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Abstract

The adhesion of amino acids and small organic molecules on TiO2 nanoparticles is

fundamental for bio-nano functionalization of peptides and proteins. The adsorption

free energy is the main physical quantity that regulates the adsorption process. Its

evaluation is particularly challenging both experimentally, due to the weak interfacial

signal in aqueous environments, and by atomistic simulations, due to the complexity

of the physical phenomena occurring at the solid-water interface (polarization and

charge transfer effects). We report here an accurate experimental-computational study

of hydrated TiO2 nanoparticles interacting with Glycine where we obtain quantitative

agreement of the measured adsorption free energy. Ab-initio simulations are performed

within the Tight Binding Density Functional Theory in combination with enhanced

free energy sampling techniques. The experiments adopt a new and efficient set-up for

electrochemical impedance spectroscopy measurements based on screen-printed gold

electrodes. The measured adsorption free energy is about -30 kJ/mol (both from

experiment and calculation), with preferential interaction of the charged NH3 group

which strongly adsorbs on the TiO2 bridging oxygens. The perfect agreement between

computation and experiment opens the doors to an extended exploration of the bio-

nano interaction for different materials and molecules.

Introduction

Specific molecular recognition by inorganic materials is a central concept1,2 in nanodrug de-

livery3 and nanotoxic response,4 as well as for studies of penetrative and adhesive properties

of adsorbing molecules.5 In all these cases the functional design of the application strongly

depends on the chemical affinities between the adhering biomolecules and the inorganic mate-

rial surfaces.4,6,7 In particular, nano-structured metal oxides play a fundamental role in this

context due to their high concentration of surface reactive sites and their photo-catalytic

power.8
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In the present study we address the bio-adsorption on a metal-oxide surface in bulk water,

namely the adsorption free energy of Glycine (Gly) on hydrated Titanium dioxide (TiO2,

anatase) nanoparticles (NPs). TiO2 is utilized in medicine9,10 for its high bio-compatibility,

but the mechanisms that regulate the bio-adsorption on TiO2, and on metal oxides in general,

are still unclear. It is known that NPs in biological fluids are coated with a corona of proteins

that determines the cellular response.11 This corona links to the NPs only by a few small

peptides. By phage display1,12,13 and NMR14 techniques it has been shown that charged

amino acids like Arginine, Lysine and Aspartate drive the adsorption of small peptides on

TiO2, with an estimated peptide adsorption free energy of 20-40 kJ/mol. When embedded

in a peptide only the amino acid side chains play a role in the adsorption process, while for

single amino acid molecules the interaction with a surface also includes the contribution of

the amino and carboxyl terminal groups. For this reason extracting the contribution of amino

acid side chains to the adhesion mechanism is particularly challenging. For instance, free

energy measurements of amino acid molecular adsorption on TiO2 NPs using BET models

(see, e.g., Ref.15) have given values in the range of 10-20 kJ/mol for all 21 amino acids

(even for the non-polar ones which is probably due to the interaction of the amino-carboxyl

zwitterionic groups with the TiO2 surface).

Glycine is the only amino acid that merely possesses the amino and carboxyl groups (in

their zwitterion state) making Glycine a perfect model amino acid molecule for investigating

the bio-interaction with solids, as in the case of adsorption and polymerization of peptides

on metal/metal-oxide surfaces.16,17

Besides specific amino acid affinities with the solid, other factors can influence the ad-

sorption of peptides onto metal-oxides surfaces. For instance, it has been observed that the

lattice geometry of the exposed NPs facets can have a significant influence on the adsorption

mode,16,18,19 while surface defects have been found to play a minor role. Moreover, the pres-

ence, or not, of water is crucial. An example is the anionic interactions of negatively charged

amino acids which have been found to guide the peptide adhesion on dry surfaces, while it
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is not clear that this is the case in presence of water.18,19 In fact, in aqueous environment,

where most bio-applications operate, water molecules adsorb onto the under-coordinated

metal and oxygen atoms at the surface and form a layer-like structure that mediates the

interactions with the adsorbing molecules.8,20 The structure of this solid-liquid interface, in-

cluding its protonation state, regulates the adhesion of molecules and it is thus fundamental

for understanding the adsorption mechanism.5,8,21 Finally, it should also be pointed out that,

not least for long peptides, the configurational entropy and the specific amino acid sequence

can play a fundamental role for the adsorption.22,23

Our ability to resolve these details concerning the adsorption process strongly depends on

the availability of reliable experimental measurements as well as modelling results. Atomistic

simulations in principle represent a unique and powerful toolbox to unravel the complex

physical phenomena that control the bio-molecular binding at metal-oxide water interfaces.

Thus, for example, many classical (i.e. with force-fields) molecular dynamics simulations

combined with free energy calculations for polar, charged and zwitterionic amino acids have

been performed with the goal to establish their adsorption hierarchy on different wet TiO2

surfaces and provide insights concerning the adhesion mechanisms.24–32 These studies overall

agree that charged amino acids demonstrate preferential adsorption over the polar/apolar

amino acids, and that positively charged groups give rise to higher adsorption free energy

values (≈ 20 kJ/mol) than the negative ones (≈ 10 kJ/mol). At the same time it should be

noted that classical pair potentials tend to overestimate the water-titania interactions (see

discussions in Ref.33 and references therein). This is likely to imply overstructured interfacial

water that would artificially hinder adsorption and diminish the adsorption free energy.

In the present work we study the adsorption behaviour of Glycine on the TiO2 anatase

(101) surface by evaluating its adsorption free energy both computationally and experimen-

tally. On the computational side we perform molecular dynamics simulations that retain

the presence of the electrons, thereby allowing the description of polarization, reactivity and

charge transfer effects.
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Free energy calculations based on electronic structure calculations generally require an

unfeasible amount of computational time. However combining metadynamics techniques

with thermodynamics integration can speed up the convergence of the free energy calcula-

tion by at least a factor 10034 compared to standard metadynamics. To the best of our

knowledge the current paper is the first attempt to sample the Glycine free energy landscape

by electronic methods.

The experimental part adopts a novel and quick approach to sample the Langmuir

isotherm by electrochemical impedance spectroscopy (EIS) on screen-printed sensors. The

results presented in this article show very nice agreement between the experimental and

computational free energy evaluation and provide insights about the configurations of the

binding modes (one in contact with the surface, one solvent-mediated). Our methodology

should be extendable to other biomolecules and inorganic surfaces, opening up for a system-

atic investigation of the bio-inorganic interfaces.

Method

Computational details

All simulations were performed with the CP2K35 code coupled with the PLUMED software36

for Metadynamics. The results involve three types of electronic structure methodologies: MD

simulations using Density Functional Tight-Binding (“DFTB-MD”), MD simulations using

DFT (“DFT-MD”), Metadynamics simulations using DFTB (“DFTB-MetaDF”), and one

single-point DFT and DFTB simulation for validation of the adsorption energy as sum-

marised in Table 1.

Self Consistent Charge Density Functional Tight-Binding approach37 was used with the

Matsci parametrization38 for the atomic pair interactions. No long range corrections were

used.

The simulation boxes were prepared with PACKMOL39 software. The box sizes were
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fixed at 10.55 × 11.40 × 43.00 Å3 . A slab of TiO2 anatase (101) containing 4 × 3 × 3 unit

cells repetitions were used while the remaining space in the simulation box was filled with a

Glycine molecule and water at its relative density for 1 atm and 310 K (see Fig. 1).40 The

systems were set to the temperature of 310 K by rescaling the velocities with the thermostat

of Bussi41 and using an integration time step of 0.5 fs. A DFTB-MD simulation was run for

50 ps for a system containing only the TiO2 anatase (101) and water in order to evaluate

the water structure at the interface for the Matsci parameters and compared with previously

published DFT-MD data.40

Table 1: Simulations details

Method Code System Simulation run and box size

DFTB-MD CP2K (Matsci) TiO2-water 50 ps,10.35× 11.08× 40.00 Å3

DFT-MD CP2K (BLYP-D3) TiO2-water 50 ps,10.55× 11.40× 43.00 Å3

DFTB-MetaDF CP2K (Matsci)-PLUMED TiO2-water-Gly 2.6 ns,10.55× 11.40× 43.00 Å3

Metadynamics simulations were run within the well tempered diffusive approach (WT-

MetaD)42–44 with a bias factor of 15. Gaussians with an initial height of 3.5 kJ/mol were

added every 25 fs and the widths were updated every 75 ps. These parameters were demon-

strated to constitute a good compromise for ab-initio Metadynamics simulations, where the

accessible sampling is strongly limited in time.34 In order to speed up the phase space sam-

pling we made use of 8 walkers45 starting from different initial configurations. A potential

wall at 1 nm away from the outermost line of Ti atoms was introduced to restrict the sam-

pled phase space. Each walker was run interchanging information with the remaining walkers

every 25 fs. Glycine side chain consists of a single hydrogen atom and the amino-carboxyl

groups are locally charged, NH3
+ and COO– , at physiological pH. This is also the natural

state predicted from ab-initio DFT simulations. The Matsci parameters make Glycine be

stable in its neutral form. In order to maintain the amphoteric state we imposed a constraint

on the NH and CH bond length to avoid deprotonation.34

Two independent collective variables were considered for sampling the free energy land-
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scape. The surface separation distance (SSD) variable is defined as the distance between the

outermost layer of Ti atoms on the TiO2 surface and the center of mass of the NH3 group

in Glycine (Gly) amino acid (see Fig. 1)(b). Using the NH3 group instead of the center

of the mass of the whole molecule allows to directly assess the adsorption modes.34 The

second variable was defined as the angle between the normal vector to the TiO2 surface and

the vector defined by the distance between N–CN in Gly molecule (CN is the first carbon

neighbour atom to the Gly nitrogen 1)(b)). This variable was used in order to enhance the

sampling of the phase space and it was integrated out in the calculation of the free energy.

Up to 320 ps were simulated for each walker. The potential of the mean force (PMF) was

calculated with the new method MetaDF34 that combines the Gaussians history29,42 of the

bias potential, and thermodynamic integration of the mean forces acting on the NH3 atoms

along the collective variable SSD (see Fig. 1):

PMFTI(z) = −

∫ z

rc

〈F (z′)〉 dz′ + const , (1)

where z spans the SSD-values from rc (the onset of the solid surface, to 1 nm (where the

potential wall is set). 〈F (z)〉 is the canonical averaging of the average force weighted on

the 2D bias potential.34 It has been shown that MetaDF converges in about 200-300 ps per

walker for this set-up DFTB-MD simulation.34 The final binding free energy is computed as:

∆G = −kT ln

(

1

δ

∫ rc+δ

rc

e
−PMF (z)

kT dz

)

(2)

where kBT is the product of the Boltzmann constant and the absolute temperature, δ is

the thickness of the adsorption layer and rc + δ indicates the beginning of the liquid bulk.

We also performed a single-point DFT and DFTB calculation in order to compare the

adsorption energy of the most stable Glycine binding mode on the dry TiO2 surface. The

adsorption energy Eads was calculated as Eads = Esup+gly −Esup −Egly where Esup and Egly

are the energies of two separated systems composed of the bare anatase (101) and Gly in the
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same position as in the adsorption mode that corresponds to Esup+gly. The DFT simulation

was using the GGA-BLYP functional46,47 with the Grimme D348 dispersion corrections. For

further details we refer to Ref.40

Experimental details

Commercial TiO2 nanopowder (Sigma-Aldrich 718467; ≥99.5%) was used to coat the screen-

printed electrodes. This powder is composed of particles of 21 nm, a typical size for which

the anatase phase is stable and exposes the (101) facet.15 As mentioned, for evaluating the

adsorption of glycine on TiO2 anatase we adopted electrochemical impedance spectroscopy

(EIS), a technique that can probe charge changes at the surface electrodes with high sen-

sitivity and accuracy. By measuring the charge transfer resistance (Rct) of a redox process

occurring between a solution of ferro-ferricyanide and the electrode surface it was possible

to evaluate the amount of glycine adsorbed on the TiO2 powder. Herein, the Randles equiv-

alent circuit49 was used as model for the electronic components of our sensor. A sinusoidal

potential was applied to the electrochemical cell scanning a wide range of frequencies (Ω).

Subsequently measurements of the resulting impedance (Z(Ω)) were obtained. The Rct val-

ues were calculated from a Nyquist plot,50 which is composed of the imaginary part of Z(Ω)

plotted as a function of the real part. The extrapolation of the semi-circular signal onto the

x-axis of the Nyquist plot yields the Rct value.

Gold screen-printed electrodes (SPEs, S4M-PE08G) from Sense4Med company were used

for the EIS experiments that were carried out with a portable potentiostat PalmSens3 (Palm-

Sens Instrument), connected to a laptop equipped with PsTrace software.

For EIS measurements, the gold electrodes were modified by sequential drop-casting of 4

µL of a TiO2 dispersion (TiO2 1 mg/mL) in distilled water, for a total amount of 12 µL. The

modified sensors were allowed to dry on a hot plate at 100 °C. Measurements were carried

out in the range from 10000 Hz to 1 Hz, with an increase of 10 points per frequency decade,

thus scanning 41 frequencies. A potential of 0 V was applied to the electrochemical cell,
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with a potential amplitude of 0.01 V. Increasing concentrations of glycine (i.e. from 1 to 300

µM) were analyzed on the same sensor, by washing the electrode surface with distilled water

after each measurement. The study was conducted using four independent electrodes.

SSD

0 2 4 6 8 10 12 14 16 18
d (Å)

1
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3

D
en

si
ty
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W

(g
/c

m
3 )

GGA-BLYP-D3
TB-matsci θ

Figure 1: (left) Water oxygen density profiles for the MD simulations using TB-Matsci
parameters and with DFT-GGA approach. The small differences between the first peaks
in the profiles can be attributed to the difference in box size. (right) A representation
of the hydrated Gly-anatase (101) system and the collective variables SSD and Θ for the
Metadynamics simulation.

We note that the adsorption of Gly on the bare gold electrode yielded a Rct value that

did not vary as function of the Gly concentration. Therefore we could discard the possibility

that the electrode had affected the Gly adsorption process on TiO2 nanoparticles.

The adsorption free energy of Glycine on TiO2 was evaluated by assuming that Rct is

proportional to the amount of Glycine adsorbed on the TiO2 nanoparticles deposited on the

gold electrodes. Under this assumption it is possible to build a Langmuir isotherm where

the Rct data are scaled to resemble the standard Langmuir equation51

A =
Rct −Rctmin

Rctmax
−Rctmin

=
C

C + 1
K

(3)

where A is a function of the charge transfer resistance Rct, and it is proportional to the
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Gly surface coverage. A varies in the range of 0−1. C is the molar concentration of Glycine

and K is the equilibrium constant for the adsorption. Once K is known, the adsorption free

energy can easily be derived from

∆G = −kT ln(K) (4)

Results and discussion

Glycine is stable in its amphoteric form at neutral pH in aqueous solution. The adsorption

on the TiO2 anatase (101) surface depends on the possibility for Gly to penetrate the layered

water structure naturally forming at the very interface.26,29,34,52 In Fig. 1 (black curve) the

density of the water oxygen atoms along the surface normal is reported for the DFTB-MD

simulation containing only the TiO2 slab and water molecules (without Gly) (cf. Table 1).

The x-axis (d) denotes the distance between the water oxygen atoms and the outermost

Ti atoms. For comparison, the water oxygen density profile of a hydrated anatase (101)

surface simulated with the DFT-MD (BLYP) method, taken from Ref.,40 is also reported

(red curve). It is evident that the two water structures at the interface are quite similar and

that the DFTB Matsci parameters appear to reproduce the DFT-GGA features.

We can identify three water layers: water molecules adsorbed on the five-coordinated

titanium surface atoms, Ti[5], giving a density peak at d ≈ 2.3 Å , water hydrogen bonded

to the bridging surface oxygens, Obr, at d ≈ 3.0 Å and a third-layer of water molecules at

d ≈ 5.0 Å . The small differences between the two methods, especially for the first peak in

the density profile, can be accounted for by the different surface lattice geometries resulting

from differences in the box sizes used in the two simulations (see Table 1). The Matsci

parameters were constructed for water-titania interfaces38 but it is known that bulk water

is not well described (the water-water interactions are underestimated). However, the free

energy evaluation in MetaDF is based on the mean force acting on the adsorbing molecule.
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In the bulk region, the water density is uniform and isotropic, and thus Gly will feel an

overall null mean force acting on it, which does not affect the evaluation of the free energy

according to Eq. 1.

2 4 6 8 10
SSD (Å)

-40

-20

0

20

40

60

P
M

F
 (

kJ
/m

ol
)

2nd water layer

M1

M2

M1

M2

ΔG = -30.5 kJ/mol

rc

rc + δ 

1.6 Å

Figure 2: The Potential of the Mean Force (PMF) of Gly adsorbing on TiO2 anatase (101)
surface. Two adsorption modes can be identified M1 and M2 separated by an energy barrier
of 5 kj/mol. M1 represents the adsorption via the NH3 group to the Obr atoms while M2

occurs by adsorption to the second water layer. The total adsorption free energy is computed
by eq. 2 using the illustrated rc and δ values.

The potential of the mean force calculated with MetaDF along the SSD variable is re-

ported in Fig. 2 showing a converged adsorption profile after 300 ps (per walker) of simula-

tion. Two main adsorption modes can be observed. The first one, M1, consists of a direct

bidentate interaction of the NH3 group with two Obr atoms which have lost their adsorbed

waters. The amino group has been reported in ab-initio studies to be able to interact either

via Obr or via the second layer of adsorbed water.34,53,54 The free energy valley spans a range

of 1.5 Å from the surface, which approximately corresponds to the second water layer (cf.

Fig. 1). The adsorption free energy calculated through Eq. 2 for this mode is ≈ -27 kJ/mol.

The NH3 group must replace the water molecules adsorbed on the Obr sites, and this requires
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overcoming a free energy barrier of ≈ 5 kJ/mol (red area in Fig. 1). This barrier lies within

the second and third water layers (Fig. 1), a region which has been reported to possess

restrained water dynamics,52 which might impede the Glycine mobility at the interface.

The mean H–Obr distance of the NH–Obr bond was found to be ≈ 1.6 Å, which indicates

the formation of a rather strong hydrogen bond. We calculated the adsorption energy of the

M1 mode in the absence of water using both the DFTB and DFT approaches, as mentioned

in the methodology section. The resulting Eads values are 120 kJ/mol with both methods.

The bidentate adsorption mode implies an adsorption energy of 60 kJ/mol per NH–Obr

bond, which is too large to be ascribed to a strong NH···O hydrogen bond (or any H-bond

for that matter). We speculate that surface polarization and charge transfer effects here

contribute to enhancing the Gly-TiO2 interactions.

We now turn to the second adsorption mode, M2. Classical MD studies have reported

that the COO− group adsorbs onto the Ti[5] site on the TiO2 rutile surface for Glycine26 and

acidic amino acids such as Aspartate and Glutamic acid30,32 while adsorption via the second

water layer was found from ab-initio simulations for acidic amino acids on anatase.34,53 In

the M2 adsorption mode in the present study, the carboxylate group adsorbs “on the second

water layer” with a relative small adsorption free energy of ≈ 8 kJ/mol. The total adsorption

free energy is -30.5 kJ/mol (within an error of 1 kJ/mol) and it consists of the sum of the

two adsorption modes M1 and M2 minus the free energy barrier between them.

In Fig. 3, the 2D accumulated bias potential is plotted for the SSD and Θ collective

variables. It is well visible that the M1 mode has a preferential orientation of about 60o

with respect to the surface normal. This is due to the bidentate adsorption of two hydrogen

atoms on the Obr atoms and it indicates a strongly reduced mobility with respect to the bulk

solution. The M2 mode does not display a preferential adsorption orientation due to the fact

that it occurs on the second water layer, where there are no orientational constraints.

In summary so far, our MetaDF simulation for Glycine on anatase (101) exhibits prefer-

ential adsorption via the positively charged NH3 group, and weak adsorption to the second
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Figure 3: 2D plot of the accumulated bias potential for the SSD and Θ collective variables
describing the Gly adsorbing on hydrated TiO2 anatase (101) surface.

water layer via the COO− group. The second water layer operates as an energy barrier for

the NH3 adsorption and the overall adsorption free energy is -30.5 kJ/mol, quite a lot larger

than any previous value reported in literature.

On the experimental side, adsorption measurements for the hydrated Gly-TiO2 system

were performed using the TiO2-modified gold screen-printed electrode (see Methodology sec-

tion). In Fig. 4(b) the Langmuir isotherm is reported as the best fit of the four independent

replicas used in the experimental set-up. The data match very well the Langmuir behaviour

indicating that the Gly adsorption is indeed proportional to the TiO2 nanoparticles surface

area and the Rct. The derived adsorption free energy according to Eq. 3 and 4 is -31 ±1

kJ/mol. The experimental ∆G value perfectly matches the calculated one.

This is the first time that experimental and computational results for the adsorption free

energy can be compared with such high accuracy, allowing not only to validate the techniques
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Figure 4: (a) Nyquist plot for the Gly adsorbing on the TiO2-modified gold screen-printed
electrode. (b) Adsorption Langmuir isotherm for the hydrated Gly-TiO2 system. The fitted
curve is obtain as the best fit of four different independent replicas. The calibration test of
Glycine adsorbing on the bare gold electrode (without the TiO2 coating) produces constant
Rct values in the concentration range of 1-300 µM, implying that the electrode does not
affect the adsorption process.

implemented but also offering a new methodology for investigating the adsorption on solid-

liquid interfaces.

Concluding remarks

We have combined experimental and computational techniques in order to assess the adsorp-

tion thermodynamics of Glycine on the TiO2 anatase (101) surface. On the experimental
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side we introduced a new and quick method to construct a Langmuir isotherm from elec-

trochemical impedance spectroscopy measurements on a screen-printed sensor from which

accurate estimate of the adsorption free energy could be obtained. The principle of this

sensor relies on the interaction of the glycine molecules adsorbed on the TiO2 nanoparticles

deposited on the sensor surface, producing a glycine-TiO2 complex on the working electrode.

Electronic structure calculations were performed to properly describe the water structure

at the interface and to take in consideration polarization and charged transfer effects.

The results show that Glycine adsorbs mainly through the charged amino group on the

bridging oxygen of the anatase surface. The overall adsorption free energy is estimated to

about -30 kJ/mol and it is the result of a balance between the energies of the adsorption

modes and the energy barrier provided by the water structure at the interface. The large

adsorption energy is mainly due to strong hydrogen bonding between the charged NH3 group

and the TiO2 bridging oxygens. The methodologies presented in this paper can readily

be extended to other biomolecules and nanoparticles for a systematic investigation of bio-

interactions on solid-liquid interfaces.
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