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ABSTRACT: In cellular environments, metabolites, peptides, proteins, and other
biomolecules can self-assemble into planar and fibrilar molecular crystals. We use
atomistic molecular dynamics simulations to show that such biomolecular crystals
coupled with low-dimensional materials can form stable hybrid superstructures. We
discuss enantiopure and racemic TRP and PHE amino acid crystals adsorbed on or
intercalated between graphene, phosphorene, and carbon nanotubes. While racemic
biomolecular crystals tend to stay straight in solutions and when adsorbed on flat and
cylindrical nanosurfaces, enantiopure crystals undergo twisting. Mixed material
properties of these hybrid superstructures can be attractive in many applications.
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Amyloid peptides, various metabolites, and other
biomolecules can form planar and fibrillar crystals in
cellular biosystems.1−6 These biomolecular crystals

adsorbed on low-dimensional materials or intercalated between
them could form hybrid materials.7−10 Individual solvated
biomolecules can easily adsorb on material surfaces.11−22 For
example, amino acids, peptides, and nucleobases couple to
nanocarbons by a π−π stacking of their aromatic groups.
Graphene and hydrophobic nanoparticles can also be
intercalated in biological membranes.23,24 Moreover, graphene
and carbon nanotubes can sense proteins and nucleic acids
adsorbed on them.25−27 When molecular crystals are coupled
with low-dimensional materials, each of the components could
provide different properties to the hybrid materials.
Here, we use atomistic molecular dynamics (MD)

simulations to study complexation of biomolecular crystals
and low-dimensional materials, mostly provided by a van der
Waals (vdW) coupling.28 We consider enantiopure and
racemic crystals of tryptophan (TRP) and phenylalanine
(PHE),29−31 which have indole and phenyl side groups,
respectively. We study hybrid nanostructures formed by such
biomolecular crystals adsorbed on graphene, phosphorene, and
carbon nanotubes or intercalated in graphene cells. These
materials could be used in optics, electronics, and biocompat-
ible applications.

RESULTS AND DISCUSSION
Biomolecular Crystals on Planar Nanosurfaces.

Metabolite crystals can form in physiological solutions, be

extracted, and be placed on various substrates. Initially, we
prepared (Methods) a small L-TRP single bilayer crystal (L-
TRP-C)30 and placed it on graphene and phosphorene sheets,
as shown in Figure 1a,b and c,d, respectively. These systems
were simulated for 100 ns in vacuum at T = 310 K. The
biomolecular crystals translated by diffusion on both nano-
surfaces, but their motion was more constrained on
phosphorene due to its unidirectional grooves (Figure 1d).
Other systems with L-TRP-C on graphene and phosphorene in
vacuum were also simulated (Figures S1 and S2, movie 1).
When L-TRP-C, elongated along its aromatic zipper, was

simulated in a physiological solution, it twisted (Figure 2a),
signaling that it might form fibrils.32,33 Therefore, we simulated
this L-TRP-C on graphene nanoribbons in a physiological
solution (Figure 2b,g). It twisted (100 ns) much less on these
nanosurfaces, most likely due to their relative rigidity (Movie
2). Moreover, only several amino acids left these crystals.
Similar behavior was observed in this L-TRP-C on a relatively
small graphene nanoribbon in a physiological solution (Figure
S3). To promote a crystal twisting, we simulated L-TRP-C on
deformed surfaces of CNTs8 (below).
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A bilayer racemic (achiral) TRP crystal (A-TRP-C) freely
simulated (20 ns) in a physiological solution manifested only

small bending fluctuations, irrespective of its cutting (Figure
2c).33 When the solvated A-TRP-C with the long axis parallel
to the aromatic zipper was simulated (100 ns) on the graphene
nanoribbon, it remained planar without significant bending
fluctuations (Figure 2d). In contrast, a freely solvated L-PHE-
C cut orthogonal to the zipper was significantly twisting33

(Figure 2e). When this L-PHE-C was simulated (100 ns) on a
graphene nanoribbon, the whole heterostructure became
twisted (Figure 2f). The hybrid nanostructure became helical,
which could provide it an optical activity in CD spectra.
However, L-PHE-C with the parallel cut (Supporting
Information) remained relatively flat and only slightly cracked
on the graphene nanoribbon (Figure S4 and Movie 3).

Biomolecular Crystals on Carbon Nanotubes. Next, we
studied the adsorption of biomolecular crystals on CNTs
submerged in a physiological solution. First, (35,35) CNT was
placed 2−4 Å above the center of L-TRP-C and parallel to its
aromatic zipper, as shown in Figure 3a. The adsorption of L-
TRP-C on CNT occurred in steps, determined by the initial
configurations (Figure S5, Movie 4, and Movie 5). Parts b and
c of Figure 3 show that L-TRP-C wrapped smoothly around
CNT within 417 ns (Movie 5) without being significantly
damaged. However, all enantiopure L-TRP-Cs twisted on

Figure 1. (a, b) L-TRP-C (14 × 14 × 2 amino acids) adsorbed in
vacuum on a graphene sheet (16.0 × 22.8 nm2) after 100 ns
simulations (top and side views). (c, d) L-TRP-C (12 × 12 × 2
amino acids) adsorbed in vacuum on a phosphorene sheet (14.8 ×
19.7 nm2) at 100 ns. Scale bar is 1 nm.

Figure 2. L-TRP-C (40 × 8 × 2 amino acids): (a) freely solvated in a physiological solution at 20 ns and (b) adsorbed on a graphene
nanoribbon (7.9 × 28.9 nm2) at 100 ns. (c) A-TRP-C (40 × 8 × 2 amino acids) freely solvated at 20 ns and (d) adsorbed on a graphene
nanoribbon from (b) at 100 ns. (e) L-PHE-C (8 × 40 × 2 amino acids) freely solvated and (f) adsorbed on a graphene nanoribbon from (b)
at 100 ns. (g−i) Magnified views of L-TRP-C, A-TRP-C, and L-PHE-C on graphene nanoribbons in physiological solution. Scale bars are 1
nm.
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CNTs in the same helical fashion (Figure S5), like the freely
solvated L-TRP-Cs in Figure 2a.
We have also simulated the adsorption of A-TRP-C on

(35,35) CNT aligned along the aromatic zipper. When this
CNT was placed above the center of A-TRP-C, the crystal

neatly folded around this CNT within 15 ns, as shown in
Figure 3d−f (Figure S6, Movie 6). Molecular crystals adsorbed
on CNTs of very small diameters (Supporting Information)
showed similar behavior as larger crystals with the CNT
(35,35) (Figure 3j−o, Figures S7 and S8). Different wrapping

Figure 3. (a−c) (35,35) CNT (18.8 nm long) was placed at the center of L-TRP-C (48 × 34 × 2 amino acids) and simulated for 417 ns (top,
start; middle and bottom, CNT not shown). (d−f) This CNT was placed above the center of A-TRP-C (48 × 34 × 2 amino acids) and
simulated for just 15 ns. (g−i) (35,35) CNT (21 nm long) was placed above the center of L-PHE-C (34 × 48 × 2 amino acids) and
simulated for 94 ns. (j−l) (35,35) CNT (24.0 nm long) placed on side of L-TRP-C (18 × 69 × 2 amino acids) and simulated for 48 ns. (m−
o) (35,35) CNT (18.8 nm long) placed in center of A-TRP-C (24 × 102 × 2 amino acids) and simulated for 51 ns. Scale bars represent 1
nm.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.0c10027
ACS Nano 2021, 15, 6678−6683

6680

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10027/suppl_file/nn0c10027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10027/suppl_file/nn0c10027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10027/suppl_file/nn0c10027_si_007.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10027/suppl_file/nn0c10027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10027/suppl_file/nn0c10027_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10027?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10027?rel=cite-as&ref=PDF&jav=VoR


styles and speeds originated in different crystal structures.33

Since A-TRP-C has a plane of symmetry at the center of its
unit cell, which is absent in L-TRP-C,34,35 A-TRP-C is flat and
L-TRP-C is twisted in solution. Therefore, racemic crystals
wrap around CNTs symmetrically, but enantiopure crystals are
twisted (Supporting Information). However, their coupling
energies are alike in both crystals (Figure S10).
Parts g−i of Figure 3 also show (94 ns) wrapping of L-PHE-

C around this CNT, which was orthogonal to the aromatic
zipper of the crystal. L-PHE-C became twisted and developed
cracks (Supporting Information), revealing that it is more
fragile than L-TRP-C. Similar cracking happens when the L-
PHE-C zipper is aligned along CNT (see Figure S9). However,
L-PHE-C is pretty stable on less deformed surfaces (Figure
2f,i). Larger crystals might form multilayer systems or other
superstructures,7,8 depending on the CNT and crystal relative
positions. When the width of the crystals is significantly larger
than the circumference of CNTs, we see formation of
multilayer crystals around CNTs (Figure 3 j−l, S7 and S8).
When the CNT is above the center of the crystal, the crystal
folds around it, leading to the formation of a double bilayer
(Figure 3 m−o, S7 and S8).
Biomolecular Crystals Intercalated in Graphene Cells.

Finally, we have simulated L-TRP-C, A-TRP-C, and L-PHE-C
(shown in Figure 2) intercalated between two circular
graphene sheets (radius of r = 30 nm) without solvent.
During the simulations, the biomolecular crystals diffused
between the graphene sheets, but remained otherwise stable.
Figure 4 shows that after ∼10 ns of simulations the crystals
remained intact except at their edges, which became slightly
deformed due to the pressure buildup from vdW-coupled
graphenes.36 The intracrystal coupling energies were practically
not affected by the intercalation. Interestingly, the chirality of
metabolite crystals somewhat affected their wrapping by
graphene sheets. The enantiopure L-TRP-C and L-PHE-C
crystals were wrapped by the two graphene sheets more
symmetrically, where the midline between the sheets bisected
the crystal through the zwitterion layer (Figures 4c,i). The
racemic A-TRP-C crystal was wrapped in a tilted way, where
the midline went through the crystal diagonally.
Stability of Biomolecular Crystals. The freely solvated

metabolites predominantly bind to graphene through a π−π

coupling of its aromatic groups. On the other hand, crystalline
metabolites predominantly bind with graphene through a
σC−H−π coupling, where the aromatic groups of the
metabolites are orthogonal to the surfaces. Therefore, freely
solvated metabolites have a stronger coupling with graphene
than crystalline metabolites. On the other hand, crystalline
metabolites have stronger binding with each other by π−π
coupling and the formation of hydrogen bonds. Since the
intracrystal energies dominate, the adsorbed molecular crystals
stay relatively intact.
To quantify these interactions, we have calculated intra-

crystal (within molecular crystal) and intercrystal (between
crystal and nanomaterial) coupling energies (enthalpies) of
individual amino acids to their neighborhoods (Figure S10).
Intracrystal energies were broken down as (1) intralayer
metabolites (EIRAL) and (2) interlayer metabolites (EIERL). We
approximate the lattice energy (EL) by the arithmetic mean of
EIRAL and EIERL. We also calculate intercrystal interactions with
the crystalline metabolites in direct contact of the nanosurface
(ECN). Finally, we calculated the interactions of solvated
metabolites in direct contact with nanosurface (ESN). In TRP
(PHE) systems, EIRAL ≈ 85 (95) kcal/mol and EIERL ≈ 55 (29)
kcal/mol between metabolites in the same and different layers,
respectively, giving lattice energies of EL ≈ 71 (62) kcal/mol.
These energies were practically unaffected by the presence of
nanomaterials. In first principle studies, the lattice energies
were EL = 77.71 (73.26) kcal/mol for TRP (PHE) crystals,37

in good agreement with our results. The intercrystal coupling
energies were much weaker (ECN = 4−8 kcal/mol), but they
were slightly larger for amino acids freely adsorbed on
nanomaterials (ESN = 15−20 kcal/mol). TRP crystals have
an enhanced rigidity of aromatic zippers caused by intracrystal
interactions of the broader indole side groups.32,33 On the
other hand, PHE crystals have only a phenyl side group, which
rotated frequently. Therefore, intracrystal interactions for PHE
crystals were weaker (Figure S10), resulting in them cracking.
In summary, stable hybrid superstructures can be formed

when biomolecular crystals are adsorbed (intercalated) on
nanomaterials. Racemic crystals tend to adsorb in a straight
manner, but enantiopure crystals naturally twist on nano-
surfaces, deform them, and form helices (CNTs). These
differences between enantiopure and racemic crystals can be

Figure 4. (a−c) Top, side, and single layer cross sectional views of the same L-TRP-C as in Figure 2a sandwiched between two circular
graphene sheets (r = 30 nm) at 11 ns. (d−f) Top, side, and single layer cross sectional views of the same A-TRP-C crystal as in Figure 2d
sandwiched between two graphene sheets at 12 ns. (g−i) Top, side, and single layer cross sectional views of same L-PHE-C in Figure 2f
sandwiched between two graphene sheets at 11 ns. Scale bars represent 1 nm.
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generalized to other chiral metabolites and biopolymers, and
experimentally tested.34,35 Combination of localized material
properties originating from the biomolecular components with
delocalized properties originating from the inorganic compo-
nents can make these hybrid superstructures attractive for
many applications.

METHODS
Graphene and CNTs were constructed with Nanotube Builder in
VMD.38 Phosphorene was based on a single unit cell of 4 phosphorus
atoms,39 which was propagated in two orthogonal directions. For
simplicity, atoms on the nanosurfaces were not charged and not
terminated by hydrogens. The polarizability of nanomaterials was
neglected, even though armchair CNTs have a metallic character. L-
TRP-C, A-TRP-C, and L-PHE-C were constructed using known
crystallographic data.29−31

The MD simulations were performed with NAMD2.12,40 using a
CHARMM force field for metabolites and carbon atoms,41 whereas
phosphorus atoms used another force field.39 The TIP3P water model
was employed for explicit water simulations. Nonbonded interactions
used the switching algorithm, with the switch-on distance at 10 Å and
the switch-off at 12 Å. Nonbonded pair lists were used for atoms
within 13.5 Å of each other, with the list updated every 20 steps. 1−4
nonbonded interactions were not scaled.
The Langevin dynamics was used with a damping constant of γLang

= 1 ps−1, a piston period of 100 fs, a piston decay of 50 fs, and a piston
temperature of 310 K. In the simulations of large crystals folding
around CNTs, we choose γLang = 0.01. The Velocity Verlet integrator
was used to solve the equations of motion, with a time step of 2 fs.
The SHAKE algorithm was used for hydrogens. Solvated simulations
were done in the NPT ensemble with periodic boundary conditions
applied, pressure of 1 atm, and under physiological conditions,
[NaCl] = 0.15 M, with amino acids in zwitterionic forms and
hydrogens excluded from the thermal bath. Simulations involving
crystals in vacuum or sandwiched between graphene layers (without
water) were done in the NVT ensemble, and periodic boxes 50%
larger than the crystal-graphene systems. Except minimization,
Particle Mesh Ewald summation42 was used with a grid spacing of
1.0. All systems were minimized for at least 5,000 steps. During
minimization and pre-equilibration, heavy atoms of amino acids and
nanosurface atoms were constrained, but they well all released during
the simulations. Data and snapshots were recorded every 10 ps.
The binding energies, with electrostatic and dispersion contribu-

tions, were calculated every 10 ps. Amino acids were classified as (1)
molecules that were in the layer of the crystal in direct contact with
the nanosurfaces and stayed intact (labeled as bottom), colored
orange in Figures 1, 2 and 3; (2) molecules that were in the layer
away from the nanosurfaces and stayed intact (labeled as top),
colored red in Figures 1−3; and (3) molecules that dissolved from the
crystal (labeled as free), colored gray in Figures 1−3. Intracrystal
interaction energies were calculated between molecules within the
same layer and between different layers, and normalized with respect
to the number of molecules in each layer. The interaction energies
between bottom amino acids and CNTs were normalized with respect
to the number of amino acids that were within 4.5 Å of CNT at each
time step. The coupling energies of free metabolites were normalized
with respect to the number of amino acids that were within 4.5 Å of
the nanosurfaces.
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