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Recently, there has been a growing prevalence in the utilization of graphdiyne (GDY) in the field of biomedicine,
attributed to its distinctive physical structure and chemical properties. Additionally, its biocompatibility has garnered
increasing attention. However, there is a lack of research on the biological effects and physical mechanisms of GDY-
protein interactions at the molecular scale. In this study, the villin headpiece subdomain (HP35) served as a representative
protein model. Molecular dynamics simulations were employed to investigate the interaction process between the HP35
protein and GDY, as well as the structural evolution of the protein. The data presented in our study demonstrate that GDY
can rapidly adsorb HP35 protein and induce denaturation to one of the α-helix structures of HP35 protein. This implies
a potential cytotoxicity concern of GDY for biological systems. Compared to graphene, GDY induced less disruption to
HP35 protein. This can be attributed to the presence of natural triangular vacancies in GDY, which prevents π–π stacking
action and the limited interaction of GDY with HP35 protein is not conducive to the expansion of protein structures. These
findings unveil the biological effects of GDY at the molecular level and provide valuable insights for the application of
GDY in biomedicine.

Keywords: graphdiyne, villin headpiece, molecular dynamics simulation, biotoxicity
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1. Introduction
With the rapid development of nanotechnology and

nanoscience, nanomaterials are widely used in various in-
dustries due to their unique physicochemical properties, es-
pecially the quantum and surface effects exhibited at the
nanoscale. Particularly in the realm of nano-biomedicine, such
as gene delivery, cellular imaging, oncology treatment, and
bio-experimental techniques.[1–3] Inevitably, in these applica-
tions, nanomaterials are able to interact directly with biolog-
ical cells, resulting in a range of biological effects. The cell
membrane represents the initial barrier of protection for cells
within an organism. Xu et al. conducted research into the
interaction mechanism of single-stranded DNA (ssDNA) and
single-stranded RNA (ssRNA) in lipid nanoparticles (LNPs)
with a phospholipid bilayer and found that Ca2+ and Mg2+

could facilitate the interaction.[4] Luo et al. identified two pat-
terns of binding between C3N and small intestinal epithelial
cell membrane: insertion or coverage.[5] Furthermore, they
demonstrated that glycosphingolipids prevented C3N from in-
serting into the membrane. In addition, Wu et al. investigated
the adsorption of double-stranded DNA (dsDNA) molecules
of different lengths on the graphene oxide (GO) surface.[6]

Ma et al. demonstrated that the adsorption of ssDNA with

GO was most stable when the degree of oxidation of GO was
approximately 15%, as this resulted in the highest number
of π–π stacking interactions between the two components.[7]

Zhang et al. investigated the adsorption of DNA by a novel
two-dimensional (2D) carbon nanomaterial, biphenylene net-
work, and found that the biphenylene network can denature
the structure of ssDNA, whereas it displays good biocom-
patibility with dsDNA.[8] Nanomaterials also have the poten-
tial to alter the secondary, tertiary, or quaternary structure
of proteins.[9] For instance, Zhang et al. observed that both
phosphene and graphene could disrupt the secondary structure
of the villin headpiece protein, with graphene causing more
severe disruption to the protein’s structure.[10] Gu et al. dis-
covered that the surface of graphene materials have the capa-
bility to trap biomolecules, potentially leading to alterations
in the tertiary structure of proteins.[11] Babadaei et al. discov-
ered that graphene oxide nanosheets affected the Tyr residues
near human haemoglobin, leading to changes in the quaternary
structure.[12] Prior investigations have indicated that, contin-
gent on the proteins involved, these carbon nanomaterials may
serve as drug carriers or exhibit potential toxic effects.[13–17]

Hence, conducting a comprehensive and in-depth study on the
biocompatibility of carbon nanomaterials is of paramount im-
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portance. Due to the severe challenges associated with con-
ducting detailed experiments to explore the molecular-scale
interaction mechanisms between carbon nanomaterials and
biomolecules, employing numerical simulations becomes im-
perative. These simulations can be effectively combined with
experimental data to guide practical applications. Related lit-
eratures indicate that computational simulations can be advan-
tageous in certain contexts.[18,19]

In recent years, there has been a rapid development in car-
bon nanostructured materials. Owing to their abundant carbon
chemical bonds, large conjugated systems, wide facet spacing,
and excellent chemical stability, these materials have garnered
increasing attention in various fields, including electronics,
optics, energy, catalysis, biomedicine, etc.[20–27] Graphdiyne
(GDY) is a novel 2D carbon-based nanomaterial that is an
allotrope of carbon similar to graphene. It comprises pla-
nar structures of benzene and alkyne units with two types
of carbon atoms: sp- and sp2-hybrid carbon atoms, featuring
abundant chemical bonding, large π–π conjugated systems,
a naturally porous structure, an intrinsic bandgap, high car-
rier mobility, surface inhomogeneous charge distribution, ex-
cellent mechanical properties, and high surface activity.[28–30]

Since their initial experimental synthesis in 2010, GDY and
its derivatives have found successful applications in energy,
catalysis, environmental, and biomedical domains owing to
their exceptional properties.[31–37] The wide range of appli-
cations also substantially elevates the risk of human exposure,
potentially leading to adverse effects on human health. Hence,
there is a growing urgency and necessity to investigate the in-
teraction mechanism of GDY with biomolecules and to further
explore the potential toxicity of GDY.

Relevant studies have indicated that the hydrophobicity of
graphyne nanosheets could directly interfere with the normal
function of proteins. For example, Feng et al. explored the
binding of graphyne nanosheets and graphyne quantum dots
to calmodulin, revealing a potential molecular mechanism un-
derlying graphyne cytotoxicity.[38] Gu et al. demonstrated that
graphyne was able to insert itself into cellular membranes and
extract phospholipids due to its hydrophobicity.[39] This sug-
gests that graphyne could be used as a potential antimicro-
bial agent. Luan et al. employed molecular dynamics simula-
tions to explore the potential toxicity of graphyne by interfer-
ing with protein–protein interactions (PPI). Their findings in-
dicated that, owing to dispersive and hydrophobic interactions
of graphyne with hydrophobic residues at the dimer interface,
graphyne can disrupt PPI by cleaving the protein–protein in-
terface and separating the protein complex into non-contacting
materials.[40] Zhu et al. experimentally confirmed that GDY
exhibited higher antibacterial activity than GDY oxide.[41]

Despite these efforts, the detailed molecular interactions
between GDY and proteins continue to elude comprehensive

understanding. In this study, we employed all-atom molecular
dynamics (MD) simulations to scrutinize the adsorption pro-
cess and structural evolution of the helix-rich villin headpiece
subdomain protein (HP35) with GDY. Our results show that
HP35 protein adsorbed on GDY rapidly and the binding site
was relatively stable. The interaction between HP35 protein
and GDY predominantly relied on van der Waals (vdW) in-
teractions. Upon binding to GDY, the α-helix 1 fragment of
the HP35 protein underwent denaturation, resulting in the loss
of part of the secondary structure. This implies the potential
biotoxicity of GDY at the molecular level. However, GDY ex-
hibits lower biotoxicity than graphene, attributable to its natu-
ral triangular vacancy structure.[42] The presence of extensive
vacancies hampers the ability of aromatic residues in HP35 to
form π–π stacking structures with the six-membered ring in
GDY. Additionally, the limited interaction of GDY with HP35
protein is not conducive to the expansion of protein structures.
Our findings contribute to a deeper understanding of the inter-
action mechanism between GDY and proteins, providing in-
sights that can guide the application of GDY in biomedical
fields.

2. Model and method
The GDY nanosheet monolayer is an all-carbon struc-

ture with a 2D planar network formed by the conjugated link-
ing of benzene rings through 1,3-diyne bonds, as shown in
Fig. 1(a). The GDY model employed in our simulations is a
nanosheet with dimensions of 6.0 nm×5.5 nm and comprises
756 carbon atoms. In GDY, the carbon atoms are modeled
as uncharged Lennard–Jones (LJ) particles.[39] The vdW pa-
rameters for the sp carbon atoms are σcc = 3.4 Å and εcc =

0.210 kcal/mol, while for the sp2 carbon atoms are σcc = 3.4 Å
and εcc = 0.086 kcal/mol. The HP35 protein structure was ob-
tained from the Protein Data Bank (PDB code: 1YRF). Its
widespread use in modeling nanomaterials and proteins is at-
tributed to its small size and properties commonly found in
globular proteins, and thus there is a diverse array of findings
for comparative analysis.[10,11,42–50] The native structure of the
HP35 protein consists of 35 residues, with residues 4–10 con-
stituting the helical fragment α1, residues 15–19 constitute he-
lical fragment α2, and residues 23–32 helical fragment α3, as
shown in Fig. 1(b). Initially, we positioned the protein above
the GDY at a distance of 2 nm, as illustrated in Fig. 1(c). Wa-
ter was modelled using tip3p water.[51] Cl− ions are essential
electrolytes in living organisms, and we added Cl− ions to bal-
ance the excess positive charge in the simulated system in line
with the physiological environment. Therefore, 2 Cl− ions
were added to undergo electrostatic interactions with the HP35
protein, which served to neutralize the charge of the HP35 pro-
tein. (Cl− ions may also be adsorbed on the surface of GDY
due to vdW interaction. Figure S1 illustrates that the distance
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between the Cl− ions and GDY is variable, indicating that the
Cl− ions are in a free state in an aqueous solvent and does not
bind to GDY, nor affect the surface properties of GDY). The

complexes were situated in a 7.0 nm×6.5 nm×6.5 nm box,
with water serving as the solvent, and periodic boundary con-
ditions were applied in all three directions.

Helix 1

Helix 2

Helix 3

(b) (c)(a)

Fig. 1. Conformation diagram of (a) GDY and (b) HP35 protein. (c) The initial structure diagram of HP35 protein and graphdiyne in a water
box. Here, the green balls are Cl− ions.

All MD simulations were performed using the GRO-
MACS software package, and the force field was described us-
ing AMBER99SB.[52,53] The VMD software was utilized for
visualizing the molecular structure.[54] Remote electrostatic
interactions were calculated using the particle lattice Ewald
method.[55,56] The cut-off distance for vdW interactions was
1.2 nm. All solute bonds involving hydrogen atoms were con-
strained by the LINCS algorithm.[57] During the run, the en-
ergies of systems were minimised and subsequent equilibra-
tion for 1 ns, employing the NVT and NPT ensembles, re-
spectively. Throughout the equilibration process, the heavy
atoms of the proteins were restrained. The temperature was
kept at 300 K using the v-rescale method, while the pres-
sure of the system was controlled to one atmosphere through
the Parrinello–Rahman algorithm.[58,59] Subsequently, simula-
tions lasting 600 ns were conducted for the system in the NVT
ensemble, with a time step of 2.0 fs, and data were collected
every 10 ps.

3. Results and discussion
First, we explored the dynamic adsorption process of

HP35 protein on the GDY surface. Conformation diagrams
at crucial moments during the simulation are depicted in
Figs. 2(a)–2(f). At 0 ns, the centre-of-mass distance between
the HP35 protein and GDY was 2 nm, and the protein was par-
allel to the GDY surface. Notably, the contact area at this time
was 0 nm2, signifying adequate separation between the protein
and GDY. From the distance between the protein and GDY in
Fig. 3(a) and the contact area in Fig. 3(b), it can be seen that the
distance between the protein and GDY in the z direction firstly
increased transiently and then rapidly decreased to 0.9 nm, and
the area increased from 0 to about 6 nm2 within the 0–9 ns
timeframe. From the conformation diagram at 10 ns, it is ev-
ident that the α-helix 1 structure of the protein was turned,
but the secondary structure was not mutated. At about 230 ns,
the distance between the protein and GDY in the z direction
changed little, but the contact area increased further. Addi-

tionally, in the conformational diagram at 300 ns, it is evident
that the α-helix 1 of the protein underwent mutation. This
implies that GDY has the potential to disturb the protein struc-
ture, resulting in nanotoxicity. Notably, around 335 ns, there
was only a slight rebound in the contact area, signifying the
relatively stable adsorption of GDY on the HP35 protein. Cor-
respondingly, in the conformational diagram at 400 ns, there
was no discernible alteration in the protein conformation com-
pared to the state at 300 ns. Subsequently, the contact area and
distance exhibited minimal oscillation throughout the simula-
tion, and the alterations in the relative distances between the
protein and GDY in all three directions (xyz) fluctuated within
the range of 0.5 nm. The conformation of the HP35 protein
had essentially ceased to evolve, as depicted in Figs. 2(d) and
2(e), implying that a simulation duration of 600 ns adequately
represents the kinetic characteristics of protein adsorption on
GDY.

(a) (b) (c)

0 ns 10 ns 300 ns

400 ns 600 ns 600 ns (Side view)

(d) (e) (f)

Fig. 2. Conformation diagram of HP35 protein and GDY at different critical
time scales during the simulation.

Second, we discussed the overall conformational changes
of the protein during the adsorption process. The root-mean-
square deviation (RMSD) depicted in Fig. 4(a) reflects the de-
gree of change in protein structure. The radius of gyration (Rg)
of the protein, as depicted in Fig. 4(b), characterizes the vol-
ume and shape of the protein molecule. The larger the radius
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of gyration of the same system, the more swollen the protein
is. Figure 4 shows an evident abrupt change in the RMSD
of the protein near 230 ns. However, the magnitude of this
change fluctuated only in the range of 0.17 to 0.44. In order
to provide a more accurate description of the variation of Rg,
we have synthesized the curve of Rg into a linear function. The
function and the fitted plot line are shown in Fig. S2 in the sup-
porting information. The results of the function indicate that
Rg has a tendency to increase, which suggests that the over-
all structure of the protein is undergoing a slight expansion.
The shape of the HP35 protein is asymmetric, and the distri-
bution of its mass is not uniform in three directions. Conse-
quently, when the protein is rotated in the x–y plane at about
20 ns, 130 ns, 210 ns, and 330 ns, Rgx and Rgy exhibit consid-
erable fluctuations with opposing values. The protein hardly
rotates in the x–z and y–z planes, but there is a slight expan-
sion over time along the z direction, resulting in insignificant
fluctuations in Rgz . These findings suggest that the adsorption
of proteins on the GDY surface results in the disruption of the
protein structure, with a relatively low intensity of destruction.
Additionally, both the RMSD and Rg values exhibited stabil-
ity at the conclusion of the simulation, indicating that 600 ns
is sufficient to reflect the effects caused by GDY on the protein
structure.

Time (ns)

Time (ns)

x direction
y direction
z direction

D
is

ta
n
c
e
 (

n
m

)
A

re
a
 (

n
m

2
)

(b)

(a)

Fig. 3. (a) Diagram of the distance between the protein and GDY over
time. (b) Diagram of the contact area between the protein and GDY
over time.

Next, we analyzed the alterations in the internal sec-
ondary structure of the protein throughout the simulation.

From Fig. 5, we can see that α-helix 2 and α-helix 3 re-
mained structurally stable during the simulation. Nevertheless,
α-helix 1 had been unfolded around 230 ns. Most α-helix 1
had been changed to 310-helix and turns. In conjunction with
the abrupt change in the RMSD value at the same time point,
it suggests that the structural changes in the protein during this
period originated from the denaturation of the secondary struc-
ture of α-helix 1.

R
M
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D

 (
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)
R
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 (

n
m

)

Time (ns)

Time (ns)

(b)

(a)

Rg

Rgx

Rgy

Rgz

Fig. 4. (a) Diagram of the root-mean-square deviation of the protein over
time. (b) Diagram of the radius of gyration of the protein over time.
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Fig. 5. Diagram of the secondary structure of HP35 protein during the
simulation, obtained by the DSSP program.[60]

The Ramachandran plot is a method used to visualize the
extent of protein structure disruption.[61] The extent of con-
formational changes in protein residues upon adsorption of
the HP35 protein on the GDY surface is assessed by plot-
ting the reasonability of dihedral angles ψ and φ for individ-
ual residues in the protein backbone. We sampled the pro-
tein conformation after the equilibrium of the simulation pro-
cess, but essentially obtained the same result, so we plotted
the Ramachandran plot of the protein with 600 ns as an exam-
ple. Figure 6 reveals the presence of 30 non-glycine and non-
proline residues in the main chain of the HP35 protein. In the
initial state, all residues were positioned in the “most favoured
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regions” (A, B, L), as shown in Fig. 6(a). Upon reaching sys-
tem stability, 86.7% of residues were situated in the “most
favoured regions”, 13.3% were in the “additional allowed re-
gions” (a, b, l, p), and none of them were in the “generously
allowed regions” (∼a, ∼b, ∼l, ∼p) or “disallowed regions”,
as shown in Fig. 6(b). In comparison to the initial state, the
dihedral angle distribution of the HP35 protein at 600 ns ex-
hibited significant changes, suggesting that the adsorption of
GDY induces alterations in the conformation of the HP35 pro-
tein. The dihedral angle distribution of four residues, namely
Leu1, Lys7, Ala8, and Thr13, fell within the “additional al-
lowed regions”. Notably, residues Lys7 and Ala8 belong to
the α-helix 1, indicating that the denaturation of the α-helix 1
structure may be attributed to alterations in the dihedral angle
of the pertinent residues. Nevertheless, only four out of the
thirty main chain residues were outside the “most favoured re-
gions”, suggesting that the damage inflicted by GDY on the
HP35 protein was not severe.
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Fig. 6. The Ramachandran plot of HP35 protein in (a) 0 ns and (b)
600 ns. The images were created with the Procheck program.[62]

Finally, we explored the primary interaction forces be-
tween GDY and HP35 protein. Since the C atoms in GDY
are uncharged, electrostatic interactions are not taken into con-
sideration. The variation of vdW interaction energy between
GDY and the protein with time is shown in Fig. 7. The figure

illustrates that the trend of vdW interaction energy closely mir-
rors that of the contact area, suggesting that vdW interaction
energy constitutes the primary force driving the adsorption of
HP35 protein on GDY.
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Fig. 7. Diagram of the van der Waals interaction energy between the
protein and GDY over time.

We further calculated the average vdW interaction en-
ergy between each residue and GDY and analyzed the bind-
ing characteristics of aromatic residues with GDY, as shown in
Fig. 8. For the HP35 protein, as shown in Fig. 8(a), the average
vdW energy of α-helix 3 residues was close to zero, indicat-
ing that these residues did not bind to GDY. Correspondingly,
figure 2(f) also indicates that α-helix 3 remains relatively dis-
tant from GDY after the system reaches stability. The average
vdW energies between residues Glu4, Lys7, Met12, Thr13,
Ser15, Ala16, Asn19, Leu20, Pro21, Trp23, and Lys24 and
GDY were relatively large (> 20 kJ/mol), suggesting that these
residues are adsorbed to GDY. Zuo et al. discovered that aro-
matic residues Phe10, Trp23, and Phe35 engage in π–π stack-
ing interactions with graphene, which plays a key role in the
adsorption of HP35 protein with graphene. The addition of
graphene resulted in the loss of the majority of the secondary
structure of the HP35 protein, specifically in α-helix 1 and
α-helix 3.[42] This finding aligns with the results observed by
Zhou et al. when the graphene size was sufficiently large.[50]

In our study, only α-helix 1 structure was denatured. In con-
trast, the impact of GDY on the secondary structure of HP35
protein was considerably less pronounced. In the graphene-
HP35 system, the RMSD of the HP35 protein finally con-
verged at approximately 0.75 nm, while in the GDY-HP35
system, the RMSD of the HP35 protein finally converged at
approximately 0.4 nm. It is evident that the denaturation of
the overall structure of the HP35 protein by GDY is not as
pronounced as that observed with graphene. Unlike graphene,
GDY comprises not only hexagonal rings but also large tri-
angular rings. This structural feature prevented the five aro-
matic residues Phe6, Phe10, Phe17, Trp23, and Phe35 in the
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HP35 protein from engaging in π–π stacking interactions with
the hexagonal rings of GDY. Despite the residue Trp23 had a
large vdW energy with GDY, the residue was adsorbed to the
triangular vacancies on the surface of GDY and failed to form
a π–π stacking structure with the hexagonal ring of GDY, as
depicted in Fig. 8(b). The vdW interaction energy between
graphene and HP35 proteins was demonstrated by Zhang et

al. to be stabilized at approximately −672 kJ/mol following
simulated convergence.[10] In contrast, our experimental re-
sults indicate a stabilization of approximately −325 kJ/mol.
The restricted π–π stacking and vdW interactions between the
HP35 protein and GDY may have constrained the expansion
of the protein structure, resulting in the denaturation of HP35
protein by GDY being less intense than that of graphene.

E
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 (
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Residue No.

(b)
(a)

Fig. 8. (a) Diagram of the van der Waals interaction energy between each residue of HP35 and GDY was averaged from 500 ns to 600 ns.
(b) Conformation diagram of HP35 protein and GDY at 600 ns, where coloured loops indicate aromatic residues.

4. Conclusions

This work investigates the interaction between planar
GDY nanomaterials and the HP35 protein through molecu-
lar dynamics simulations. The adsorption characteristics of
HP35 protein on GDY were revealed by analyzing the con-
formational diagrams, adsorption distance, contact area and
interaction energies, as well as the root mean square devia-
tion, radius of gyration, secondary structure and Ramachan-
dran plot of the protein. It was found that HP35 protein could
be adsorbed on the surface of GDY rapidly due to vdW in-
teractions. HP35 protein exhibited slight vibration when ad-
sorbed on the surface of GDY. After binding to GDY, α-helix
1 in HP35 protein underwent denaturation, while the struc-
tures of the other two α-helices remained intact. Our results
suggest that GDY may pose potential molecular-level toxicity
to biological tissues. Comparing our results with the interac-
tion between HP35 protein and graphene, we observed that
the extent of HP35 protein disruption by GDY was relatively
low. This can be attributed to the fact that the inherent triangu-
lar vacancies in GDY impede π–π stacking interactions, and
that the limited interactions are not favourable to the expansion
of the protein structure. Our study elucidates the mechanism
of GDY-protein interactions at the molecular level, advances
the exploration of biotoxicity in other related nanomaterials
within the field of nanotoxicology, and provides theoretical
support for better application of GDY in biomedical fields.
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