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In biomedical fields, rational design of novel two-dimensional (2D) biomedical nanomaterials aims to
precisely manipulate biomolecules, including efficient capture, structural-functional transformation,
directional movement, and self-assembly. In this work, we innovatively proposed new graphene
nanosheets and selected two representative proteins to explore their binding mechanisms, structural—
functional transformation of proteins, and biological effects of the materials. Fluorinated defective graphene
(FDG) exhibited highly efficient capture and structural-functional transformation for the receptor binding
domain (RBD), and we observed its collapse phenomenon in 2D materials for the first time. For the main
protease (MP™), FDG achieved an optimal balance between efficient capture, immobilization, and structural
disruption. Further studies showed that fluorination on oxygen-containing defect graphene significantly
enhanced variances in water distribution, surface properties, and hydrogen bond networks on the material
surface. This allowed amino acids to be confined to specific areas, achieving efficient capture and directional
movement. Additionally, the adsorption behavior and interaction strength of peptides and deoxynucleotides
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on FDG further validated the possibility of self-assembly. In summary, we highlight FDG as an excellent
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1. Introduction

As an remarkable 2D material that can broaden its properties
through surface modification, graphene is the most promising
candidate to meet the extensive needs and application pros-
pects."”” Graphene has been applied in extensive biomedical
fields, such as sensing, drug assembly and delivery, biological
detection, and nanoenzyme engineering.’ > Additionally, graphene
serves as an ideal substrate for capturing and manipulating
biomolecules, achieving self-assembly, and inducing structural-
functional transformation of biomolecules.® ™ Liu et al’s work
demonstrates that the binding behavior on graphene oxide (GO)
can be controlled by temperature.'* Zhou et al. proposed a 2D
in-plane heterostructure, which can achieve unidirectional and
self-propelled transport of nanodroplets carrying various bio-
molecules such as DNA, RNA, and peptides.’> Our previous
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biomedical material with hydrophilic—hydrophobic integration.

work demonstrated that by patterning engineering on graphene,
amino acids can be confined to non-patterned regions."* Notably,
amino acids can shuttle back and forth across the interface of two
patterned regions, which underscores graphene’s versatility in
biomedical applications and highlights its ability to precisely
manipulate biomolecules.

Defects are often regarded as nonideal states in the syn-
thesis of materials. Recently, with increasing research on defect
engineering, actively and reasonably introducing defects has
become an effective method to change the original properties
of materials and expand their application fields. For example,
Gu et al. designed a defective graphene (DG) with large and
regular defects, which significantly enhanced the destructive
effect on HP;5."* In addition, GO often naturally forms small
and random defects during the preparation process, and this
type of DG is generally considered to have specific application
potential.”>™"” Unfortunately, the biological effects of this
DG have not been reported. On the other hand, halogenated
graphene, especially fluorinated graphene (FG), has attracted
much attention because of its unique fluorine effect.'® For example,
Keller et al. revealed that there is a unique interaction mechanism
between F and biomacromolecules, including the ability to
form hydrogen bonds (H-bonds), interactions with aromatic
groups, interference with water networks and entropy effects."®

This journal is © the Owner Societies 2025
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These findings indicate that F may endow graphene with unprece-
dented properties and functions.”® Importantly, the magic of
the C-F effect is not limited to biomedicine. Recently, Cui et al
found that the strategy of adjusting the electrocatalytic micro-
environment by introducing C-F bonds can effectively break
the scaling relationship between *OOH and *OH, promote the
diffusion of H,0 and the mass transfer of O,, and thus signifi-
cantly improve the performance of the oxygen reduction
reaction.”" Most previous studies focused on precisely regulating
the C-F ratio; however, they often overlooked the difficulty and
inherent randomness of the fluorination process.>>>* Notably,
Fan et al. confirmed that, compared with introducing point
defects, adding oxygen-containing defects can more effectively
enhance F atom binding to graphene.>**® Therefore, further
fluorination on the basis of DG can yield a new graphene
material, fluorinated defective graphene (FDG).

In recent years, the biomedical applications of 2D materials
have become a popular research direction. For example, designing
excellent 2D materials that can be applied to SARS-CoV-2.26
Seo et al. successfully achieved highly sensitive detection of
SARS-CoV-2 in clinical samples by coating a layer of graphene
on a field effect transistor and covering it with a specific
antibody against the SARS-CoV-2 spike protein.”® Additionally,
Fukuda et al. confirmed that GO nanosheets are promising
materials for inhibiting the global spread of SARS-CoV-2.*°
Furthermore, Unal et al. demonstrated that GO can interact
with and disrupt the infectivity of SARS-CoV-2 surface compo-
nents.*® Mofrad et al. explored the interaction mechanism between
representative 2D materials and the receptor binding domain
(RBD) of the spike protein.*’* Building on this exploration,
the main protease (MP™) is another crucial target protein that
plays a significant role in the lifecycle of SARS-CoV-2.>"*> Here,
2D nanomaterials are expected to be applied in drug loading
and delivery, as well as in immobilizing MP™ on their surfaces
to interfere with their intrinsic functions. These two proteins,
an external protein and an internal protein of the virus,
although belonging to different types, can serve as model
proteins for mutual validation to examine the biological effects
of 2D nanomaterials and assess their potential as excellent
biomedical materials.

Therefore, via molecular dynamics (MD) simulations, we
explored the binding mechanism, structural-functional trans-
formation of proteins, and the biological effects of two novel
materials. For the RBD, FDG not only shows extremely efficient
capture and structural destruction, and, notably, we observed
its collapse phenomenon on the 2D material for the first time,
which indicates that the transformation of the top and bottom
regions of the RBD is feasible. For MP™, FDG can achieve an
optimal balance between efficient capture, immobilization and
structural destruction, effectively compensating for the limita-
tions of patterned graphene. Further research revealed that
further fluorination on the basis of oxygen defects would
significantly exacerbate the differences in water molecule distri-
bution, hydrophilic-hydrophobic properties, charge distribution
and H-bond networks on the material surface. These differences
allow amino acids to exhibit selective affinity and confinement in
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specific regions, facilitating efficient capture, structural disrup-
tion, and directional movement. In addition, the adsorption
behavior and interaction strength of the small peptide and
deoxynucleotides on the FDG further validated our findings
and suggested the possibility of self-assembly. In summary, we
summarize the advantages of FDG and believe that it is an
excellent biomedical material with hydrophilic-hydrophobic
integration.

2. Simulation methods

System preparation

The initial structures of the RBD (PDB ID: 6M17, and resolution:
2.90 A) and MP™ (PDB ID: 6LU?7, resolution: 2.16 A, and R-value
free: 0.235) were obtained from the Protein Data Bank (https://
www.pdb.org/pdb/).***” CHARMM-GUI was utilized for initial
structural optimization and hydrogen atom addition.*® The
protein structure after the initial treatment was used for further
modeling. The DG model is derived from qualitative insights
from previous research: defects on the graphene may appear
randomly and further oxidize.'>'”*° Then, we constructed
approximately 5% random defects on the surface via a
Python script and the atomic simulation environment software
package.’® Subsequently, specific oxygen-containing groups
(-O-, -OH, -COO~, =—O0) were modified on the unsaturated
C atoms (Fig. S1a, ESIT). Two types of defects on the surfaces of
DG and FDG: one is a simple vacancy defect, which remains
hydrophobic as it is not oxidized by oxygen-containing groups.
The other is an oxygen-containing defect, which is a hydro-
philic region. Experimental observations suggests F atoms tend
to cluster near oxygen-containing defects.>**> Therefore, we
further modified F atoms (approximately 15%) with DG to
obtain FDG (Fig. S1b, ESI{). The detailed modeling processes
are described in the ESL7 Finally, the investigated materials
were optimized via the Forcite module of Materials Studio. The
DREIDING force field was used for structure optimization.*'™*?
Energy calculations employed Gasteiger charges (maximum
iteration: 50000; convergence: 5.0 x 10 °) with ultrafine
quality.** Their optimized structures were used for the MD
simulations. CR1-CR3 of the RBD is located at the lowest part
of the spike protein and is an important region for binding
to angiotensin-converting enzyme 2 (ACE2).>* Therefore, the
conformation of CR1-CR3 directly toward the investigated
materials was specifically selected.®® Similarly, the active pocket
of MP™ is also directly oriented toward the material.*> The
protein-material complexes were subsequently embedded into
a water box,"® and their minimum distance was approximately
2 nm. Water molecules within 4 A of the protein and investi-
gated materials were removed. Finally, some counterions were
added to the systems. The detailed MD simulation information
is shown in Fig. 1 and Table S1 (ESIt).

MD simulations

All MD simulations were performed using the NAMD3.0 simu-
lation package in the constant temperature and constant
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Fig.1 From the top views, (a) the MD systems for the RBD-investigated
materials and (b) MP™-investigated materials. The conformation of proteins
and investigated materials at the initial input stage, i.e., at 0 ns. RBD and MP™®
highlighted by “Newcartoon” drawing methods. Three important contact
regions (CR1-CR3) for the RBD and active pocket of MP™ highlighted by
“Licorice” drawing methods. The C, O, H and F atoms of the investigated
materials are represented by cyan, red, white and pink balls, respectively.
Water molecules are hidden for clarity.

pressure (NPT) ensemble at 1 atm and 310 K.*”~*° To simulate

the NPT ensemble, pressure control is achieved by the modified
Nosé-Hoover method in which Langevin dynamics is used to
control fluctuations in the barostat. Temperature control is
achieved by introducing a thermostat coupled with Langevin
dynamics. Before formal MD sampling, we conducted the
following steps: (1) 5000 steps of energy minimization. (2) A 1 ns
equilibration of water molecules was achieved by fixing the
protein-material complexes in the NPT ensemble. (3) Further
equilibration for 4 ns was carried out with the protein position
restraints released in the NPT ensemble. We used various force
fields to describe MD systems: proteins are described by the
CHARMMS36 force field, and investigated materials are descri-
bed by the DREIDING force field.*'***® The water molecules
use the TIP3P model.*® The combined use of CHARMM and
DREIDING force fields has already been demonstrated in pre-
vious research.?®>%>" According to NAMD user’s guide, periodic
boundary conditions were applied to the systems. Particle mesh
Ewald summation was used to simulate the electrostatic inter-
actions of the entire system, with a cutoff of 12 A for separating
direct space summation and reciprocal space summation.>>
The SWITCH algorithm with a cutoff distance of 12 A was
also used to calculate van der Waals (vdW) interactions.>®
The “switchdist” and ‘“pairlistdist” were set to 10 and 16,
respectively. The non-bonded exclusion policy (exclude) uses
“scaled1-4”. The time step is set to 2 fs, and 1 frame is extracted
at a 0.5 ns interval for final analysis. The investigated material
was fixed during the MD simulation. All MD are accelerated
with NVIDIA A800 graphics. For each system, we performed

7540 | Phys. Chem. Chem. Phys., 2025, 27, 7538-7555

View Article Online

Paper

three independent 500 ns MD simulations to ensure accuracy,
and there are no significant differences in the settings for
the three independent MD simulations. To clearly show the
differences between different systems, we averaged three inde-
pendent MD datasets for each system. For detailed explana-
tions of the data analysis, refer to the ESL

Additional system preparation and MD simulations

To gain a deeper understanding of the biological effects and
applications of the investigated materials, in addition to the
aforementioned systems, we also constructed and simulated
the following systems. First, the FDG-small peptide (F3-R4-K5)
system, the small peptide was stripped from MP™, maintaining
its initial conformation. The simulation time for this system is
20 ns. Second, for the investigated material-deoxynucleotide
system, four deoxynucleotides were constructed via an online
tool (web.x3dna.org) and placed at a vertical distance of
approximately 15 A from the investigated material.** As shown
in Fig. S2 (ESIf), to eliminate the influence of their initial
position, five distinct initial positions were selected for each
deoxynucleotide. The simulation time for each system is 50 ns,
with a total time of 2 ps. The MD simulation setup of the above
systems was the same as before. The detailed MD simulation
information is also shown in Table S1 (ESIf).

3. Results and discussion

3.1. The adsorption process and strength between proteins
and the investigated materials

We extracted trajectories for each system and captured the
representative snapshots.”® Significant differences exist in the
RBD adsorption behavior between the two materials. For
the RBD-DG system, the RBD can stably anchor the surface
with slight adjustments. During the whole simulation time, the
RBD maintains a ‘“standing posture” on the surface, which
is consistent with previous literature.>® In contrast, for the
RBD-FDG system, although the RBD initially also contacts the
surface in a “standing posture”, the RBD gradually tilts and
eventually collapses as the simulation time increases. This
collapse results in a transition from the original upright contact
to an almost extreme “lying flat” orientation on the FDG
surface. Notably, this collapse phenomenon of the RBD on
2D materials has not been reported. We select a set of repre-
sentative trajectories for detailed elaboration. As shown in
Fig. 2a-d and i, at 57 ns, the CR1 contacted the surface first,
laying their adsorption foundation. Subsequently, CR3 is gra-
dually captured by the surface. At approximately 80 ns, the RBD
has established stable contact with the DG. Thereafter, the RBD
tends to slide on the DG surface, further exposing CR2 and
bringing it into unstable contact with the surface. After approxi-
mately 250 ns, the RBD has reached a relatively stable state.
However, as shown in Fig. 2e-h and k, at 30 ns, the RBD also
establishes initial contact with the FDG through CR1, followed
by the approach of CR3. At 100 ns, CR1 and CR3 establish a
stable foundation with FDG. As time passes, rather than sliding

This journal is © the Owner Societies 2025
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Fig. 2 Representative trajectory snapshots of RBD adsorbed onto (a)-(d) DG and (e)-(h) FDG. RBD and investigated materials highlighted
by “Newcartoon” and “Lines” drawing methods. Amino acids in contact with the surface highlighted using the "CPK” drawing method. The C, O, H
and F atoms of the investigated materials are represented by cyan, red, white and pink balls, respectively. (i) and (j) Z-direction centroid distance of CR1-
CR3. The green lines represent the Z-direction centroid distance of investigated materials. (k) and () The number of residues in contact with the

investigated materials.

on the surface, the RBD tends to tilt itself and undergoes
significant collapse at 300 ns. This collapse exposes more
amino acids that were originally unable to contact the surface,
completing the transition from a “standing” to a “lying flat”
posture. After the collapse, various regions of the RBD are
significantly stretched by the FDG, ultimately exhibiting an
extremely extended adsorption morphology (Fig. 2h). This
phenomenon not only reveals the strong interaction between
FDG and the RBD but also indicates significant structural
changes in the RBD. By combining the trajectories and carefully
comparing Fig. 2i and k, two interesting phenomena can be
observed: firstly, compared to CR1 and CR3, CR2 does not
easily come into contact with the surface. Secondly, despite the
obvious collapse phenomenon of RBD on the FDG, CR2 still
cannot contact the surface and instead shows a slight tendency
to move away. Fig. 2i and j intuitively reflect the number of
amino acids in contact with the investigated material during
the simulation time. It is evident that when RBD contacts the
investigated material in a “standing posture”, the number of
amino acids in contact with the surface is around 20. However,

This journal is © the Owner Societies 2025

after a dramatic collapse of RBD at 300 ns, this number rises to
around 40, allowing RBD to make more extensive contact with
FDG. Fig. S3-S6 (ESIf) present representative snapshots of
other independent simulation systems that are not discussed
in detail: although the specific adsorption processes may differ,
the overall conclusion remains the same.

Compared with those of the RBD, the adsorption processes
of MP™ and the two investigated materials were similar: MP™
contacted the surface, adjusted its structure, and finally
reached a relatively stable state. As shown in Fig. 3, domain
I of MP™ contacted the surface and pulled domains I and II
toward the surface within 10 ns, and this process laid the
adsorption foundation. Subsequently, partial amino acids were
more fully exposed to the investigated materials, and this
process caused MP™ to undergo movement and structural
adjustment on the surfaces. After 100 ns, MP™ did not seem
to have obvious position migration, but some amino acids still
exhibited changes. MP™ seems exhibits greater stretchability
and more extensive contact with the FDG surface compared to
DG (Fig. 3j and 1). Fig. S7-S10 (ESIt) shows representative

Phys. Chem. Chem. Phys., 2025, 27, 7538-7555 | 7541
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Fig. 3 Representative trajectory snapshots of MP™ adsorbed onto (a)—(d) DG and (e)-(h) FDG. MP™ and investigated materials highlighted by
“Newcartoon” and "Lines” drawing methods. Amino acids in contact with the surface highlighted by the "CPK" drawing method. The C, O, H and F
atoms of investigated materials are represented by cyan, red, white and pink balls, respectively. (i) and (j) Z-direction centroid distance of M276-G278
(Domain Ill) and active pocket (Domain I-Il). The green lines represent the Z-direction centroid distance of the investigated materials. (k) and (1) The

number of residues in contact with the investigated materials.

snapshots of other independent simulation systems. Here, we
hypothesize that the differences in the adsorption behavior of
the two proteins on the investigated materials may stem from
their unique structural characteristics. Specifically, due to its
relatively elongated structure, the RBD has limited amino acids
directly interacting with the investigated materials, a feature
that allows FDG to induce continuous tilting of the RBD,
thereby altering its contact posture with the surface. In contrast,
MP™ has a relatively compact and bulkier structure, with a greater
number of amino acids in direct contact with the investigated
materials, resulting in more localized differences being induced
in MP™ by the investigated materials.

To show the dynamic adsorption process of proteins with the
investigated material more clearly, we calculated their geometric
center (centroid) migration path. As shown in Fig. 4a and b and
Fig. S11 (ESIY), in the first 100 ns, the RBD mainly experienced
significant changes in the vertical direction. This process
indicates that the RBD is gradually being adsorbed by DG

7542 | Phys. Chem. Chem. Phys., 2025, 27, 7538-7555

and FDG, and this stage is similar for both systems. After
100 ns, the RBD transitions to planar motion on the DG,
resulting in sliding behavior (Fig. 4a). Notably, although the
RBD also exhibited slight sliding behavior on the FDG, it
underwent significant changes in the vertical direction again
after 300 ns, indicating a collapse process (Fig. 4b). The
adsorption of most amino acids on the FDG strictly limits its
sliding behavior. To more accurately quantify their interaction
strength, we calculated the interaction energy and contact
area.”® For the RBD-DG system, the interaction energy and
contact area tend to stabilize within 100 ns (Fig. 4c). However,
for the RBD-FDG system, the curve clearly shows stage-by-stage
adsorption characteristics, requiring a longer time to reach
the relatively stable state (Fig. 4d). Specifically, the final inter-
action energy between the RBD and DG is approximately
—115 keal mol™, and the contact area is 700 A% Remarkably,
the final interaction energy between the RBD and FDG is
as high as —370 kcal mol ", and the contact area is also

This journal is © the Owner Societies 2025
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Fig. 4 Centroid migration path of the RBD on the (a) DG and (b) FDG during 500 ns. The corresponding Z-axis coordinates of investigated materials is
approximately —36.5 A. (c) Interaction energy and (d) contact area between the RBD and the investigated materials.

significantly increased to approximately 2000 A% Considering
the adsorption process, the number of contact residues, and
the interaction strength, it is evident that both DG and FDG can
effectively capture RBD on their surfaces. However, in compar-
ison, FDG can induce the collapse of RBD, resulting in a more
efficient capture capability.

Similarly, we explored the centroid migration process and
interaction strength of MP™ on the investigated materials.
As shown in Fig. 5a and b and Fig. S12 (ESIY), the adsorption
process of MP™ on both materials follow similar trends but
reveal subtle distinctions. Specifically, MP™ adsorbs relatively
quickly onto the FDG, and its migration range is relatively
small, indicating that its migration is restricted. This may be
attributed to the special surface properties of the FDG, indu-
cing more amino acids to be gradually exposed and adsorbed.
In terms of interaction strength, the two systems exhibit diff-
erences after 150 ns (Fig. 5¢ and d). MP™ exhibits an interaction
energy of —360 kcal mol " and a contact area of 2200 A with
DG, whereas these values rise to —470 kcal mol~* and 2800 A2
with FDG. In short, both proteins exhibit more significant
adsorption processes and stronger interaction strengths on
the FDG, with their migration processes being restricted. Obviously,
similar to RBD, MP™ can also be captured more efficiently by FDG.
This feature may have a positive impact on the detection and
diagnosis of SARS-CoV-2.

3.2. Structural and functional transformation of the RBD

Since the RBD not only plays a vital role in binding with ACE2
but is also considered a pivotal target for effectively monitoring

This journal is © the Owner Societies 2025

and disabling the virus, an in-depth discussion of the struc-
tural-functional transformation is critical. First, we calculate
the root-mean-square deviation (RMSD) to evaluate the overall
structural changes. As shown in Fig. 6a, the RMSD of RBD is
approximately 3.3 A and 4.5 A, respectively. This indicates that
more severe structural changes for the RBD adsorbed on the
FDG. Notably, compared with previously reported 2D nano-
materials, FDG has the most notable effect on damaging the
structure of the RBD.”'** The radius of gyration (R,) indicates
that the overall structure of the RBD is becoming looser and
more extended, especially on the FDG surface, consistent with
previous reports (Fig. 6b). Furthermore, the fluctuations in the
RBD in the two systems were similar, and the critical regions
(CR1-CR3) were generally located in the peak regions, which is
attributed to their function. Compared with DG, FDG can
interact with more amino acids, thus increasing their flexibility
while preserving their inherent flexibility characteristics.
Having examined the primary structural changes, we next
analyzed its secondary structure. Fig. 6d, e and Fig. S13 (ESIY)
show that the overall secondary structure of the RBD-FDG
system changes more significantly. This may be due to the
RBD adsorbing onto the FDG in a “lying flat” posture, allowing
more residues to make effective contact with the surface.
In both systems, the significant breakdown of the secondary struc-
ture is concentrated around CR1-CR3, which is critical for the
function of the RBD. H-bonds, as the primary force maintaining
the stability of secondary structures, begin to differ between the two
systems after 100 ns, and this disparity further increases after
300 ns (Fig. 6f). In summary, FDG causes more significant

Phys. Chem. Chem. Phys., 2025, 27, 7538-7555 | 7543
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disruptions to the structure and function of the RBD while effectively

increasing the flexibility of most amino acids on its surface.
CR1-CR3 are key regions for binding ACE2, and RMSF

analysis reveals distinctions in these regions (Fig. 6c). In the

MP" and the investigated materials.

DG, CR1 exhibited greater flexibility, whereas FDG seemed to
endow greater flexibility to CR3 and its adjacent amino acids,
with no significant difference observed in their impact on CR2.
Therefore, we extracted representative trajectory snapshots of
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CR1-CR3 at the end of the MD simulations (Fig. 7a, b and
Fig. S14, ESIY). Specifically, there are differences in the beha-
vior of the three regions on the investigated material. In the
early stages of the adsorption process, CR1 is the first region to
contact the surface, followed by the CR3. Both MD trajectory
and centroid distance analyses indicate that CR3 allows the
RBD to slide freely on the DG (Fig. 2a, d, 4a and Fig. S3, S4,
S14a, b, ESIT). This is due to RBD’s structural characteristics,
which concentrate amino acids near CR1. CR3 allows more
amino acids to contact the surface, and these amino acids form
secondary structures that are mostly loose turns and coils
rather than tight o-helices and B-sheets. Interestingly, the
sliding of the RBD on the FDG is relatively restricted. The
trajectories indicate that CR3 always stops sliding near larger
oxygen-containing defects and F-rich regions (Fig. 7b and
Fig. S14c, d, ESIf). As CR3 migrates toward these regions, it
stretches the amino acid while enabling more to interact with
the FDG surface. Notably, the collapse of the RBD can also
result in most amino acids being captured by the surface. These
factors may explain why CR3 and its surrounding amino acids
exhibit increased flexibility. For CR1, since the RBD collapses
forward along the CR1 direction, some amino acids may not be
captured by FDG, making its performance less pronounced
than that of CR3. CR2 has similar behaviors in both systems:
when the RBD adsorbs onto the DG surface in a “standing”
posture, CR2 makes contact with the surface but is unstable
(Fig. 21, 7a and Fig. S14a, b, ESIt); when the RBD adsorbs onto
the FDG surface in a “lying flat” posture, it is even more diffi-
cult for CR2 to contact the surface (Fig. 2k, 7b and Fig. S14c, d,
ESIT). We also calculated the RMSD and R, of CR1-CR3, and
the results revealed that FDG had a more significant structural

This journal is © the Owner Societies 2025

impact on these regions (Fig. 7c and d). In summary, FDG can
induce more extensive structural-functional transformation in
RBD and important regions. This is not only crucial for the
design of antiviral devices and products but also an indispen-
sable attribute of superior biomedical materials.

3.3. Structural and functional transformation of MP™

Similar to the discussion on the RBD, we discuss the changes in
the overall structural and functional transformation of MP™,
but with a focus on exploring the changes in its active pocket.
As shown in Fig. 8a, the RMSD of MP™ is approximately 5 A and
6.3 A, respectively. This finding indicates that DG damages the
overall structure of MP™, and F atom introduction amplifies
this effect. The R, results indicate that the overall conformation
of MP™ is becoming looser and more extended, especially on
the FDG (Fig. 8b). Fig. 8c indicates that FDG induces more
amino acids to further improve flexibility. The RMSF shows
pronounced peaks corresponding to the important regions for
MP™. Taking the MP"°-FDG system as an example, for domains
Iand II, active pockets generally have a high degree of flexibility
compared with other regions, with T24-L27 exhibiting moderate
flexibility and S46-N51 and F140-C145 exhibiting the most
flexibility. This finding is consistent with previous literature:
the high flexibility of the active pocket can adapt to different
types of substrates or maintain the stability of its confor-
mation.”>*”>° Similarly, the loop (F185-1200) linking domains
II and III is also very flexible. Domain III plays a significant role
in maintaining the stability of MP™ due to its high flexibility
and significantly exhibits five RMSF peaks that correspond to
the five helices. Generally, conformational changes in the active
pocket impact activity, while those in domain III affect its
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for MP™,

stability. Therefore, structural adjustments in these regions
represent key strategies to regulate the function of MP™. Then,
we separately calculated the RMSD of these two parts to
measure their structural changes (Fig. 8d and e). Compared
with those in domain III, the changes in the active pocket
appeared to be more significant. This result indirectly sug-
gested that inhibiting the activity of MP™ by disrupting the
active pocket may be more feasible than disrupting domain III.
In Fig. 8e, an interesting phenomenon is observed: although
the investigated materials cannot significantly alter the five
a-helices of domain III, the RMSD of these helices is relatively
larger when RBD is on the DG surface, unlike the behavior
observed in the active pocket. This may be due to the inherent
stability of these five a-helices, making them less prone to
change. The differences between the two systems are more
likely attributed to normal errors in the three independent
simulation systems. Like the RMSD and RMSF results, the R,
results revealed that the active pockets adsorbed on the DG and
FDG became looser and extended and that FDG still had a
greater effect on the active pockets (Fig. 8f).

Next, we delve into the conformational changes in the active
pocket in detail. As illustrated in Fig. 9a, b and Fig. S15 (ESIY),
when MP™ is adsorbed onto DG and FDG, both terminals of the
active pocket contact the surfaces, and the contacts of MP™ with
FDG are more extensive. Then, the two terminals seem to be
pulled apart by opposite forces in the FDG, resulting in a final
structure resembling an “outward-opening door”. Furthermore,
the active pocket seems to extend farthest toward larger oxygen-
containing defects and F-rich regions. This may again indicate
that “oxygen-containing defects” and F atoms are important
factors for adjusting the adsorption behavior of biomolecules.
To further compare the conformational changes in the active

7546 | Phys. Chem. Chem. Phys., 2025, 27, 7538-7555

(2)

‘."";\‘i?,% = _—
“Active pocket

X

Fig. 9 At 500 ns, representative snapshots of the active pocket (high-
lighted by “CPK" drawing method) of MP™ adsorbed onto (a) DG and
(b) FDG. The crystal structure of the active pocket compared with the
active pocket of MP™, which adsorbed onto (c) DG and (d) FDG. Investi-
gated materials highlighted using “Lines” drawing methods. The C, O, H
and F atoms of the investigated materials are represented by cyan, red,
white and pink balls, respectively.

pocket, we constructed Fig. 9c, d and Fig. S16 (ESIt). The overall
contour of the active pocket adsorbed onto DG and FDG, char-
acterized by irregular triangular or narrow strip shapes with voids
and tears, undergoes changes in amino acid adsorption positions
due to opposing “tensions” exerted by factors such as surface
hydrophilicity, an abundance of oxygen-containing groups,
random defects, fluorination, and interfacial water molecules,
ultimately leading to the disruption of the compact and intact
conformation of the active pocket. According to previous studies,
MP™ comprises four subsites (S1, S1’, S2 and S4), which collec-
tively form a compact and fully integrated three-dimensional
active pocket conformation.”” Due to the attraction of both
terminals of the active pocket to larger oxygen-containing defects

This journal is © the Owner Societies 2025
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and F-rich regions, the S4 and S2 subsites shifted significantly in
the opposite direction (Fig. S17, ESIt). The differential variation of
different subsites should be taken into account in the design
of drug loading methods based on DG/FDG. Previous studies
have shown that the N3 ligand can specifically inhibit the activity
of MP™ in a variety of coronaviruses, including SARS-CoV and
MERS-CoV.?"" Therefore, we calculated their interaction energy
(Table S2, ESIf), and the results suggest that conformational
changes in the subsites weaken the interaction between the active
pocket and N3. In summary, we found that FDG caused more
obvious structural damage to MP™, along with the functional
transformation of important parts, and induced it to improve the
flexibility of important parts. These findings have implications for

This journal is © the Owner Societies 2025

FDG-based drug design and demonstrate once again that FDG
may be an excellent biomedical material.

3.4. Further discussion - comparison with other 2D materials

Previously, Du et al. explored the interaction between intact
graphene (IG) and the RBD.** They revealed that their adsorp-
tion primarily depends on vdW forces and suggested that IG
might not be the best material for capturing the RBD. Khavani
et al. further investigated the interaction between 2D metal
nanosheets and the RBD, emphasizing the significant advan-
tages of the use of Au nanosheets as sensor substrates.*?
Mehranfar et al. reported that phosphorene (Pp) has greater
affinity and sensitivity for the RBD. Bosch et al. investigated the
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differences in the adsorption process of RBD on hydrophobic
and hydrophilic surfaces.** Without considering the differences
brought by using different force fields in these works, FDG
demonstrates exceptional performance in effectively capturing
and immobilizing, and inducing structural-functional trans-
formations in proteins (Fig. 10a and b). Furthermore, we first
reported that FDG can induce the RBD to collapse on its surface
and ultimately cover it in a “lying flat” posture. As part of the
Spike protein, RBD’s “lying flat” orientation on FDG not only
enhances its adsorption and immobilization but may also impact
other functions of the Spike protein significantly.®* Further
investigation is needed, as this may indirectly alter our antiviral
strategies utilizing 2D materials.

As illustrated in Fig. 10c—f, the progressive inhibition of M
can be achieved through the introduction of oxygen-containing
groups, defects, pattern engineering, and fluorination of GRMs.**
To distinguish these two types of DG, the defective graphene with
large and regular holes is named DG*.'**>®® When comparing
two defective graphene, we find that DG with small and random
defects have a slight edge in terms of interaction strength and
overall structural-functional changes in MP™. However, DG* with
large and regular defects results in better performance in terms of
changes in the active pocket. In terms of facilitating the active
introduction of defects and functioning as an effective drug
carrier, DG with small and random defects appear to have more
potential. Compared to DG, FDG with additional fluorination
performs even better. Previous studies have shown that PG can
also achieve excellent regulatory effects by completely separating
the hydrophilic-hydrophobic regions.”® In contrast, checkboard
graphene (CG) focuses more on regulating the structural-func-
tional changes in MP™, whereas stripped graphene (SG) tends to
regulate the adsorption and immobilization of MP™. Fortunately,
FDG achieves an optimal balance between these two aspects.
In fact, FDG and PG share a common feature, which is the clear
boundary between hydrophobic and hydrophilic regions on their
surfaces. This material, with a distinct surface boundary, alters
the selectivity and affinity of amino acids, thereby further enhan-
cing the capture, immobilization, and regulation of MP™. Most
importantly, FDG can induce conformational stretching of bio-
molecules. For example, the active pocket exhibits remarkable
flexibility and is separated by notable gaps (Fig. 9a and b).
Therefore, we believe that they are hydrophilic-hydrophobic
integrated materials and that these materials usually have excel-
lent biological effects and application potential.

pro

3.5. Further discussion - the biological effects of DG and FDG

Generally, n-n interactions, hydrophobic interactions, electro-
static interactions, vdW forces, and interfacial water are important
driving forces that mediate the interactions between biomolecules
and nanomaterials.”*® Different driving forces imply selective
biases in the adsorption of biomolecules on nanomaterials. From
the perspective of structure, the oxygen-containing groups on the
DG surface concentrated around the defects. This not only makes
the surface properties more prominent and dispersed but also
profoundly affects the interaction patterns of amino acids with the
surface. This characteristic is similar to that of the “Shi-Tu” GO
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model, and their biological effects are different from those of
randomly modified GO.%>7° Furthermore, the FDG, derived from
DG fluorination, exhibits enhanced surface property concentrations
and dispersions. This feature enhances the amino acid selectivity
and surface affinity. Additionally, F atoms can participate in the
formation of H-bond networks, reshaping the H-bond network and
introducing novel material properties. Compared to hydrophobic
graphene, defects, oxidation, and fluorination endow FDG strong
hydrophilic-hydrophobic properties. The unmodified regions and
vacancy defect regions on its surface are typically hydrophobic,
while the oxygen-containing defect regions and their surroundings
are usually hydrophilic. The hydrophilic and hydrophobic regions
on the material’s surface also profoundly influence the driving
forces, ultimately resulting in significant enhancement in overall
interaction energy (hydrophilic and hydrophobic interactions).
This “hydrophilic-hydrophobic integration” material has excellent
application potential, and a comprehensive and detailed summary
of its biological effects is needed.

Oxygen-containing defects and F-rich regions induced the
rearrangement of water molecules

Owing to water molecules preferentially occupying the material
surfaces, biomolecules need to break the dense layer of water
molecules to contact the surface, so the distribution of water
molecules significantly affects the early adsorption process.
As shown in Fig. 11a, the oxygen-containing defects change
the original uniform distribution of water molecules so that the
inner water molecules are mainly concentrated around the
oxygen-containing defects. Since F atoms are able to form
H-bonds with water molecules, the number of water molecules
on the FDG increases and is further concentrated around
oxygen-containing defects and F-rich regions (Fig. 11b and
Fig. S18a, ESIf). We scanned the water distributions of the
investigated materials in both the horizontal and vertical
directions via MDAnalysis.”" In the horizontal direction, due
to the random surface defects in DG and FDG, it is not possible
to scan the distribution of water molecules as in PG, but the
distribution of water molecules on FDG is more uneven than
that on DG (Fig. 11c and d)."® This characteristic enhances the
selectivity on amino acids, further altering the adsorption
morphology of proteins. Fig. 11e, f and Fig. S19 (ESIt) show
that the water distribution along the vertical direction of the
investigated materials presents a typical layered distribution
and that FDG can induce more amino acids to fully contact the
FDG, thereby squeezing out more inner water and improving
their interaction strength. In other words, the uneven distribu-
tion of water molecules not only plays a role in the early stages
of the adsorption process, but also facilitates further inter-
action between hydrophilic amino acids and the investigated
material after the protein has made contact with it.

Oxygen-containing defects and F-rich regions induce high
selectivity and affinity for amino acids

Owing to the rearrangement of water molecules, when posi-
tional constraints on the proteins are lifted, hydrophobic
amino acids can more easily contact hydrophobic regions with

This journal is © the Owner Societies 2025
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Fig. 11 High-density hydration layers (cutoff is 3 A) on the (a) DG and (b) FDG. Scanning water molecules within the 6 A range of (c) DG and (d) FDG
along the horizontal direction. Scanning water molecules within the 12 A range of (e) DG and (f) FDG along the vertical direction. The investigated
materials are highlighted using “Lines” drawing methods. The C, O, H and F atoms of the investigated materials are represented by cyan, red, white and

pink balls, respectively.

fewer water molecules, whereas the binding of hydrophilic amino
acids to hydrophilic regions becomes increasingly difficult. This
enables hydrophobic amino acids to dominate early adsorption
stages and aligns protein distribution with hydrophobic regions.
This effect is crucial for the capture, directional guidance, and
even self-assembly of biomolecules. We further decompose the
interaction energy into vdW and electrostatic energy. As clearly
shown in Fig. S20a and b (ESIf), during the initial stage of
adsorption, the increase in the vdW energy is particularly signi-
ficant compared with the increase in the electrostatic energy.
Notably, in the early stages, the growth rate of the vdW energy
between the two proteins and DG even surpassed their respective

This journal is © the Owner Societies 2025

growth rates in FDG. This phenomenon not only highlights the
dominant role of vdW forces but also suggests that hydrophilic
regions may limit the contact with amino acids. As the amino
acids gradually emerge from the surface, they eventually contribute
to the contact with other amino acids with the surface, ultimately
resulting in stronger hydrophilic and hydrophobic interactions
between FDG and proteins. The selective contact of amino acids is
also accompanied by further stretching of the biomolecules, which
is why FDG can efficiently capture proteins, while also leading to
significant structural function transformation.

We further monitored specific amino acids. For the RBD-
investigated material systems, early adsorption is dominated by
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V114-G115 and G154-F155. Fig. 12a and b clearly show that
these amino acids exhibit positional preferences on the inves-
tigated surface. Similarly, for the MP™-investigated material
systems, M276-G278 are the first to contact the surface and
dominate early adsorption (Fig. 12c and d). It is clear that these
amino acids are hydrophobic and tend to bind to hydrophobic
regions and are strictly confined around oxygen-containing
defects and F-rich regions. Furthermore, aromatic amino acids
exhibit specific preferences during the adsorption process,
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tending to form ‘‘face-to-face” or ‘“‘edge-to-face” m-n stacking
with hydrophobic regions. Therefore, these amino acids also
exhibit greater sensitivity to hydrophilic-hydrophobic integration
surfaces, as they not only restrict the formation of n-n stacking
but also improve the stability of already established n—r stacking.
For the RBD, when it contacts the DG surface in a “standing”
posture, only Y118 and F155 are able to form effective n-n
stacking interactions with the surface (Fig. S21a, ESIt). When
the RBD collapses on the FDG in a “lying flat” posture, despite the
increased contact area, Y120 and F16, owing to the presence of
oxygen-containing defects and F-rich regions beneath them, still
fail to form effective contacts with the surface (Fig. S21b, ESIf).
However, the adsorption process between MP™ and the investi-
gated material proves that FDG is conducive to the formation of
n—n stacking (Fig. S21c and d, ESIt). Although these two systems
appear to differ at this point, a closer look reveals that the
aromatic amino acids that make up the n-n stacking tend to
cluster near the oxygen-containing defects and F-rich regions but
do not cross this specific regional boundary. Additionally, we
observed differences in the orientation of the aromatic rings of
these amino acids on the investigated materials. On the DG,
aromatic rings tend to avoid oxygen-containing defects, whereas
on the FDG, aromatic rings prefer to face F-rich regions. Positional
constraints, stability, and orientation adjustments of aromatic
amino acids also constitute significant biological effects of hydro-
philic-hydrophobic integration materials.

Oxygen-containing defects and F-rich regions induce uneven
surface charge distributions

Like the distribution of water molecules, surface charge distribu-
tion is also uneven due to the influence of oxygen-containing
defects and fluorination. This property causes non-charged
amino acids to prefer unmodified regions, while charged
amino acids bind to charged regions. Energy decomposition
further confirmed that FDG significantly increase the electro-
static energy with the two proteins (Fig. S20, ESIT). Owing to its
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Fig. 13 Representative trajectory snapshots of several important charged amino acids in the (a) and (b) RBD-DG and (c) and (d) RBD-FDG systems at
300 ns and 500 ns. (e) Z-Direction distance of R15. (f) The electrostatic energy between R15 and the investigated materials. MP™ and investigated
materials highlighted by "Newcartoon” and “Lines” drawing methods. Proteins are blurred, and the important charged amino acids are highlighted using
"CPK" drawing methods. The C, O, H and F atoms of investigated materials are represented by cyan, red, white and pink balls, respectively.
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surface characteristics, only K113 is capable of interacting with
the DG under electrostatic forces (Fig. 13a and b). However,
the collapse of the RBD is initiated when R15 is suddenly
captured by the F-rich region at 300 ns and lays the foundation
for other charged amino acid contact surfaces (Fig. 13c and d).
Fig. 13e and f highlight the decisive role of electrostatic forces,
driven by the abundant charge distribution in the F-rich region
and the longer side chain of R15. Significant differences
subsequently emerge between these two systems: R15 drives
the collapse phenomenon and accelerates the exposure of other
amino acids, resulting in a notable increase in both vdW and

View Article Online
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electrostatic forces. While the electrostatic forces differences
for MP™ are less pronounced than for RBD, FDG still attracts
more charged amino acids (Fig. S20b and d, ESIY). Notably,
the side chains of charged amino acids clearly tend to approach
regions with oxygen defects and fluorine enrichment, in
stark contrast to the tendency of aromatic rings to stay away
from these regions. In short, uneven charge distribution is an
important factor in inducing changes in protein contact pos-
ture and even structural-functional transformation, which is
also an important biological effect of GRMs with hydrophilic-
hydrophobic integration.

120 180
Residue ID

Fig. 14 At 500 ns, the hedgehog plot and DCCM of (a)—(d) the RBD and (e)-(h) MP™, which was adsorbed on the investigated materials. The investigated
materials were highlighted using “Lines” drawing methods. The C, O, H and F atoms of the investigated materials are represented by cyan, red, white and

pink balls, respectively. Color scale: dark blue (—0.88) — dark red (+1).
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Oxygen-containing defects and F-rich regions induce H-bond
distribution

Scientists have long recognized the unique physical and
chemical properties of F atoms, leading to extensive studies
on fluorine chemistry and its effects.”> One of the unique
effects of F atoms lies in their ability to participate in the
formation of H-bonds and alter the existing H-bond network. In
addition, the mentioned F atoms participate in the rearrange-
ment of water molecules through H-bonds. F atoms can also
greatly increase the affinity of FDG by forming H-bonds (Fig. S18b,
ESIt). This is not only a unique advantage of an FDG but also
establishes its potential as an excellent biomedical material.
Finally, combined with the hedgehog plot and dynamic cross-
correlation matrix (DCCM) (Fig. 14 and Fig. S22, S23, ESIf), it is
evident that most amino acids interact with hydrophobic regions,
especially hydrophilic amino acids that extend to oxygen-
containing defects and F-rich boundaries, maximizing their
selectivity and affinity. In summary, oxygen-containing defects
and fluorination reshape the water molecule distribution,
charge distribution and H-bond network, profoundly enhan-
cing the selectivity and affinity of amino acids. Finally, we
intercepted a small peptide (F3-R4-K5) from MP™ and simu-
lated its migration behavior on the surface of FDG. Phe3
represents an aromatic amino acid and simulates n-n inter-
actions. R4 and K5 represent charged amino acids and simulate
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Table 1 Moving range for four deoxynucleotides (A%). dAMP, dTMP and

dGMP represent deoxyadenosine monophosphate, deoxythymidine
monophosphate and deoxycytidine monophosphate, respectively

dAMP dTMP dCMP dGMP
DG 457.13 583.73 767.6 715.24
FDG 211.31 215.38 259.24 170.44
Table 2 Interaction energy between four deoxynucleotides and the

investigated materials (kcal mol™?)

dAMP dTMP dCMP dGMP
DG —25.71 —22.93 —23.26 —28.63
FDG —28.61 —25.97 —24.71 —30.2

electrostatic interactions. As shown in Fig. S24a (ESIt), initially,
the small peptide had a folded structure and was located
approximately 1.1 nm from the FDG. Upon removing the
restriction, the peptide rapidly approached the surface, exhibiting
dynamic and vigorous movement as it searched for the optimal
binding region. At 10 ns, the small peptide has completed the
unfolding process, and it is obvious that F3 is bound to the
nonmodified C atom region and that R4 and K5 are bound to
the surface defects and modifications. At 20 ns, the small peptide
appears as a triangle as a whole, F3 and the nonmodified carbon
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Fig. 15 From the top views, a representative snapshot and the migration path of G on the (a) and (c) DG and (b) and (d) FDG. A total of 5 frame structures,
one frame represents 10 ns. dG and investigated materials highlighted using “Licorice” and “Lines” drawing methods. The C, O, H and F atoms of the
investigated materials are represented by cyan, red, white and pink balls, respectively.
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atom region form n-n stacking, and R4 and K5 bind to the oxygen-
containing defects. We calculated the electrostatic energy between
each amino acid and FDG (Fig. S24b, ESIt), and the energy of R4
and K5 was greater than that of F3. This discovery revealed that
the hydrophilic-hydrophobic integration of FDG can effectively
induce significant differences in the diffusion of these specific
amino acids, thereby accelerating the unfolding process of proteins.
These effects not only significantly improve the ability to capture
and immobilize proteins but may also cause significant changes
in their structural-functional transformation, underscoring
unique and excellent biological effects of FDG.

3.6. Adsorption behavior and strength of deoxynucleotides on
the investigated materials

To further explore the potential biomedical applications of FDG,
we shifted our research focus to deoxynucleotides, the building
blocks of DNA. Overall, the migration behavior of deoxynucleo-
tides molecules are concentrated in hydrophobic regions on the
investigated materials. When deoxynucleotide is positioned on
the FDG, its mobility significantly decreases, accompanied by
intense interaction energy (Tables 1 and 2). Taking deoxygua-
nosine monophosphate (dGMP) as an example, dGMP exhib-
ited a relatively loose movement path on the DG surface, with a
relatively large moving range (Fig. 15a and c). However, the
movement of dGMP on the FDG surface was confined to a
narrow hydrophobic region, resulting in more restricted beha-
vior (Fig. 15b and d). The adsorption behavior and strength of
other deoxynucleotides on the investigated materials are con-
sistent with the conclusions discussed here, and their repre-
sentative trajectory snapshots are shown in Fig. S25-S27 (ESIT).
Notably, their migration predominantly occurred within exten-
sive hydrophobic regions of the investigated materials, whereas
oxygen-containing defects and F-rich regions served as boundaries,
restricting their free migration. This characteristic is consistent
with the migration behavior of single amino acids on PG."
In other words, owing to their similar surface characteristics,
both FDG and PG are fully feasible for efficiently capturing
and directing the migration of biomolecules on the basis
of amino acids and deoxynucleotides and further achieving
self-assembly.

4. Conclusions

FDG, as an excellent 2D material, offers the following bio-
medical application prospects and advantages. Hydrophilic-
hydrophobic integration: This characteristic not only enhances
biocompatibility but also perfectly matches the characteristics
of biomolecules. This results in high selectivity and affinity,
thereby improving the efficiency of biomolecule capture and
structural-functional transformation. Diverse types of defects:
in addition to vacancy defects and oxygen-containing defects,
different hydrophilic and hydrophobic effects on the graphene
surface can be simulated by constructing amination, nitration,
hydrogenation, chlorination, and heteroatom (B, N, Al, etc.)
substitution, and linear defects, etc. These defects can also

This journal is © the Owner Societies 2025
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alter the graphene with hydrophilic-hydrophobic integration,
thereby affecting its biomedical applications. Unique fluorine
effect: the strong electronegativity of F atoms not only endows
the material new properties, more importantly, F atoms can parti-
cipate in the formation of H-bonds, thus profoundly changing the
H-bond network of the material and biomolecules and providing
a new regulatory dimension for their interactions. Controllable
ratio of defects and fluoridation: defects and fluorination ratios
in FDG can also be precisely regulated and tailored to specific
locations, and this high degree of tunability provides a variety
of possibilities for the diverse applications of FDG in the bio-
medical field. Directional manipulation and self-assembly: whether
they are proteins or DNA, these structures are assembled from a
limited variety of amino acids or deoxyribose through dehydra-
tion condensation. Defect and fluorination engineering is simi-
lar to building a “molecular barrier and bridge” on surfaces and
works in the same effect as a heterogeneous structure, temperature,
and patterning, jointly promoting the orderly arrangement
and manipulation of biomolecules, laying the foundation
for the self-assembly of biomolecules.'*** Of course, further
experimental exploration and simulations will be needed to
develop even more perfect FDG materials towards biomedical
applications.”®
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