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a b s t r a c t
We present a theoretical study of the binding of collagen amino acids (AA, namely glycine, Gly; proline, Pro;
and hydroxyproline, Hyp) to graphene (Gr), Ca-doped graphene and graphane (Gra) using density functional
theory calculations and ab initio molecular dynamics (AIMD) simulations. It is found that binding of Gly, Pro
and Hyp to Gr and Gra is thermodynamically favorable yet dependent on the amino acid orientation and
always very weak (adsorption energies Eads range from −90 to −20 meV). AIMD simulations reveal that
room-temperature thermal excitations are enough to induce detachment of Gly and Pro from Gr and of all
three amino acids from Gra. Interestingly, we show that collagen AA binding to Gr is enhanced dramatically
by doping the carbon surface with calcium atoms (corresponding Eads values decrease by practically two
orders of magnitude with respect to the non-doped case). This effect is result of electronic charge transfers
from the Ca impurity (donor) to Gr (acceptor) and the carboxyl group (COOH) of the amino acid (acceptor).
The possibility of using Gr and Gra as nanoframes for sensing of collagen amino acids has also been
investigated by performing electronic density of states analysis. It is found that, whether Gr is hardly
sensitive, the electronic band gap of Gra can be modulated by attaching different number and species of AAs
onto it. The results presented in this work provide fundamental insights on the quantum interactions of
collagen protein components with carbon-based nanostructures and can be useful for developments in bio
and nanotechnology ﬁelds.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Recent progress on understanding bio-inorganic interfaces and the
physico-chemical processes occurring in them has lead to major
developments in a number of scientiﬁc areas like nanotechnology,
biomedicine, food industry and energy storage production. Intimately
related to this progress is the discovery of carbon-based nanostructures
(CNSs, nanotubes and fullerenes) [1–3] and surfaces (CSs, graphene and
graphane) [4–6], and the reﬁnement of related synthesis processes for
mass production [7–9]. CNSs and CSs posses extraordinary electronic,
structural and mechanical properties [10–12] which have been
exploited in the design and realization of chemical and biological
sensors, components of integrated circuits and platforms for hydrogen
storage, among other uses [13–18]. Intense research has been also
directed on how to employ such intriguing properties in biological and
biomedical applications. So far, bio-functionalization techniques based
on chemical modiﬁcation have proved carbon nanotubes (CNTs) as
efﬁcient drug-delivery devices, molecular transporters and cell nanoinjectors [19–22].
A promising and rapidly evolving multidisciplinary area within
biomedicine is regenerative medicine/tissue engineering which seeks
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to develop functional cells and tissue to treat or partly cure musculoskeletal injuries and organ disfunctions. The development of biomaterials and scaffolds designed to direct the growth, differentiation and
organization of cells in harvesting new functional tissue (in vivo or in
vitro) is required for further advancement on this discipline. CNSs and
graphene (one-atom thick planar sheet of carbon atoms densely
packed in a honeycomb crystal lattice) appear to be propitious
materials for this end since they can be assembled to form threedimensional porous structures [23] (which are well-known to
encourage bone cell ingrowth) and are manageable and also relatively
cheap to produce. Up to date, functionalized CNTs have been
demonstrated to work as excellent scaffolds in production of directed
neuronal networks [24,25] and structural reinforcement of cellgrowth nanoframes [26]. In view of these remarkable achievements
and present progress on the ﬁeld of biotechnological applications,
gathering knowledge on the interactions between biomolecules
important for life and CNSs/CSs is unduly desirable.
In this work, we present a theoretical study of the binding of
glycine (Gly), proline (Pro) and hydroxyproline (Hyp) amino acids to
graphene (Gr), metal-doped graphene (MGr) and graphane (Gra) by
means of quantum ﬁrst-principles methods, in particular density
functional theory (DFT) and ab initio molecular dynamics simulations
(AIMD). DFT is a ﬁrst-principles approach that has already been
demonstrated to describe interactions in Gr–AA [27,28], H-metal-
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Fig. 1. Optimized geometries of Gr (a), Ca-doped Gr (b) and Gra (c and d). C atoms are colored in yellow, O in red, H in blue, N in grey and Ca in blue (big sphere).

organic frameworks [29] and benzene-metal complexes correctly
[30], being in some cases as accurate as the more intricate method
second-order M⊘ ller–Plesset perturbation theory (MP2). Therefore,
DFT already seems a fairly accurate computational approach for
present purposes. Nevertheless, we have performed MP2 calculations
on a small model system consisting of a hydrogen-passivated piece of
graphene and Gly amino acid in order to assess the performance of the
DFT method at describing Gr–AA composites. The results of this test
presented in this work show that DFT predictions on Gr–AA systems
can be considered as reasonably accurate.
The structure and stability of Gly (NH2-CH2-COOH), Pro (NH2C4H7-COOH) and Hyp (NH2-C4H6(OH)-COOH) amino acids have been
studied intensively in the last decade by means of experiments and
with theory because of their biological interest [31–33]; these are the
unit blocks of long polypeptide chains that self-assemble in a
multistep process to form collagen, the main building block of
connective tissue in animals and the most abundant protein in
mammals. Apart from its biological relevance, collagen also has been
used widely as biomaterial in numerous medical applications, for

instance, to enhance implant biocompatibility, as component of drug
delivery systems and to create skin/bone tissue replacements (see
Review by Lee et al. [34] and references in there).
There is previous theoretical work done on the binding of collagen
AAs to carbon-based nanostructures and targeted surfaces. Recently,
the adsorption of collagen AAs on hydroxyapatite surfaces (a mineral
composite which is present in bones and is important for hard tissue
replacement in dental and orthopedic applications) has been
reviewed by several authors using techniques like DFT [35] and
molecular dynamics performed with semi-empirical potentials [36].
Also recently Roman et al. [37] have investigated the adsorption of Gly
on single-walled carbon nanotubes and graphene with DFT, although
some of the simpliﬁcations assumed in their work deserve further
examination (we will comment on this in the Results section of this
article). The interactions of Gly with and Pro with oxide surfaces
[38–41], silica [42,43], alumina [44,45] and metallic interfaces [46]
have also been examined due to relevance to possible industrial
applications and for providing improved understanding of bioinorganic systems. Interestingly, the dynamics and adsorption of

Fig. 2. Optimized geometries of Gly (a, b), conformers I-II respectively, Pro (b) and Hyp (c) amino acids. C atoms are colored in yellow, O in red, H in blue and N in grey.
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Fig. 3. Optimized geometries of Gly (a), Pro (b) and Hyp (c) adsorbed on Gr. Top and front views are shown for a good visualization of the systems.

collagen-like peptides on CNTs [47] and Ti-based material surfaces
[48] immersed in water have been investigated using classical
molecular dynamics simulations. In particular, authors of work [47]
have demonstrated that collagen-like peptides may encapsulate
spontaneously, although very slowly, into the inner space of CNTs
due to an interplay between van der Waals and hydrophobic
interactions. Despite of these investigations, there is lack of studies
dealing with the quantum interactions of collagen-like peptides
with CNSs and CSs (that is, considering possible charge transfers and
electronic exchange interactions) basically due to the large computational cost and technical intricacies arising from the rich variety
and large number of atomic bonds involved. However, this type of
investigations is necessary to fully understand collagen-carbon nanohybrids and to address major unresolved issues as for instance possible
toxicity of CNSs in physiological environment [22,49,50] wisely.
The main motivation of this work is to start ﬁlling this knowledge
void. In particular, we focus here on two fundamental matters: (i) the
interactions of collagen AAs with graphene at the quantum level of
description, and (ii) how these interactions are affected by metaldoping and hydrogenation of graphene. The interest of studying the
binding of collagen AAs to metal-doped Gr is that mediated π-metal-π
interactions may result stronger than pure π − π interactions, which in
general are weak and prominent in bio-inorganic systems (for

Table 1
Adsorption energies of collagen AAs onto Gr and corresponding structural parameters.
AA

Eads(eV)

dmin
AA−Gr (Å)

dAA
H−N (Å)

Gr
dC−C
(Å)

Gly − I
Gly − II
Pro
Hyp

− 0.062
− 0.098
− 0.073
− 0.082

2.91
2.78
2.62
3.32

4.41
1.85
1.77
1.81

1.43
1.43
1.43
1.43

AA
dmin
AA − Gr indicates the minimum distance between the AA and C atom in Gr, dH − N the
distance between the H atom of the carboxyl end and N atom in the amine group of the
AA, and dGr
C − C the distance between two neighboring C atoms in Gr.

Fig. 4. DOS corresponding to geometry-optimized graphene and Gr–AA systems
(AA = Gly, left; AA = Hyp, right). Fermi energy levels have been shifted to zero.
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instance, π − π interactions are relevant for understanding the
adsorption of small nucleotides on the walls of CNTs [51,52]). In
particular, we analyze calcium (Ca) doping because (i) Ca is already an
abundant element in bones and muscles so in principle this seems to
be a suitable doping for potential applications in biomedicine/biology,
and (ii) due to their ability in losing electrons and the role of empty dorbitals, Ca atoms have been already demonstrated to reinforce the
binding of some aromatic AAs to CNTs and Gr [27]. In fact, we will
show here that the effect of doping Gr with Ca atoms is to induce
much stronger adsorption of Gly, Pro and Hyp amino acids on Gr.
Concerning Gra, this is a fully saturated hydrocarbon derived from Gr
wherein C atoms are bonded to H atoms alternating both sides of the
plane and forming sp3 hybridizations. Possible uses of graphane in
biotechnological applications have not been investigated yet due to its
very recent discovery and synthesis [5,6]. Gra may be of relevance in
the design of biomaterials because it exhibits similar physical
properties to those of Gr but with the possibility of tuning them by
varying the concentration of H atoms; also biomolecules of interest
could be immobilized on its surface via weak hydrogen-bondmediated interactions. The results and conclusions reported in this
work are valuable for advancing knowledge in modeling of biomaterials
and to provide fundamental insights on the interactions of collagen
components with CNSs/CSs.
2. Theoretical methods and computational details
DFT calculations have been performed within the projector
augmented wave (PAW) scheme derived by Blöchl [53] and as
implemented in the VASP code [54,55]. The exchange-correlation
energy in the Kohn–Sham equations is approximated using the
generalized gradient functional due to Perdew–Burke–Ernzerhof

(GGA-PBE) [56]. Energy cut-offs have been set to 400 eV for
carbon (C), oxygen (O) and nitrogen (N) atoms and to 250 eV for
hydrogen (H). Regarding electronic states in valence, we consider
s2p2 in C, s2p3 in N and s2p4 in O atoms.
Full atomic geometry relaxations have been carried out using a
conjugate-gradient algorithm that keeps the volume of and shape of
the unit cell ﬁxed. In order to estimate the adsorption energy, Eads, of
Gly, Pro and Hyp amino acids to graphene, Ca-doped graphene and
graphane we use the expression
Eads = Esystem −ðEsurf + EAA Þ ;

ð1Þ

where Esystem is the total energy of the fully geometry optimized CS–
AA system and the other two terms correspond to the energy of the CS
and AA independently relaxed (in the Ca-doped Gr–AA case, Esurf
represents the energy of the composite Gr-Ca atom system).
According to this deﬁnition, and completely ignoring thermal effects,
a negative value of Eads means that adsorption of the AA on the CS
considered is thermodynamically favorable. An atomic force tolerance
of 0.05 eV/Å and special Monkhorst–Pack [57] k-point grid of 2 × 2 × 2
have been imposed in all geometry optimizations; we have checked
the adequacy of these parameters by monitoring the dependence of
the total energy on them and imposing a convergence of less than
1 meV (the energy tolerance in the self-consistent cycles is 10− 5 eV).
In order to generate optimal initial CS–AA conﬁgurations, we ﬁrst
optimize all CS (see Fig. 1) and AA (see Fig. 2) structures separately
and then place the resulting AA geometries at a distance of ~2 Å over
the plane of the CSs considering different orientations. At least, 4
different AA orientations have been considered in each case, namely, (i)
the carboxyl group of the AA (COOH) directed towards the CSs, (ii) the
amine group of the AA (NH2) directed towards the CSs and (iii and iv)

Fig. 5. Optimized geometries of Gly (a), Pro (b) and Hyp (c) adsorbed on Gra. Top and front views are shown for a good visualization of the systems.
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the plane deﬁned by the pentagonal AA ring parallel (inwards and
outwards) to the carbon-surface plane.
Only neutral AA conﬁgurations have been analyzed in this study.
Zwitterions, which are the preferred conﬁgurations of AAs in water,
are observed to rearrange to their neutral form upon geometry
optimization (as already has been reported by other authors [35,58])
so we leave the study of hydratation effects on CS–AA systems for
future work. In our calculations, Gr is modeled with a 60 C atom plane
and Gra with 32 C and 32 H atoms. The dimensions of the simulation
box are typically 12.5 × 13.0 × 25.0 Å where periodic boundary
conditions are applied to all directions; the size of the simulation
box has been chosen in order to avoid spurious AA–AA interactions
between neighboring replica images.
As will be shown later, the calculated adsorption energies of Gly,
Pro and Hyp on Gr and Gra are negative yet quite small in magnitude
(|Eads| ∼ 20 − 90 meV). In order to get insight into the effect of thermal
excitations on the binding of collagen AAs to Gr and Gra, we have
carried out a series of ab initio molecular dynamics simulations
(AIMD) of composite CS–AA systems at ambient temperature
(T = 300 K). In AIMD simulations, a Verlet-type algorithm and Nosè
thermostat are used for integration of Newton's equations of motion
and sampling of the canonical ensembles, respectively. The size of the
systems in the AIMD runs is the same than used in the atomic
structural relaxations although given the intensive computational
cost involved on these calculations, we employ Γ-point sampling only.
The real time duration of a typical CS–AA molecular dynamics
simulation is ~ 7 ps, being 10− 3 ps the time step used. Initial
conﬁgurations in the AIMD simulations correspond to the optimized
geometries obtained in the structural atomic relaxations.
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Table 2
Adsorption energies of collagen AAs onto Gra and corresponding structural parameters.
AA

Eads(eV)

dmin
AA−Gra (Å)

dAA
H−N (Å)

dGra
C−C (Å)

Gly − I
Gly − II
Pro
Hyp

− 0.045
− 0.081
− 0.054
− 0.028

2.28
2.33
2.10
2.26

4.41
1.84
1.78
1.79

1.53
1.53
1.53
1.53

AA
dmin
AA − Gra indicates the minimum distance between the AA and H atom in Gra, dH − N the
distance between the H atom of the carboxyl end and N atom in the amine group of the
AA, and dGr
C − C the distance between two neighboring C atoms in Gra.

to previous ab initio results obtained with a LCAO implementation
of DFT [35]. In particular, we ﬁnd that the distance between the H
atom contained in the carboxyl AA group and N atom of the amine
group is 1.86 Å in Gly-II, 1.79 Å in Pro and 1.82 Å in Hyp (see
Fig. 2). Reproducibility of previously reported ab initio results and
measurements provides conﬁdence about the accuracy of the
methodology employed throughout. However, in order to test the
reliability of the DFT-PBE method at describing weak collagen AA–
CS interactions we have performed additional calculations on a
small model system using the MP2 approach. Results of this test
are presented in Section 3.6.
3.2. AA adsorption on graphene
We report here the lowest-energy Gr–AA structures resulting
from our full geometry optimizations in which different AA
orientations relative to the carbon surface and adsorption sites
have been considered. For Gly, we ﬁnd that adsorption on Gr is
thermodynamically favorable (that is, Eabs b 0) in all the studied

3. Results
3.1. CS and AA geometry optimizations
First, we have geometry optimized the Gr, Gra, Ca-doped Gr
and AAs systems separately as explained in Section 2. For Gr, we
obtain an interatomic C–C distance dC − C of 1.42 Å , while for Gra,
dC − C = 1.53 Å and dC − H = 1.11 Å (see Fig. 1). These ﬁgures are in
excellent agreement with previous ﬁrst-principles calculations and
experimental data [4–6,59]. Concerning Ca-doped Gr, we have
explored different possible adsorption sites of the impurity atoms
on Gr (namely, customary bridge, top and hole positions) at
concentration 1.67% (1 Ca atom per 60 C atoms) and found that
the hole of the carbon hexagons is energetically the most favorable
adsorption site. The adsorption energy corresponding to this
preferred conﬁguration is Eads = − 0.391 eV, being dCa − C = 2.19 Å
the distance between the Ca impurity and nearest C atom. The
mechanism by which the calcium atom adsorbs on the carbon
surface involves an electronic charge transfer of − 1.1e from the
impurity (donor) to the surface. This result is obtained by
performing charge-density distribution (CDD) analysis based on
the Bader theory [60,61]; with this approach essentially one
calculates the atomic charges by decomposing the total electronic
charge density into atomic contributions that localize in regions
bounded by minima of the charge density.
Regarding collagen AAs, we have considered two different Gly
conformers (referred to as Gly-I and Gly-II), one Pro and one Hyp (see
Fig. 2). It is well-known that a number of stable but structurally
different AA conﬁgurations can be found in the gas phase [44,62] so
we have assessed the effect of atomic AA structure on our ﬁnal results
for Gly. As it will be shown later, changes in the atomic structure of Gly
do not affect appreciably our general statements so agreeably the
same can be expected for Pro and Hyp. (If nothing is speciﬁed
throughout, Gly refers to conformer II.)
Concerning the geometry relaxations, we ﬁnd that our
optimized AA structures are in very good agreement with respect

Fig. 6. DOS corresponding to geometry optimized graphane and Gra–AA systems
(AA = Gly, left; AA = Hyp, right). Fermi energy levels have been shifted to zero.
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cases (conformers I and II). In particular, the smallest Eabs value is
obtained when the plane deﬁned by atoms C–N–C in Gly-II is
oriented parallel to the carbon surface (see Fig. 3(a) and Table 1).
This conﬁguration bears the signature of weak π − π interactions,
which are also present in Gr–aromatic AA complexes and CNT–
DNA nucleobase hybrids [28,63]. In this most favorable case, Eads
amounts to − 0.098 eV which indicates very weak binding of Gly
to the graphite sheet. In Ref. [37], Roman et al. already
investigated the binding of Gly to single-walled carbon nanotubes
and graphene; in that work, the authors concluded that neutral
Gly adsorbs onto Gr through the carboxyl end and that the
corresponding Eads value is − 0.04 eV. According to our calculations, however, adsorption of Gly by the carboxyl group leads to
an energy of Eads = − 0.08 eV, so that the already described
conﬁguration plotted in Fig. 3(a) is energetically more favorable
than this by practically 20 meV. We believe that the reason for
such disagreements is threefold, namely in Ref. [37] (i) full Gr–Gly
geometry optimizations were not carried out (Gly was not
geometry optimized but its structure remained ﬁxed), (ii) only
Gly orientations involving either the carboxyl or amine groups
directed towards the plane of the carbon surface were considered,
and (iii) a small Gr supercell (only 18 atoms) was used in the
simulations so is likely that results include the effect of Gly–Gly
interactions between neighboring images.
Regarding Pro, we also ﬁnd positive and weak binding to
graphene independently of the AA orientation considered. Estimated Eads energies are somewhat larger than obtained in the Gr–
Gly system (see Table 1). At difference with Gly, adsorption of Pro
onto Gr is favored by placing the amine group of the amino acid
closer to the carbon-surface and tilting the plane of its pentagonal
ring slightly with respect to Gr (see Fig. 3(b)). In the Hyp case,

strongest binding occurs when the carboxyl group is directed
towards the carbon-surface and the amine group placed away (see
Fig. 3(c)). Like in the Gly and Pro cases, the binding of Hyp to Gr is
very weak.
In Table 1, interatomic distances on ﬁnal optimized geometries
are reported. In general, it is observed that Gr and AAs do not
distort signiﬁcantly with respect to their isolated optimized forms
when joining to form Gr–AA systems.
An interesting application of carbon-based nanostructures is
that of sensing of molecules [13,14,20]. The principle upon which
these applications work is that changes on the electronic/optical
properties of the nanostructure in question can be unequivocally
identiﬁed with the entities that attach to its surface. The more
dramatic the changes on the well-known physical properties of
CSs/CNs, the more effective the sensing is. Motivated by such a
possibility in what collagen AAs and graphene concerns, we have
explored changes in the electronic structure of graphene when Gly
and Hyp adsorb onto it. In particular, we have calculated the
density of electronic states (DOS) of geometry optimized Gr (a
zero-gap material with two linear bands crossing at the Dirac
point [64]) and Gr–AA systems. In order to obtain accurate DOS
plots, we have increased the k-point mesh used for ﬁrst Brillouin
zone (IBZ) sampling up to 8 × 8 × 2. In Fig. 4, we show the results
of these calculations. As can be observed, the shape of both Gr and
Gr–AA DOSs is practically identical within the region around the
Fermi energy level, EF (shifted to zero in the ﬁgure), and no band
gap is induced to open on the electronic structure of Gr. Since
occupied electronic states with energy close to EF are the ones
responsible for the optical/electronic properties of a material, it
can be concluded that Gr-based nanostructures are in principle not
suitable for efﬁcient sensing of collagen amino acids.

Fig. 7. Monitoring of the AA center of mass (CM) trajectories generated along AIMD simulations of joint Gr–AA systems performed at room temperature. Distances are in units of Å.
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3.3. AA adsorption on graphane
As noted in the Introduction, one of the objectives of this study is
to assess the effects of graphene hydrogenation on the quantum
interactions of collagen AAs with Gr. Graphane is a material, ﬁrst
predicted by theoretical means and then realized in the laboratory
[5,6], which bears some physical similarities with Gr, but also some
differences. For instance, Gra is an insulator material with an
electronic band gap width of Egap = 3.1 eV (according to our
calculations). Therefore is engaging to start exploring possible
applications of Gra in bio and nanotechnology ﬁelds.
Likewise to the previous Gr case, we have analyzed the adsorption
of Gly, Pro and Hyp on top of Gra considering different AA orientations
and adsorption sites. In Fig. 5, energetically most favorable Gra–AA
geometries are shown. As can be observed, these conﬁgurations are
quite similar to the Gr–AA ones depicted in Fig. 3 in what AA
orientation concerns. In particular, Gly is oriented parallel to Gra
while Pro and Hyp place their amine and carboxyl group, respectively,
close to the CH-based surface. A look at Table 2 reveals that collagen
AA binding to Gra is even weaker than that corresponding to Gr.
We have also investigated the possibility of using Gra for sensing of
collagen AAs by performing accurate DOS analysis of the relaxed Gra
and Gra–AA structures. Results of these calculations are shown in
Fig. 6. It is observed that AA binding to Gra causes partial closure of its
electronic band gap, being most noticeable in the Hyp case where the
value of the band gap decreases down to Egap = 2.2 eV. In view of this
effect, we have proceeded to increase the number of Hyp units onto
Gra in order to discern whether such behavior scales or not with the
number of AAs. It is found that Egap decreases from 2.2 to 1.7 eV when
the number of adsorbed Hyp amino acids is doubled (case shown in
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Fig. 6 as “dd”). This result comes to show that the width of the
electronic band gap of Gra can be tuned by attaching different number
and species of AAs onto it. Despite that we do not observe total closure
of the band gap, it can be concluded that Gra appears to be a suitable
material for engineering applications of collagen AAs sensing,
especially of Hyp. The causes of this electronic band gap variation
remain unclear to us although partial oxidization of Gra could be
suggested on basis of what is observed in Gr [65] and the adsorption
geometry of Hyp (carboxylate group pointing down to the hydrogenated carbon surface). We leave further investigations on such
intriguing effect for future work given its possible relevance in
nanoelectronics. Finally, the value of the dGra
C − C parameter reported in
Table 2 shows that no particular deformation of Gra due to amino acid
adsorption occurs.
3.4. Molecular dynamics simulations
In Sections 3.2 and 3.3, we have shown that Gly, Pro and Hyp bind
very weakly to Gr and Gra, the corresponding adsorption energies
being of order ∼ 10 − 2 − 10 − 3 eV. Although joint Gr(a)-collagen AA
systems should remain stable at low temperatures, room-temperature
thermal excitations could be strong enough to induce AA-desadsorption from Gr and Gra since the value of the Boltzmann factor at T = 300
K already amounts to kBT = 0.026 eV. With the aim of exploring this
possibility, we have conducted a series of ab initio molecular dynamics
(AIMD) simulations of Gly, Pro and Hyp onto Gr and Gra as explained
in Section 2.
In Figs. 7 and 8 results of our AIMD simulations are presented,
where details of the trajectory of the center of mass (CM) of the amino
acid with respect to the all-effects translationally static carbon-based

Fig. 8. Monitoring of the AA center of mass (CM) trajectories generated along AIMD simulations of joint Gra–AA systems performed at room temperature. Distances are in units of Å.
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Fig. 9. Optimized geometries of Gly (a), Pro (b) and Hyp (c) adsorbed on Ca-doped Gr. Top and front views are shown for a good visualization of the systems.

surface are included. Speciﬁcally, we plot the z-component (out-of-plane)
and x-y projection (in-plane) of the CM position of the amino acid, and
position of the O atom in the AA carboxyl group. Account of the O atom
trajectory is useful to determine whether the AA rotates or not since the
difference between curves Z(O atom)−ZCM(Gr) and ZCM(AA)−ZCM(Gr)
in the ﬁgures provides this information directly (i.e., in case of free AA
rotation Z(O atom)−ZCM(AA) must ﬂuctuate around zero-value otherwise remain constant). From the Gr–AA AIMD results shown in Fig. 7,
several room-temperature-induced effects are observed: (i) Gly desadsorbs from Gr and diffuses through the volume of the container while
rotating, (ii) Hyp does not deattach from the Gr surface though it moves
slowly through the x-y plane and it rotates, and (iii) Pro exhibits an
intermediate behavior between Gly and Hyp although its tendency clearly
is to deadsorb from Gr. These conclusions have been cross-checked by
visual inspection of MD animations recreated from the conﬁgurations
generated in the AIMD runs.

Table 3
Adsorption energies of neutral collagen AAs onto Ca-doped Gr and corresponding
structural parameters.
AA

Eads(eV)

Gly − I
Gly − II
Pro
Hyp

− 1.166
− 1.488
− 2.067
− 2.076

(− 1.733)
(− 2.342)
(− 2.298)
(− 2.342)

dmin
AA−Ca (Å)

dAA
H−N (Å)

dGr
C−C (Å)

2.21
2.35
2.37
2.38

4.43
1.76
1.06
1.06

1.43
1.43
1.43
1.43

(2.08)
(2.29)
(2.30)
(2.30)

(4.57)
(4.33)
(4.64)
(4.82)

(1.43)
(1.43)
(1.43)
(1.43)

Figures within parentheses correspond to anionic AA species adsorbed onto
hydrogenated Ca-doped Gr. dmin
AA − Ca indicates the minimum distance between the AA
AA
and Ca atom, dH
− N the distance between the H atom of the carboxyl end (or bonded to
the Ca impurity) and N atom in the amine group of the AA, and dGr
C − C the distance
between two neighboring C atoms in Gr.

Regarding Gra–AA systems, similar thermal-excitation effects than
assessed in the similar Gr–AA systems are observed (see Fig. 8). Only
small differences like larger diffusion of the AA center of mass in all
the cases and Hyp desadsorption from Gra are noticed.
Summing up the AIMD results, it is found that joint Gr–AA and
Gra–AA systems are in principle stable only at low temperatures, that
is to mean, well below room temperature.
3.5. AA adsorption on Ca-doped graphene
In view of the weak binding of Gly, Pro and Hyp to Gr and Gra and
corresponding temperature-induced AA desadsorption described in
Sections 3.2, 3.3 and 3.4, it turns out to be appealing to explore ways of
strengthening Gr–AA interactions in order to attain much more stable
Gr–AA hybrids at room temperature. A likely avenue to attain this
consists in chemically functionalizing Gr by doping it with a suitable
element or compound. As noted in the Introduction, we have chosen
to study here the effect of Ca impurities on Gr–AA interactions
because Ca is a good charge donor which is already present in
considerable proportion in connective and musculo-skeletal tissues
[66,67]. Also Ca-doping has been proved to enhance π − π interactions
of Gr with dioxin monocyclic organic compound (C4H4O), which
structurally is similar to collagen AAs [27].
In Fig. 9, we display the most favorable conﬁgurations deriving
from our geometry optimization runs. Like in the Gr–AA case, different
AA orientations have been considered with respect to the Gr surface
although this time on top of the impurity atom. As is observed in the
ﬁgure, most stable conﬁgurations now involve binding of the AA
bodies to the Ca atom through the carboxyl end. Interestingly,
estimated Eads values decrease by practically two orders of magnitude
with respect to non-doped Gr cases, being the Gr–Ca–Hyp binding the
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Fig. 10. Adsorption of the Ca impurity atom onto Gr (top). Adsorption of Hyp AA on Ca-doped Gr surface (bottom). In both plots, CDD analysis results are shown in which areas with
accumulated electronic charge density are indicated with rough texture.

Fig. 11. Optimized conformation of neutral Gly-I adsorbed on Ca-doped Gr (left) and of anionic Gly-I adsorbed on hydrogenated Ca-doped Gr (right).

strongest (see Table 3). Such dramatic increase on the strength of the
Gr–AA binding can be understood in terms of newly formed O–Ca
bonds that result from electronic charge transfer between the impurity
atom and the AA carboxyl group (sketched in Fig. 9 by solid rods).
Interestingly, upon geometry optimization we observe proton transfer
(H atom) from the carboxyl end to the amine group (which transform
into COO− and NH+
3 , respectively) in the Pro and Hyp cases (see value
of parameter dAA
H − N in Table 3) which correspond to the systems
exhibiting smallest Eads values. The cause for this proton transfer can
be understood in terms of the argument already given, namely that
formation of O–Ca bonds further stabilizes the Gr–AA systems, so
destroying the carboxylic O–H bond in order to create an extra O–Ca
one happens to be energetically favorable for Pro and Hyp. We have
performed charge-density distribution (CDD) analysis [60,61] of the
joint Gr–Ca–Hyp system in order to assess electronic charge
redistributions within it. As could be foreseen, the CDD analysis
shows that some electronic charge (~−0.5e) is transferred from the Ca
impurity to the carboxyl group of the amino acid thus reinforcing the
Gr–AA binding. At the same time, the charge redistribution within the
AA leads to an electronic charge increase of −0.2e in the N atom. The
unravelled Ca–AA electronic charge transfer is sketched in Fig. 10 by
denoting areas of accumulated electronic density with rough texture.
Parameter dGr
C − C enclosed in Table 3 shows that structural distortions
in Gr originated by adsorption of the Ca atom and AA on it are
practically insigniﬁcant.
We have further analyzed the stability of Gr–Ca–AA complexes by
considering possible Ca–AA segregation from the Gr surface. For this,
we have geometry optimized joint Ca–AA units and proceeded to
calculate the energy difference Esegr = EGr − Ca − AA − ECa − AA − EGr. In
all the cases we ﬁnd negative Esegr values (for instance, in the Hyp
case Esegr amounts to − 1.41 eV) so the studied hybrids are very
unlikely to separate spontaneously into Ca-Hyp and Gr units.
Moreover, the possibility of proton transfer from the carboxylic AA
group to the Ca–Gr surface and subsequent adsorption of the
resulting anionic species on the hydrogenated surface, has been

also investigated. In all the studied cases, we ﬁnd that this
conformation further stabilizes the Gr–Ca–AA complexes. In particular, the largest Eads reduction upon proton transfer is experienced by
Gly (conformer II) and it amounts to − 0.854 eV (see Table 3 and
Fig. 11). This last result might suggest that Gr–Ca–AA systems could
be further stabilized on basic water, or even more chieﬂy, that
aggregation of AA units on Gr–Ca surfaces could be monitored/
controlled via the basicity (that is, concentration of OH− hydroxide
ions) of the solvent if dissociation of water molecules on the Cacenters occurred to be energetically favorable. These remarks,
however, are rather speculative and further computational work is
required for assessing them; it is noted that we are addressing work
on this direction at the moment.
The main ﬁnding presented in this section, namely dramatic
enhancement of Gr–collagen AA interactions by chemical functionalization of Gr with Ca atoms, suggests that inorganic nanostructures
composed of Ca and Gr could be employed as surfaces for adhesion of

Fig. 12. System model composed of a hydrogen-passivated piece of graphene and Gly
amino acid where MP2 and DFT-PBE calculations have been performed. The plot shows
the ﬁnal structure obtained in the DFT-PBE geometry optimization.
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collagen polypeptides. This theoretical prediction can be useful for
tailoring of nanostructures with potential application in biotechnology and biomedicine, particularly in the creation of artiﬁcial
biomimetic surfaces able to adsorb on medical implants and designed
to enhance biocompatibility properties.
3.6. MP2 versus DFT-PBE
In general DFT methods tend to underestimate binding energies in
molecular systems. The reason of this shortcoming radicates on the
inability to describe long-range forces of dispersive type, as for
instance van der Waals (vdW), accurately. Nevertheless, numerous
recent studies have proved the DFT-PBE method successful at
evaluating π − π interactions in comparison with more intricate, but
also largely more expensive, computational approaches [27–30]. In
order to check the reliability of the results presented in previous
sections, we have performed calculations on a model system
consisting of a small piece of graphene passivated by hydrogen
atoms and a Gly amino acid (see Fig. 12) using the MP2 approach. In
MP2 calculations electronic correlation effects are estimated accurately by means of the Rayleigh–Schrödinger perturbation theory and
considering the Hartree–Fock Hamiltonian as the unperturbed
system. MP2 calculations were performed with the GAUSSIAN03
package [68] using 6-31G++ basis sets including double diffuse
functions. For comparison, DFT-PBE calculations were carried out on
the same model system with identical technical parameters than
reported in Section 2. Structural optimizations were performed with
both approaches imposing a force tolerance of 0.02 eV/Å on the atoms.
The conclusions deriving from these calculations can be summarized
as: (i) both MP2 and DFT-PBE geometry optimized structures are
practically identical (see Fig. 12) the only difference being that the
distance between the Gly amino acid and the Gr rod is 3.60 Å in the
MP2 case and 3.80 Å in the DFT-PBE case; and (ii) MP2 and DFT-PBE
binding energies amount to − 0.38 and − 0.10 eV, respectively. On the
light of these results, it can be concluded that the description of Gr–AA
systems obtained with DFT-PBE is fairly accurate although the
inclusion of subtle long-range interactions is likely to increase the
binding of AAs to carbon-based surfaces.
4. Conclusions
In this ab initio computer simulation study, we have investigated
the adsorption of glycine, proline and hydroxyproline amino acids, the
major constituents of type I collagen protein, to graphene, graphane
and Ca-doped graphene. In the Gr–AA and Gra–AA systems, roomtemperature effects have been explored by carrying out a series of ab
initio molecular dynamics simulations. Our study shows that the
binding of collagen amino acids to Gr and Gra is thermodynamically
favorable although very weak, so room-temperature effects can
provoke AA detachment in most of the cases. Nevertheless, we ﬁnd
that by doping Gr with Ca atoms Gr–AA interactions are enhanced
dramatically so corresponding adsorption energies decrease by
practically two orders of magnitude (− 2.3 b Eads b − 1.4 eV). We
have also analyzed the performance of Gr and Gra in possible sensing
application of collagen AAs; we predict that, while Gr is hardly
sensitive, Gra undergoes noticeable changes in electronic structure as
result of Hyp adsorption.
In this work, we provide fundamental knowledge on quantum
Gr–collagen AA interactions, scarcely investigated so far, which can
be exploited in ﬁelds like biomaterials modeling and probably also
nanoelectronics. In future work, we will analyze the interactions of
collagen-like peptides with carbon-based surfaces using computational approaches less intensive than employed here, as for instance
hybrid QM/MM (Quantum Mechanical/Molecular Mechanics) techniques and the density-functional tight-binding method [69,70]. The
results presented in this work will be used to evaluate the performance

of available force ﬁelds that subsequently will be used in the planned
QM/MM simulations. Given the biotechnological interest of these
studies, the effect of water on CS-collagen interactions will be included.
Work on this direction is already in progress.
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