure S5), in cases where the backbone is adsorbed 

on the surface, the larger Rg of Arg (or eventually its longer chain) provides it with more 

flexibility, which makes it possible for the side group to undergo conformational changes and 

find a second adsorption site on the surface (figure 2-e-i). Consequently, we believe that the 

adsorption via the backbone generally leads to the concurrent adsorption of the side group on 

the surface and so, point B is not present for Arg. Nevertheless, figure 2-e-ii represents 

adsorption of Arg via the backbone, which is transient as it eventually is accompanied by the 

adsorption of the side group. For Lys, on the other hand, the side group is slightly shorter which 

reduces its flexibility compared to Arg. As a result, we observe adsorption via a single group 

(backbone or side group) and both these groups for this amino acid (figure 2-f-i, ii, iii), which 

is reflected by the presence of three distinct energy minima. 

Figure 4 also helps us to understand different free energy landscapes, which were observed 

in figure 3. As already mentioned, we see that for small amino acids, separate energy minima 
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do not form and consequently, Ala, Ser and Asp show one major energy well in figure 3. 

Similarly, we can now explain why the other three amino acids show multiple or broader energy 

wells in figure 3. Thus, we show that using only CVCOM is not sufficient in studying the detailed 

adsorption behavior of amino acids especially with a larger size. 

To compare the adsorption conformation of different amino acids more quantitatively and 

discuss the adsorption conformations in more details, we replot figure 4 in 1D, where the free 

energy is projected along each collective variable (figure 5). In figure 5, the deep well at 

distances less than 5 Å from the surface, for all amino acids, points to the energy minimum at 

point A in figure 4. For Ala, Asp and Ser, free energy along the CVBackbone is very similar to the 

free energy along the CVSide which is due to their small Rg which causes them to possess one 

major energy well (figures 3 and 4). For Ala, we observe that the deep energy well of the 

backbone (figure 5-a in blue) is closer to the surface than that of the side group (figure 5-a in 

red) which is the other way around for Ser. This again shows that in the adsorbed state, the 

backbone is closer to the surface than the side group for Ala, but the side group is closer than 

the backbone for Ser (figure 2-a-iii and 2-d-ii). This is attributed to the non-polar and polar 

nature of the Ala and Ser side group, respectively. 

The energy wells along the collective variables are labeled in figure 5 in accordance with 

figure 4. As mentioned before, Arg is slightly longer than Lys and this can be seen in figure 5 

where the distance of the energy minimum at point S for Lys is closer to the surface compared 

to Arg. For Lys side-group adsorption is more favorable than backbone adsorption with an 

energy difference of 1.72 kJ∙mol-1 and is less favorable than the double adsorption with an 

energy difference of 7.87 kJ∙mol-1. 
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Figure 5. Free energy profile projected along 

only one collective variable (CVBackbone: blue: 

and CVSide: red). ‘B’ is the energy minimum 

along CVSide and ‘S’ is the energy minimum 

along CVBackbone, for a) Ala, b) Leu, c) Asp, d) 

Ser e) Arg and f) Lys. 

 

3.4. Desorption rate from the surface 

In table 1, we also report the energy gain of amino acids during the adsorption (∆𝐸456), which 

is the difference between the solvated state (distances larger than 8 Å from the surface) and the 

global energy minimum (normalized to 0 kJ∙mol-1 for all the amino acids) in figure 3. Only for 

Arg, adsorption and desorption seem to be separated by an intermediate energy barrier close to 

4 Å (figure 3). Therefore, for Arg, we mention the depth of energy well at two regions: before 

4 Å and between 4 and 8 Å. From table 1, we see that ∆𝐸456  for Ala and Ser is similar. For Asp, 

we only observe an energy minimum at point A in figure 4. However, ∆𝐸456  of Asp on the 

surface is smaller than for Ala and Ser, the reason for which we think is the repulsive 
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electrostatics between the charge point on the surface and the side group of Asp, which make 

the adsorption less favorable. 

The smaller ∆𝐸456of Leu compared to Ala, which both have non-polar side groups, might 

be due to the fact that the Ala side group contains one methyl group (CH3) while Leu contains 

two. The non-polar side groups might be trying to avoid the well-defined water structure close 

to the rutile surface more in the case of Leu with two methyl groups compared to Ala. Even 

though both Arg and Lys have a side group with a +1e charge, they are different in their 

functional groups; Arg ends with two NH2 groups while Lys has one NH3 group (figure 1). 

While the Lennard-Jones interactions, which describe the interaction of these group with other 

atoms, are similar for both Arg and Lys, the nitrogen and hydrogen atoms are more negative 

and positive, respectively, in Arg compared to Lys. 

∆𝐸456  for Lys is larger than for all other amino acids. Since this amino acid has a stable 

adsorption via the side group or via the backbone, the addition of these two results in a larger 

energy gain when we study the adsorption using CVCOM.  

Given the barrierless adsorption profiles, we can use ∆𝐸456  and the transition state theory 

to have an insight into the desorption rate of amino acids from the surface. The rate constant of 

a transition with an activation energy of ∆𝐸 can be described as 𝐴exp(−∆𝐸 𝑘>𝑇1 ); where A is 

a pre-exponential factor describing the attempt rate, and 𝑘> and T are the Boltzmann constant 

and temperature, respectively.49 The coefficient A is the temperature-dependent rate prefactor 

and is typically in the range of 1013-1014 [1/s]. In order to avoid the problem of choosing a 

specific value for the pre-exponential factor, we present the desorption rate of amino acids from 

the surface, normalized by A, in table 1 which is unit-less. If we were to consider a value for A, 

it will be the same value for all rate constants of amino acids. 

 

3.5.Amino acid-Water interactions 
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During the adsorption process, the binding groups of the amino acids have to lose some of their 

associated water molecules. To see which amino acids have a stronger association with water, 

we can look at the radial distribution function of the amine, carboxyl and side groups with 

respect to the oxygen of water. For this analysis, we performed unbiased molecular dynamics 

simulation of the individual amino acids solvated in water. The radial distribution functions 

between the amine group and the carboxyl group with the oxygen of water (shown in figure S6) 

are similar for all the amino acids. Figure 6 shows the radial distribution function between the 

side group (atoms with outline fonts in figure 1) and oxygen of water. For Arg, Asp and Leu, 

the radial distribution function is plotted only for one of the atoms of the side group shown with 

outline font (figure 1). The absence of a significant peak for Ala and Leu, at distances closer 

than 4 Å, is due to their hydrophobic nature. The polar and charged amino acids show strong 

interaction with water molecules. Asp shows the strongest interaction with water molecules 

which is due to the side group consisting of bare oxygens while in Arg, Lys and Ser functional 

groups, the oxygens are bonded to hydrogen atoms. The difficulty for the side group to lose 

some of its associated water is related to the energy difference between the maximum and the 

local minimum in figure 5 (on the CVSide plot). This increases in the order of Ser, Arg, Lys, Asp 

which is in agreement with figure 6. This can help us also explain the trend of  ∆𝐸456  in table 

1 where, we see that for example, the adsorption of Asp on the surface is accompanied with a 

larger energy compared to that of Arg. 
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Figure 6. Radial distribution function of the side 

group with water (OW). 

 

3.6. Summary 

As mentioned in the introduction, to the knowledge of authors, most of the computational work 

on the adsorption of amino acids on surfaces only considers the side group. Thus, it is difficult 

to directly compare our results with those in the literature. Nevertheless, in general based on 

the literature, it seems that on a charge neutral surface, Ser has a high affinity for the surface 

and on a charged surface, amino acids with an opposite charge to the surface show higher 

affinity. The non-polar amino acids show a low affinity for surfaces. Our results are in 

agreement with these observations thus validating the use of the reweighting method for our 

system. Using this method, we were able to extract more information from our well-tempered 

metadynamics simulations and to explain the free energy changes associated with the 

adsorption of amino acids on the rutile (110) surface.  

Compared to the results of Sultan et al.26 and Brandt et al.27 (the latter being for the (100) 

surface and not the (110) surface), which show that non-polar side chain analogues have a very 

weak or even repulsive interaction with the surface, we argue that when considering the entire 

amino acid in its zwitterion state, the adsorption can occur even for these amino acids, which 

is in agreement with the work of Tran et al.24 where the adsorption of Ala on the titanium oxide 
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surface was observed. To address the questions posed in the introduction, on whether the 

interaction of amino acids with the surface is thoroughly electrostatic, or is driven only via the 

side group, we believe that the electrostatic interactions are important since they can lead to the 

adsorption of the backbone of a zwitterion even if the side group is non-polar. We also show 

that the adsorption of a zwitterion on a charged surface can be via the backbone, as it contains 

charged amine and carboxyl groups. There is a competitive adsorption between water and the 

amino acids on the surface. The high hydrophilicity of the surface leads to strongly structured 

water layers to an extent where only polar and charged side groups but not non-polar side groups 

are able to traverse the water layer and directly bind to the surface. 

 

4. Conclusion 

We have studied the adsorption of six amino acids – covering polar, non-polar and charged side 

groups – onto a negatively charged rutile (110) surface using metadynamics in the presence of 

water. Our metadynamics simulations reveal that if we consider only the distance of the center 

of mass of an amino acid to the surface as the collective variable, it does not provide sufficient 

details on the adsorption conformation to allow us to differentiate between different adsorption 

modes. Using the reweighting method, we project the free energy into a space of two collective 

variables, the distances of the backbone (carboxyl, amine, 𝐶" and its hydrogen) and the side 

group to the surface, and show that the adsorption in the vicinity of a negative charge point can 

always happen via the backbone (mainly the amine group) irrespective of the type of the side 

group. This explains why adsorption of amino acids on surfaces was previously reported, even 

for repulsive or weak interaction of the side group with the surface. The adsorption of amino 

acids with non-polar side groups is shown to be mainly via their backbone. For polar and 

charged amino acids, both the backbone and the side group can engage in the binding process 

and adsorption is robust when the side group has an opposite charge to the surface. Since the 
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rutile surface is hydrophilic, a potential binding site has to lose the strongly orientated water 

molecules close to the surface to be able to directly bond the amino acid. We observe that only 

direct binding is stable and no indirect yet stable binding was observed. From the computed 

energy profiles, relative adsorption strengths and adsorption-desorption kinetics can be 

estimated via transition state theory to further enhance our understanding of the kinetics of 

amino acid interactions with surfaces. Experimental studies are currently being undertaken in 

our laboratory to further validate our results  using zeta potential measurements and TGA by 

obtaining adsorption isotherms. 
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