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Abstract

A major barrier to the systematic improvement of biomimetic peptide-mediated strategies for 

the controlled growth of inorganic nanomaterials in environmentally benign conditions lies in 

the lack of clear conceptual connections between the sequence of the peptide and its surface 

binding affinity, with binding being facilitated by non-covalent interactions.  Peptide 

conformation, both in the adsorbed and non-adsorbed state, is the key relationship that 

connects peptide-materials binding with peptide sequence. Here, we combine experimental 

peptide–titania binding characterization with state-of-the-art conformational sampling via 

molecular simulations to elucidate these structure/binding relationships for two very different 

titania-binding peptide sequences. The two sequences (Ti-1: QPYLFATDSLIK and Ti-2: 

GHTHYHAVRTQT) differ in their overall hydropathy, yet via quartz-crystal microbalance 

measurements and predictions from molecular simulations, we show these sequences both 

support very similar, strong titania-binding affinities. Our molecular simulations reveal that 

the two sequences exhibit profoundly different modes of surface binding, with Ti-1 acting as 

an entropically-driven binder while Ti-2 behaves as an enthalpically-driven binder. The 

integrated approach presented here provides a rational basis for peptide sequence engineering 

to achieve the in-situ growth and organization of titania nanostructures in aqueous media and 

for the design of sequences suitable for a range of technological applications that involve the 

interface between titania and biomolecules.
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Introduction

The  recognition  of  nanostructured  inorganic  materials  by  biomolecules  such  as  peptides  is  an 

intriguing  phenomenon  found  throughout  nature,  which,  if  exploited  systematically,  promises 

transformative  applications  in  materials  science.1-4  Use  of  bioinspired  approaches  to  realize  the 

nucleation, growth and functionalization of materials in aqueous media, principally by the addition 

of peptides5-6  shows exciting promise, and has become the subject of intense scrutiny for a range of 

materials7, such as noble metals,8-9 graphene10-11 and silica,12 in addition to titania (TiO2).

TiO2 (titania) is an attractive material for use in medical and environmental applications13 due to 

its  optical,  adsorbent  and  catalytic  properties14  and  also  its  moderately  benign  interface  with 

biological matter, leading to its widespread use in biomedical implant materials.15-16 Peptide-based 

approaches to the generation of nanostructured titania are therefore of current interest. However, a 

significant obstacle to developing versatile and reliable peptide-based strategies for the generation 

and organization/activation of nanostructured inorganic materials is  our limited understanding of 

how  to  exploit  the  relationship  between  peptide  sequence  and  corresponding  materials-binding 

affinity.5, 17  To this  end,  a deeper understanding of the physical  provenance of peptide-materials 

recognition is much needed to advance protocols for the peptide-based generation and organization 

of nanostructured inorganic materials.

Several experimental and computational studies have focused on the fundamentals of recognition 

between titania and amino acids,18-25 for which much (but not all – see the work of e.g. McQuillan 

and co-workers18) of the experimental work has been done in vacuo, which is most probably not 

directly  relevant  to  aqueous  conditions.   Overall,  the  broad  view from these  experimental  and 

simulation studies indicate that charged (R, K, D, E) and to a lesser extent polar (S, T, N, Q, Y) 

amino acids show the greatest degree of titania adsorption, while hydrophobic residues (V, L, I, F) 

exhibit negligible to zero binding affinity; simulations19, 23 suggest that these residues actually have a 

repulsive interaction with aqueous titania. In particular, the fact that negatively-charged amino acids, 

such as aspartate and glutamate,  can adsorb appreciably to a negatively-charged aqueous titania 

interface is counter-intuitive at first glance, but has been confirmed by previous experimental studies 
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(see  for  example  McQuillan  and  co-workers18),  and  was  supported  by  subsequent  molecular 

dynamics  simulations  that  quantified  the  free  energy  of  adsorption  and  the  associated  binding 

structures at the interface.19 These simulation data suggested that this phenomenon could be ascribed 

to  the  nanoscale  patterning  of  partial  positive  charge  and  negative  charge,  inherent  to  the 

presentation of both Ti and H, and O atoms at the surface. The resulting charge density arises from 

the number of negatively-charged patches outweighing the number of positively-charged sites, while 

the positively-charged regions are the likely adsorption sites for the negatively-charged adsorbates. 

While  these  studies  have  yielded  valuable  insights,  it  is  now  clear  that  the  interplay  between 

sequence, structure and interfacial adsorption is not an additive sum resulting from the presence of 

“strong binding” residues in a peptide sequence.5, 17 Therefore, the investigation of entire peptide 

chains in contact with inorganic surfaces is a critical component in advancing our understanding.26 

The tri-peptide motif RGD and its interaction with titania surfaces has been of particular interest,27-33 

while  others  have  sought  to  isolate  and  identify  TiO2-binding  peptides  using  biocombinatorial 

techniques to gain a deeper understanding of which peptide characteristics can confer strong titania-

binding affinity.32, 34-37

A crucial next step in advancing our understanding is the careful characterization of the adsorption 

of materials-binding peptides at aqueous titania interfaces.36-37, 39-43 Of particular note is the work of 

Yazici et al.36 who used quartz crystal microbalance (QCM) measurements to determine the binding 

free energy of three sequences; two “strong-binders”, RPRGNRGRERGL and SRPNGYGGSESS, 

with ΔGads= -34.5 and -38.5 kJ mol-1 respectively and one “weak-binder”, VGRVTSPRPQGR, with  

ΔGads= -27.6 kJ mol-1, identified from cell-surface display screening experiments. We note that these 

measurements were done in phosphate buffered saline solution, and their binding target was a Ti film 

generated using chemical vapour deposition, chemically similar to implant-grade Ti, while the target 

for their cell-surface display experiments was implant grade titanium with a naturally oxidized layer. 

Yazici et al. found that overall sequence charge was not a determining factor, with both positively-

charged and charge-neutral sequences appearing in their set of “strong-binders”. The presence of 

basic and polar residues in their “strong-binder” sequences, along with the presence of hydrophobic 
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residues  in  their  “weak-binder”  sequence,  is  consistent  with  predicted  amino  acid  binding  free 

energies previously reported by us.19, 23 In particular, our previous amino acid binding free energy 

predictions  indicate  that  hydrophobic  residues  have  an  entirely  repulsive  interaction  with  the 

aqueous titania interface, and therefore seek a location as far as possible from the interface.

However, Yazici et al. did not report any experimental structural data for these sequences beyond 

circular  dichroism  (CD)  spectroscopy,  which  indicated  that  each  sequence  was  intrinsically 

disordered, with a strong degree of random coil character. The results of their molecular dynamics 

(MD) simulations related only to the free (unadsorbed) peptide and were generated under implicit 

solvation conditions using insufficient conformational sampling, followed by energy-minimization 

of  lowest-energy  candidates  in  explicit  solvent  (liquid  water).  As  we  demonstrate  herein,  this 

simulation procedure is inadequate and cannot reliably capture the conformational ensemble of these 

molecules; these findings should therefore be interpreted with caution. To this end, the more general 

links between sequence, structure and binding remain to be elucidated for Ti-binding peptides.

However  encouraging,  these  previous  studies  have  not  yet  provided  the  level  of  in-depth 

comprehension at the molecular-level required to accomplish the rational manipulation of peptide-

titania recognition. This shortcoming can be attributed to the lack of complementary studies that are 

able to connect the peptide sequence to its binding affinity via knowledge of the structural ensemble 

of the adsorbed peptide. Such detailed structural data, while enormously valuable, are challenging to 

either obtain or interpret for peptides adsorbed at inorganic materials interfaces.44 On one hand the 

results for CD spectroscopy can be readily obtained but are ambiguous to interpret for such short 

peptides;37 alternatively, while nuclear magnetic resonance (NMR) spectroscopy data can be more 

readily  interpreted,  these  can  be  challenging  to  generate.45   Advanced  molecular  simulation 

approaches are capable of providing these molecular-level details, as was recently shown for the 

prediction  and  elucidation  of  the  facet-selective  binding  preferences  of  peptides  at  aqueous  Au 

interfaces.46  Therefore,  molecular  simulation,  when  carefully  performed,  and  done  in  close 

partnership  with  experimental  approaches,  can bring valuable  insights  into  the  structure-binding 

relationships inherent to these versatile and widely-used materials.17, 23, 47-49 
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Here, we have examined the binding behavior of two TiO2 binders, Ti-1 and Ti-2, previously used 

in the biomineralization of crystalline, sub-10 nm sized TiO2 nanoparticles from water (pH 7.4) or 

Tris buffer particles37 (see Table 1 for peptide sequences). The peptides were originally identified by 

panning against 100 nm titanium nanoparticles.37 Our two peptide sequences differ substantially in 

terms of the overall balance between hydrophobic residues and charged residues. In this study we 

quantified  the  thermodynamic  and  structural  aspects  of  adsorption  for  these  two titania-binding 

peptides at a negatively-charged aqueous titania interface, using a close partnership of experimental 

and molecular simulations employing advanced conformational sampling approaches. These data 

revealed  that  although  Ti-1  and  Ti-2  exhibit  very  similar  titania-binding  strengths,  these  two 

sequences achieve this via profoundly different modes of surface adsorption. 

Materials and Methods

Peptide Synthesis. Sequence Ti-2 was synthesized in house by microwave-assisted solid-state 

synthesis using an automated pep-tide synthesizer (CEM), and characterized by HPLC (pu-rity 

>90%) and mass spectrometry. Sequence Ti-1 was obtained from Pepceuticals (purity >85%). 

QCM Surface Binding Analysis. Quantitative binding affinity measurements were made using a Q-

sense E4 QCM-D with flow modules. QCM sensors coated with 100 nm titanium (Q-sense, 

QSX-310) were cleaned by UZ/ozone treatment (Novascan PSD Pro Series Digital UV/

Ozonesystem) for 10 min, followed by immersion in a 2% SDS solution for 30 min, thorough 

rinsing with de-ionized water, N2 drying, and another UZ/ozone treatment for 10 min. After 

cleaning, sensors were mounted in QCM flow modules, and Ti-1 and Ti-2 peptides of varying 

concentration were flowed across the sensors at a rate of 0.17 mL/min at 23°C. Peptide solutions 

were made up using water (pH adjusted to 7.4 with NaOH 0.01 M) and then NaCl added to give the 

0.15 M NaCl solution. The latter solution was to mimic conditions used in the initial phage display 

experiments that identified the peptides37 and also of more relevance to the behavior of titanium 

based materials used as implants in the human body.  The third overtone frequency was measured 

�7



and used to calculate the adsorbed and desorbed mass of peptide and other ions/ water using the 

Sauerbrey equation.58-59 Using QCM-D, the Gibbs free energy is experimentally accessible through 

measurement of the initial rates of adsorption. The adsorption curve of each peptide at varying 

concentrations was fitted using a Langmuir isotherm, allowing values for kobs to be determined.5 By 

utilising QCM-D data, the layer thickness of the peptide overlayer can be approximated60 provided 

the effective density of the adhering layer is known. This density value was estimated by 

implementing the method reported by Fischer et al.61 Full details of these calculations are provided 

in “Overlayer Thickness Estimates from QCM-D data” in the Supporting Information. 

Molecular Dynamics Simulations Details.  All of our REST simulations53-54 described herein used 

the CHARMM22* force-field62-63 for the peptides and the modified TIPS3P model64 was used for 

liquid water. The protonation state of the residues was set to those consistent with a pH of 7. In the 

case of the His residues in Ti-2, which can be found in both the protonated and unprotonated states at 

pH 7, we set up H2 and H6 in the unprotonated state, while H4 was modeled in the protonated state. 

Further  details  and  discussion  on  this  choice  are  provided  in  the  “Additional  Computational 

Methodology” section of the Supporting Information.

REST-only Simulations. For the “surface-adsorbed” REST-only simulations, one chain of either 

Ti-1 or Ti-2 was modeled in the presence of the negatively-charged, hydroxylated aqueous rutile 

TiO2 (110) interface, carried out using GROMACS 4.5.566 in the NVT ensemble. The Predota force-

field67 was used to model the titania surface. Ions (Na+ and Cl−) were added to the solvent such that 

the concentration of NaCl in bulk solution was 0.15 M. We also performed REST-only simulations 

of  each  of  these  peptides  in  aqueous  solution  in  the  absence  of  the  titania  slab.  For  these  “in 

solution” REST-only simulations, we modeled one chain of either the Ti-1 or Ti-2 peptide in a cubic 

simulation cell along with liquid water and Na+ and Cl− ions to ensure a Na+ concentration of 0.15 

M. Further details of the REST simulations, including details of the surface model, and full details of 

the trajectory analysis (residue-surface contact analysis, clustering analysis, etc) are provided in the 

Supporting Information, ‘Additional Computational Methodology’.
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REST+MetaD Simulations. Two REST+MetaD simulations were performed, one for each peptide 

adsorbed at the negatively-charged aqueous rutile TiO2 (110) interface. The simulations were carried 

out using GROMACS 4.5.5, coupled with an in-house customized version46 of the PLUMED 1.3 

plugin.68 Each REST+MetaD simulation was run for 120ns, which is approximately equivalent to 

µs-long standard MD simulations.46 Here, a single collective variable (CV) was used, namely the 

vertical distance normal to the titania surface plane between the peptide center of mass and the 

titania surface, defined by the top Ti atoms of the slab. Gaussian hills of height 0.2 kJ mol-1 and 

width 0.1 Å were added along the CV direction every 0.5 ps. Other details of the REST+MetaD 

simulations  were  identical  to  those  used  in  the  REST-only  simulations  at  the  titania  interface. 

Additional methodology concerning the extraction of the adsorption free energy are provided in the 

Section “Additional Computational Methodology” in the Supporting Information. 

Information on alternative  simulation  strategies  based on REMD in  implicit  solvent  and 

molecular dynamics in explicit solvent (0.15 M sodium chloride) are provided in the Supporting 

information. 

Results and Discussion  

The sequences Ti-1 and Ti-2 share similarities in their overall charge characteristics compared 

with  the  “strong-binder”  sequences  reported  by  Yazici  et  al.,36  Ti-1  is  charge-neutral  overall, 

featuring  both  positively-charged  and  negatively-charged  residues,  while  Ti-2  carries  an  overall 

positive charge, including one Arg and several His residues.  The overall hydropathy of the two 

sequences is also markedly different, with Ti-2 predicted to be significantly more hydrophilic, while 

Ti-1 shows slight hydrophobic character. As we shall show below, these two peptide sequences are 

indicated to be intrinsically disordered with substantial random coil characteristic of their respective 

conformational ensembles.

QCM Binding Analysis. A quantitative measure of binding affinity and dissipation energy associated 

with the binding of peptides of Ti-1 and Ti-2 to naturally oxidized titanium was investigated using 

QCM-D measurements, with a Ti sensor as the binding target. As described by Tang et. al,5 the 

binding affinity of a particular sequence is  characterized by the difference in Gibbs free energy 
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between the bound and unbound states, ΔG =ΔH - TΔS, which is related to the equilibrium constant 

for binding, Keq = exp[ΔG/(RT)], where T denotes temperature. In previous studies, the high affinity 

of both peptides for TiO2 surfaces was suggested to be responsible for the formation of nanometer-

sized crystalline nanoparticles of titania via a capping mechanism.37 We have shown previously that 

phosphate ions interfere with such a mechanism and lead to the generation of larger phosphate-

containing particles. A summary of our QCM-D adsorption data, both for peptide in water at pH 7.4 

and 0.15 M NaCl solution at the same pH (see Methods) is presented in Figures 1 and 2 and Table 2.

Exemplar  QCM-D data  for  Ti-2  adsorption to  the  Ti-sensor  surface  in  0.15 M NaCl  solution 

(Figure 1b) show a negligible dissipation energy, suggestive of a single, rigid absorbed peptide layer 

present  on  the  Ti  sensor  surface.  The  adsorption  free  energy  (ΔG)  of  Ti-2  in  0.15  M NaCl  is 

calculated to be -39.19 kJ mol-1. This binding free energy is comparable to that obtained for the gold 

binding peptide AuBP15 (WAGAKRLVLRRE) adsorbed at the aqueous Au interface (-37.6±0.9 kJ 

mol-1). The binding energy of Ti-2 in water at the same pH is slightly lower, but still substantial at 

-32.90 kJ mol-1. 

The adsorption of Ti-1 to the titania coated titanium sensor in water at pH 7.4 gave a similar 

binding free energy, statistically equivalent to that of Ti-2 under the same experimental conditions 

(Table 2). In contrast, the initial adsorption behavior for all concentrations of Ti-1 in 0.15 M NaCl 

solution followed a linear trend (Figure 1a) that  was not amenable to Langmuir model analysis 

(suitable for a bound monolayer), nor to a Freundlich model (bound multilayers) analysis. These 

results suggest that the initial adsorption mechanism of Ti-1 differs from Ti-2 in the presence of 

0.15M NaCl solution. This is not the first time that such a pattern of binding behavior has been 

observed50 for titania binding peptides: in addition, in this prior study, the authors were unable to 

account for the trend in binding behavior.50

Figure 2, Table 3, and Table S1 in the Supporting Information provide further insight into the 

difference  in  adsorption  and  desorption  behavior  of  the  two  peptides  under  the  two  solution 

conditions used for the binding experiments. Differences in the amount of surface-bound mass (even 

allowing for the fact that QCM measures the mass of liquid and ions adsorbed as well as the analyte  
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(the  peptide  in  this  study))  as  well  as  the  rates  of  adsorption  and  desorption  (Table  S1)  were 

measured. We also considered the possible thickness of the peptide overlayer on the sensor surface, 

and the consequences for this in terms of the possible packing of peptides on the surface and their 

concomitant  inter-peptide  interactions.  The  layer  thickness  for  Ti-1  and  Ti-2  in  NaCl  was 

estimated60-61 at ≈ 7 Å and ≈ 13 Å respectively. We combined these estimates with two extremes of 

an idealized peptide surface arrangement in the adsorbed state; the horizontally-oriented state, and 

the  vertically-oriented  state,  see  Figure  S1a  in  the  Supporting  Information.  This  allowed  us  to 

deduce that the peptides are likely to be lying in a horizontal arrangement on the sensor surface. 

Layer thickness estimations can be compared with the REST-only simulations (e.g see Figure 3), in 

which the  distance between the peptide centre-of-mass and the titania surface  is within the range of 

~8-12 Å, indicating a reasonable agreement between the simulation data and experimental data. The 

data in Table S2 and Figure S1 also suggest that the mass adsorbed for Ti-1 and Ti-2 is expected to 

result in an extremely sparse monolayer coverage. An assessment of the extreme idealized horizontal 

and vertical modes indicated that Ti-1 could adsorb in approximate isolation within an average area 

≈23× greater than its ideal surface area in the horizontal case, or ≈120× greater than its ideal surface 

area  in  the  vertical  case.  Layer  thickness  estimations  can  be  compared  with  the  REST-only 

simulations shown in Figure 3.  The film thickness for Ti-1 and Ti-2 in water was similarly estimated 

at  ≈  42 Å and ≈  30 Å respectively,  which is  significantly greater  than that  estimated for  NaCl 

solution. However, the increase in energy dissipation in water indicates that the peptide layer may be 

more viscoelastic in nature, and concomitantly the adsorbed mass/thickness may be underestimated 

by the Sauerbrey relation. 

For experiments performed in the presence of 0.15 M sodium chloride, for both sequences, the 

peptide was observed to remain on the sensor after 0.15 M NaCl was reintroduced into the system, 

Figure 2a. Furthermore, Ti-2 remained on the sensor surface after water (pH 7.4) was reintroduced, 

Figure 2b. For both peptides, there was a significantly smaller amount of material adsorbed to the 

surface from the 0.15 M NaCl solution compared to adsorption from water; with similar behavior 

being reported  previously  on the  binding of  these  peptides  to  a  Ti  sensor  in  the  presence of  a 
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phosphate buffer.37 The rate of peptide adsorption onto the Ti-sensor surface was lower from 0.15 M 

NaCl  solution  compared  to  peptide  adsorption  from  water  at  pH  7.4  (Table  S1,  Supporting 

Information). Reintroduction of a salt-only wash to the Ti-1 system was only able to remove ca. 25% 

of the material bound; this was in distinct contrast to the behavior observed for Ti-1 in water, where 

after addition of a pH 7.4 water wash, all of the bound Ti-1 desorbed. 

This difference in behavior for Ti-1 in the two solutions (0.15 M salt and water at pH 7.4) may be 

attributed to a preference for the peptides to solvate in water compared to the salt solution where it is 

more likely the peptides are salting out of the solution. The negligible dissipation energy observed 

for 0.15 M NaCl, suggests a single, rigid absorbed peptide layer is formed whilst the increase in 

energy dissipation in the water indicates the peptide layer to be soft/viscoelastic. The nature of these 

contrasting types of interfacial layer may also contribute to the explanation of the response of the 

system observed upon the reintroduction of washing buffer. The larger, softer layer formed in H2O 

would be prone to disruptions during washing while a smaller rigid film may not be as exposed 

during washing. In H2O buffer conditions, for both Ti-1 and Ti-2, dissipation energy data, Figure 2b, 

indicated that a secondary layer was formed during adsorption, and desorption of the peptide in the 

case of Ti-1 may be driven, at least in part by the presence of a large number of hydrophobic amino 

acid residues, which is in agreement to what was observed by McQuillan et al.18 and as was found 

for a purely hydrophobic peptide AFILPTG from a silica surface.51

In summary, peptides Ti-1 and Ti-2 show different adsorption/desorption behavior in water (pH 

7.4)  and salt  (0.15M) which can in part  be ascribed to differences in their  chemical  properties, 

including the numbers of charged and hydrophobic residues. Precisely how they bind to the titania 

surface, including information on the specific amino acids involved and their likely conformation 

cannot be obtained from the experimental studies alone. 

Advanced Sampling Molecular Dynamics (MD) Simulations. We next carried out detailed molecular 

simulations to elucidate the links between sequence and binding behavior. Herein, we show that Ti-1 

and Ti-2 are intrinsically disordered. Intrinsically disordered peptides are not represented by any 
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single  peptide  “structure”;  they  support  a  range  of  different  conformations.  From  a  molecular 

simulation perspective, prediction of a single structure for an IDP is essentially a meaningless result. 

As  indicated  by  our  previous  work,5-6,  52  the  Boltzmann-weighted  conformational  ensemble  of 

intrinsically-disordered peptides is anticipated to be complex. This complexity requires the use of 

advanced conformational sampling, as detailed below.

We start with our simulations of the peptides adsorbed at the aqueous, negatively-charged titania 

interface  to  quantify  and  characterize  peptide-surface  adsorption  at  the  molecular  level.  To 

accomplish  this,  we  performed  two  sets  of  advanced  sampling  simulations,  based  on  Replica 

Exchange with Solute Tempering (REST) MD simulations.53-54 First, we implemented state-of-the-

art  REST+Metadynamics  (REST+MetaD)  simulations  to  obtain  estimates  of  the  free  energy  of 

peptide-titania  adsorption;  a  quantity  that  is  extremely  challenging  to  capture  using  molecular 

simulation.46  In addition,  we performed REST-only simulations to determine the conformational 

ensemble of each peptide in the adsorbed state, and to reveal the surface-contact preferences of each 

residue in each peptide. While in principle these data could be extracted from the REST+MetaD 

simulations, in practice, this is an extremely challenging task, and the outcomes of this analysis are 

not necessarily definitive; resolution of this issue remains for in future developments.46

For both Ti-1 and Ti-2, we obtained the change in free energy as a function of the peptide–surface 

distance,  from  which  the  adsorption  free  energy  was  extracted  and  compared.  This  was 

accomplished via construction of symmetrized free energy profiles46 (see ‘Additional Computational 

Methodology’ in the Supporting Information); see Figure 4 for an exemplar symmetrized free energy 

profile. The predicted free energy of adsorption for the two peptides was found to be -12.7±0.4 kJ 

mol-1 and -16.4±3.7 kJ mol-1 for Ti-1 and Ti-2 respectively. Our predicted adsorption free energies 

are therefore very similar in magnitude for the two sequences, with overlapping error bars signifying 

these free energies are very close in value. Statistical analysis via  a t-test was not conclusive in 

providing definitive evidence that the values were significantly different. While the absolute value of 

each experimental adsorption free energy does not agree with the corresponding predicted value, our 
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simulations support the same trend in binding free energies (Table 2), with both peptides adsorbing 

with similar affinity. We provide evidence of the approach to equilibration for our REST+MetaD 

simulations in the form of histograms of the sampled CV as a function of timestep, as well as the 

evolution of the free energy profiles, and evolution of adsorption well-depth (Figures S2-S4 in the 

Supporting Information). Further discussion regarding the free energy analysis, in particular with 

respect to the location of the dividing surface between unadsorbed and adsorbed states,  and the 

dimension of the simulation cell perpendicular to the slab surface, is provided in the Supporting 

Information, in the “Additional Computational Methodology” section.

The REST+MetaD approach recently demonstrated the reproduction (within error) of the absolute 

value of the experimentally-measured binding free energy of the AuBP1 sequence adsorbed at the 

aqueous  polycrystalline  Au  interface.46   For  our  simulations  reported  here,  we  propose  several 

factors that may account for the difference in the absolute values observed in experiment and those 

predicted from our simulations; our structural model of the aqueous titania interface, the force-field 

used in our simulations, and the neglect of multiple-chain effects in the adsorbed state. Regarding 

the structural model, we have approximated the unknown structure of the naturally-oxidized titanium 

surface used in the experiments with a partially-hydroxylated, negatively-charged rutile TiO2 (110) 

surface  (see  Figure  S5  and  Section  ‘Additional  Computational  Methodology’ in  the  Supporting 

Information). This particular structural model was reported to support very good agreement between 

predicted19 and experimentally-observed18, 34, 55-56 amino acid binding free energies, particularly in 

the cases where the experimental  surface was predominantly the crystalline rutile (110) surface, 

although the predicted data were also consistent  with experimental  data reported for amorphous 

titania  surfaces.56  Therefore,  while  our  surface  model  may,  to  first  approximation,  provide  a 

reasonable description of the experimental system, some differences between the QCM data and our 

predictions are expected, which may be due both to the particular phase of titania modeled here, and 

to the underlying geometrical features of the (110) surface. 
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Regarding the force-field (FF), we recognize that one unavoidable limitation of the present work is 

the  use  of  a  non-reactive  FF.  While  our  particular  combination  of  force-fields  shows  excellent 

agreement with a range of different experimental observations (see Sultan et al.19 and discussion 

therein), recent simulation studies have suggested that proton transfer can be an important effect on 

the interaction of biomolecules with titania interface – see for example the recent work of Monti et 

al.69 At present, the substantial overhead in computational cost associated with use of such reactive 

FFs would make our REST+MetaD simulations impracticable. Furthermore, as opposed to a FF such 

as CHARMM, such reactive FFs suffer from a lack of development and validation for the simulation 

peptides,  and  therefore  the  incorporation  of  reactivity  would  almost  certainly  compromise  the 

reliability of the description of the potential energy landscape of the peptide. 

Regarding the neglect of multiple-chain effects in the adsorbed state, there are numerous aspects to 

consider,  which are discussed below. Although estimates from our QCM data do not  indicate a 

closely-packed  peptide  overlayer  in  the  surface-adsorbed  state  (vide  supra),  we  nonetheless 

recognize the possible influence of the presence of several peptide chains in the surface-adsorbed 

state  (i.e.  a  multi-chain  overlayer)  on  our  simulation  predictions,  which  model  the  single-chain 

surface-adsorbed  peptide.  The  possible  interplay  between  the  inter-peptide  interactions  and  the 

peptide-surface interactions have not been considered here; currently consideration of these factors 

present substantial challenges from both experimental and molecular simulation perspectives, both 

in terms of determining binding free energies and binding structures.

For the former, calculation of peptide-binding free energies for a peptide overlayer is a challenging 

task to realize from a computational perspective. There are no known reports of the use of sensible 

conformational sampling strategies (i.e. metadynamics based approach or equivalent) to determine 

how the free energy of adsorption changes for a peptide adsorbed in a multi-chain (monolayer or 

sub-monolayer  coverage)  configuration.  From  an  experimental  perspective,  limited  data  are 

available. We point to the work of Latour and co-workers, who were able to correct for intra-peptide 

interactions  in  their  surface  plasmon  resonance-based  evaluation  of  peptide/self-assembled 
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monolayer  binding  free  energies.70  This  study  demonstrated  two  key  points  relevant  to  this 

discussion: 1) the inter-peptide-interaction corrections on their binding data were small, and in the 

“strong binding” regime were roughly constant at ~6 kJ mol-1, and 2) the shift in corrected free 

energies  in  the  “strong  binding”  regime  was  only  in  one  direction,  and  meant  the  uncorrected 

binding affinities were stronger than they should have been, not weaker. Therefore, on the basis of 

Latour and co-workers’ findings, we would conclude that peptide-peptide interactions do have the 

capability to modulate the peptide-surface adsorption strength, but the available evidence indicates 

this is a small effect.

For  the  latter,  we  emphasize  that  currently  it  is  very  challenging  to  experimentally  establish 

coverage and structural data of peptide overlayers adsorbed on materials surfaces under aqueous 

conditions  –  the  experimental  (mostly  atomic  force  microscopy,  AFM)  data  in  the  literature 

pertaining  to  this  phenomenon  are  typically  taken  from  dried  samples  (see  e.g.  So  et  al.71). 

Unfortunately  such AFM data  are  not  representative  of  the  bound peptide structure(s)  in  water. 

Unambiguous experimental evidence of the structure of the adsorbed peptide overlayer in solution 

would require AFM imaging in solution with near atomic-scale resolution; to date this remains an 

unresolved grand challenge in the field. In summary, a detailed evaluation (either via experimental 

observation  or  computational  prediction)  of  the  spatial  distribution  of  peptides  in  a  multi-chain 

overlayer-adsorbed state is a much larger and complex question that is outside the scope of this 

current work, which will  demand a concerted and systematic effort  from both experimental and 

computational approaches for many years to come.

To  elucidate  the  structural  origins  of  this  similarity  in  binding  free  energies,  we  analyzed 

trajectories from our REST-only simulations of the Ti-1 and Ti-2 peptides adsorbed at the aqueous 

rutile TiO2 (110) interface. As explained previously, both Ti-1 and Ti-2 are expected to support a 

complex ensemble of thermally-accessible conformations, both in the presence and absence of the 

titania interface. We classified the peptide conformations in the ensemble according to similarity in 

backbone structure (using a clustering approach, see ‘Additional Computational Methodology’ in the 
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Supporting Information). This analysis generates the set of most likely structures (referred to herein 

as ‘clusters’) and their respective relative populations in the ensemble. Intuitively, a strong peptide-

surface  binding  affinity  can  arise  from  binding  enthalpy  considerations,  such  as  the  probable 

number, distribution, and type of residue-surface contacts.5 Additionally, our previous work suggests 

that  strong  binding  affinity  can  also  arise  from the  system possessing  many different  adsorbed 

conformations, of which the degree of disorder in the adsorbed state is an indicative metric.5 Our 

clustering analysis provides an estimate of this degree of disorder in the surface-adsorbed state. In 

this  sense,  the  favourable  binding  energy  of  Ti-1  is  in  part  facilitated  by  the  large  number  of 

thermally-available, structurally-distinct adsorbed peptide conformations. Structures representing the 

most likely adsorbed conformations (the cluster with the highest population) are shown in Figure 3 

for the two adsorbed peptides (see also Figure S6 in the Supporting Information). As an indication of 

the convergence of our clustering analysis, in Figure S11 in the Supporting Information we provide 

the number of clusters as a function of REST MD steps. These data show that by ~12 x 106 REST 

simulation steps the number of unique thermally-accessible conformations has started to plateau. 

The population of the top (most populated) cluster (shown in Figure 3) is ~12% and ~23% of the 

ensemble for Ti-1 and Ti-2 respectively, with the full list of population distributions provided in 

Table  S3  of  the  Supporting  Information;  these  data  are  clearly  indicative  of  intrinsic  peptide 

disorder5. The total number of clusters in each case (182 and 113 for Ti-1 and Ti-2 respectively), 

indicative of the number of thermally-accessible, distinct surface adsorbed conformations at room 

temperature, suggests that Ti-1 features a greater amount of structural disorder. As an independent 

check of the structural disorder of these surface-adsorbed peptides, we have also used the Schlitter-

entropy  formula72,  applied  to  the  positions  of  the  peptide  backbone  atoms,  to  estimate  the 

conformational entropic contribution to the binding. We obtained values of 807.6 and 750.2 J K-1 

mol-1 for Ti-1 and Ti-2, respectively. Further data such as Ramachandran analyses (Figure S7 of the 

Supporting  Information)  provide  further  evidence  of  the  random  coil  nature  of  each  adsorbed 

peptide.

�17



In Figure 3, we also show the variation in the averaged interfacial water density, revealing how the 

peptide side-chains may interact both directly with the titania surface and with the first structured 

layers  of  interfacial  water  (referred  to  herein  as  ‘direct’  and  ‘solvent-mediated’  adsorption 

respectively).  This tendency of aqueous titania to support two binding modes (one mediated via 

interfacial solvent structuring) has been reported previously.49,57 To analyze these adsorption modes 

in  greater  depth,  we  calculated  histograms  of  residue-surface  distance  for  both  Ti-1  and  Ti-2, 

provided in Figure S8 in the Supporting Information. These data clearly indicate the preference of 

some residues to interact via the first interfacial water layer.

To quantify the degree and distribution of residue-surface contact, we calculated the fraction of the 

REST-only trajectory that each residue spent in ‘direct’ contact with the surface, as summarized in 

Figure 5. These data, along with a detailed analysis of the ‘solvent-mediated’ contact (see Table S4 

in the Supporting Information for numerical values) reveal a profound difference in binding modes 

between the two peptide sequences, despite the predicted similarity in adsorption free energies. In 

particular,  Ti-1 featured very limited direct  surface contact,  with the polar residues in the chain 

center and the acidic D8 residue not participating in surface binding to a significant extent. This lack 

of predicted surface contact for D8 is somewhat surprising considering that fact that the Asp amino 

acid is thought to bind to titania.18-19 This result highlights the fact that the peptide sequence and 

concomitant peptide conformation can modulate how the interaction of a residue with an interface, 

compared with that of the corresponding amino acid. In Ti-1, the epitope of direct binding instead 

comprises the chain ends, assisted by K12, which due to the relatively long side-chain, can still make 

direct surface contact despite the peptide backbone being distant from the interface. On the basis of 

this evidence, together with the estimates of the degree of conformational disorder (from both the 

clustering analysis and our calculations of the Schlitter entropy), we classify Ti-1 as an entropically-

driven binder.5 In this sense, the favorable binding free energy of Ti-1 is in part facilitated by the 

large number of thermally-available, structurally-distinct adsorbed peptide configurations. Inspection 

of the peptide sequence provides clues to the origin of this binding behavior, particularly the fact that 

D8, which in principle should act as a strongly-binding residue, is effectively reduced to the role of a 
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spectator in Ti-1. We attribute this to the fact that the T7-D8-S9 motif is flanked by substantive 

hydrophobic content; these flanking hydrophobic residues give rise to repulsive interactions19 that 

prevent the close approach of this motif to the surface.

In contrast, our residue-surface contact analysis for Ti-2 (Figure 5, and Figure S8 and Table S4 in 

the Supporting Information) shows extensive direct interaction with the surface, distributed almost 

evenly across the sequence. As expected19, R9 and the chain ends are indicated as the most likely 

contact points. In addition, our clustering analysis of the surface-adsorbed conformations of Ti-2 

(Table S3 in the Supporting Information) suggests relatively fewer thermally-accessible adsorbed 

conformations compared with Ti-1. Taken together, these data for Ti-2 suggest classification of Ti-2 

as an enthalpically-driven binder5, with the favorable binding free energy attributed chiefly to the 

strong enthalpic residue-surface contact.

We also characterized the conformational ensemble of the non-adsorbed peptides (in the absence 

of the titania surface) via REST-only53-54 simulations in explicit solvent for both Ti-1 and Ti-2. The 

most populated clusters, shown in Figure 6 and Figure S9 in the Supporting Information, are lacking 

in clear secondary structure motifs, while the cluster populations and the total number of clusters 

(provided in Table S3 of the Supporting Information) again indicate intrinsic disorder.5 As identified 

for  the surface-adsorbed systems,  we found that  in  the unadsorbed state  Ti-1 featured a  greater 

amount of disorder than Ti-2, where the total number of clusters was found to be 270 and 200 for 

Ti-1 and Ti-2 respectively. Calculations using the Schlitter-entropy formula for the peptide backbone 

atoms corroborated our clustering analysis, with values of 857.8 and 846.8 J K-1 mol-1, for Ti-1 and 

Ti-2 respectively. The total number of thermally-accessible peptide structures for each sequence in 

the  absence  of  the  surface  is  greater  than  that  found  for  the  corresponding  surface-adsorbed 

environment; 270/182 respectively for Ti-1, and 200/113 respectively for Ti-2.

Both peptide sequences were previously reported37 to show significant variation in CD spectral 

response when in the presence of titanium bisammonium lactatodihydroxide (TiBALDH), a TiO2 

precursor compared to their behavior in the absence of the titania precursor (re-presented here in 
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Figure 7 for convenience). Both Ti-1 and Ti-2 were found to be random coil in solution and upon 

precursor/surface interaction; however, the spectral changes were noted to be more marked for Ti-1. 

These  experimental  data  are  consistent  with  the  prediction  of  higher  susceptibility  of  Ti-1  to 

conformational change upon interaction with a surface.  

Finally, we also directly compared each distinct conformation (cluster) between the in-solution and 

surface-adsorbed environments for each peptide sequence (see Tables S5 and S6 in the Supporting 

Information). These data identified structural matches between each in-solution cluster with clusters 

found  in  the  surface-adsorbed  state,  for  a  given  peptide  sequence.   Only  two  notable  matches 

(involving clusters with non-negligible populations) were found for Ti-1 (cluster numbers 3 and 4, 

and clusters 5 and 8, for in-solution and surface-adsorbed states respectively). In contrast, a similar 

analysis  for  Ti-2 revealed an extensive degree of  similarity between the top-ten most  populated 

clusters  of  both  the  in-solution  and  surface-adsorbed  states.   These  data  suggest  that  the  Ti-1 

sequence is inherently more susceptible to change in conformation upon exposure to the surface, 

while Ti-2, to a relatively greater degree, retained the structural characteristics of the solution-based 

conformational ensemble in the surface-adsorbed state.

Some comments  on  our  analysis  of  the  REST-only  simulations  are  warranted.  Our  clustering 

analysis  allows an estimate of  the conformational  contribution to the binding entropy.  While  in 

principle there are approaches to directly calculate both the binding enthalpy change and the binding 

entropy change, in practice, these are currently impracticable for obtaining a decisive resolution. 

Specifically, while the enthalpy of binding can in principle be obtained from the difference in the 

potential energy of the adsorbed and unadsorbed states, in practice this strategy has a number of 

challenges that render it  impractical at  present,  as outlined in a recent study.73  While it  may be 

possible in principle to obtain the binding enthalpy and binding entropy changes from the van’t Hoff 

equation,  this  strategy  is  impractical,  because  it  requires  the  calculation  of  the  free  energy  of 

adsorption  at  several  temperatures.  Even  if  the  enormous  computational  expense  in  using 

REST+metaD simulation was not a factor, anecdotal experience (for smaller molecular adsorbates) 
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indicates that the resulting errors, especially for the entropy term, are too large for any meaningful 

conclusions to be drawn.

To highlight the importance of comprehensive conformational sampling in the presence of liquid 

water when modeling these peptides, we also carried out Replica Exchange MD simulations of each 

peptide chain in implicit solvent.  The most likely predicted structures from these implicit-solvent 

REMD simulations were subsequently immersed in 0.15 M NaCl solution and subjected to standard 

MD simulation. This approach resulted in predictions of over-structuring, chiefly attributed to the 

formation of helices in the implicit solvent simulations, which persisted once these structures were 

transferred into a liquid water environment (see ‘Implicit Solvent Simulations’ in the Supporting 

Information for methodology and results). These findings highlight that data generated using such 

approaches, for instance those published previously36, should be interpreted with caution. Implicit-

solvent models, even when followed up with explicit solvation simulations, should not be used to 

characterize the conformational ensemble of materials-binding peptides.

Our  combined  experimental  and  simulation  analyses  suggest  that  the  two  titania-binding 

sequences, Ti-1 and Ti-2, which we have shown by both approaches to have very similar surface 

binding affinities, accomplished surface binding via dramatically different adsorption modes. The 

binding behaviors of Ti-1 and Ti-2 are consistent with the two categories of strong materials-binding 

behavior proposed in previous work for Au-binding peptides5, namely the ‘enthalpic binder’ and the 

‘entropic binder’. Ti-2 did not support a relatively large number of adsorbed states, but in each of 

these states featured a set of strong, non-covalent residue contact points with the surface that were 

positioned throughout the sequence. In contrast, Ti-1 supported a much greater number of adsorbed 

states, with each possessing a relatively lesser degree of peptide-residue contact.

Conclusions

In  summary,  we have combined an experimental  quantification of  the  peptide-surface  binding 

strength for two very different peptide sequences, Ti-1 and Ti-2, adsorbed at the aqueous titania 

interface, with advanced molecular simulations, to elucidate the structure/binding relationships of 
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these sequences. Despite containing a substantial amount of hydrophobic content, Ti-1 was found to 

bind approximately as strongly as Ti-2. This binding behavior was also indicated by our molecular 

simulations.  On  the  basis  of  the  predicted  conformational  ensembles  and  peptide-surface 

interactions, we propose two different binding modes for these peptides. Ti-1 is an entropically-

driven binder, without the presence of strong, anchor residues, while Ti-2 is an enthalpically-driven 

binder,  featuring  a  high  number  of  almost  periodically-spaced  anchor  residues  along  the  chain 

length. Both modes of contact are capable of delivering strong surface binding. The different binding 

mechanisms  result  in  distinctive  adsorption/desorption  behavior  which  was  evidenced  by  QCM 

analysis.  The combination of experimental  and computational  results  presented herein provide a 

fundamental starting point for the rational manipulation of peptide sequence to engineer peptide 

sequences  with  desired  titania-binding  properties  suitable  for  use  in  biomedical  and  other 

applications.
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Figure and Table Captions
Table 1. Properties of peptide sequences Ti-1 and Ti-2 at pH 7. Hydropathy scores were generated 

from Kyte-Doolittle57 indices.

Table 2. Free energies of adsorption, ΔG (kJ mol-1) calculated from the QCM measurements of Keq, 

for  peptide sequences Ti-1 and Ti-2 adsorbed at  the titania  interface,  both in water,  and in salt 

solution (both at pH 7.4). The cross symbol indicates that no binding constant could be inferred.

Table 3. Analysis of peptide adsorption/desorption from QCM-D experiments leading to estimations 

on  layer  thickness  using  10  µg/ml  solutions  (see  Methods).  Values  quoted  are  derived  from 

adsorption/desorption at equilibrium.

Figure  1.  Exemplar  QCM-D data  on  a)  Ti-1  in  150  mM NaCl:  gradual  adsorption,  precludes 

calculation of an equilibrium binding constant; b) Ti-2 in 0.15 M NaCl: adsorption at a range of 

concentrations,  together  with  dissipation  energy  plot  for  the  highest  concentration  studied;  c) 

Langmuir plot of for Ti-2 using data from b) used for calculation of the binding free energy.

Figure 2. Exemplar QCM-D data for the binding of 10 µg/mL solutions of Ti-1 and Ti-2 to titania 

coated Ti sensors in, a) salt, and b) buffered water.  The arrows signify when the sensor was washed 

with buffer alone.

Figure 4. Symmetrized final free energy profile of Ti-1 adsorbed at the aqueous titania interface. 

Dashed lines indicate the position of the titania surface (and its  periodic image in the direction 

perpendicular to the surface).
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Figure  3.  Most  likely  adsorbed  structures  for  Ti-1  and  Ti-2,  predicted  from  the  REST-only 

simulations, also showing the averaged interfacial water density (blue). Molecular liquid water not 

shown for clarity. The black scale bars in each image show 1 nm.

Figure 5. Degree of residue-surface contact for peptides Ti-1 and Ti-2, generated from REST-only 

simulation data. Colored dots superimposed on the molecules indicate the degree of residue-surface 

direct contact. The tables use the same color scheme to indicate the amounts of direct and indirect 

(solvent mediated) surface contact, in addition to the total contact (direct+indirect).

Figure  6.  Representative  structures  for  Ti-1  and  Ti-2  in  solution,  predicted  from  REST-only 

simulations.

Figure 7. Circular dichroism spectra of peptides Ti-1 (A) and Ti-2 (B) in water (0.5 mg/ml) and of 

peptides in the presence of the TiO2 precursor. Reproduced from Ref. 37 with permission of the 

copyright owner.
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Table 1

Table 2

Table 3

Sequence Charge Hydropathy

Ti-1 QPYLFATDSLIK 0 1.4

Ti-2 GHTHYHAVRTQT 1.3 -15.4

Solvent Ti-1 Ti-2

Water  -33.62 ± 0.43 -32.90 ± 0.88

Salt  × -39.19 ± 0.11

Experimental  
stage 

NaCl (0.15 M) Water at pH 7.4

Ti-1 Ti-2 Ti-1 Ti-2

Adsorption (ng/cm
2
) 10.39 21.21 65.16 46.92

Desorption (ng/cm
2
) 3.91 7.89 64.39 20.1

Estimated Peptide Density (g/
mL) 1.54 1.57 1.54 1.57

Estimated Layer Thickness (Å) 6.75 13.50 42.31 29.86
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