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Potential functional changes in
native lysozyme induced by carbon
nanotubes studied by molecular
dynamics simulations
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Armen H. Poghosyan®**

A carbon nanotube (CNT) can affect biological systems, ranging from toxicity to changes in
functionality. Here, a series of long-scale (1-2 ps) molecular dynamics simulations were conducted

to investigate the adsorption and interaction of lysozyme with the CNT, a possible mechanism for
altering protein flexibility and function. Four systems were examined: native lysozyme/CNT, denatured
lysozyme/CNT, and both systems post-docking. Our results indicate that native lysozyme does not
undergo conformational changes when initially captured by a CNT. However, after docking, the native
lysozyme/CNT complex exhibits conformational changes. In contrast, the denatured lysozyme binds
more effectively to the CNT in both pre- and post-docking scenarios. Key amino acid residues, arginine
and tryptophan, have been identified as crucial for lysozyme/CNT interactions. The surface of the

CNT adsorbs lysozyme through -t stacking and van der Waals interactions, with these multimodal
interactions serving as the main driving force for protein anchoring to the nanotube. These results also
underscore the significance of docking in the simulation of protein/nanoparticle interactions, which
can lead to entirely different conclusions regarding, for example, the toxicity or functionality of a given
nanoparticle life.
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Carbon nanotubes (CNTs), especially with complex proteins, have a wide range of applications, from
nanotechnology to medicine!=. The practical viewpoint of the CNT/protein complex system is the ability to
tune the physical and chemical properties of CNT, especially the negative attributes of CNT, such as toxicity
and the absence of biodegradability. Due to their unique needle-like shape, the tunable CN'T/protein complexes
have been mainly functionalized to enable and solve cell penetration issues as a delivery agent®. Depending on
the protein, the mentioned complex can be endowed with more biocompatibility options’, as well as can change
toxicity to be non-toxic or less toxic®?, i.e., “protein corona” modulates the toxicity of CN'T.

The studies of protein-functionalized CNT systems have been intensively reported during the last decade
using experimental'®!® and computational®!®-2! methods. Beyond the importance of main parameters, like
pH!*1522 temperature?’, and protein concentration?, aspects such as protein denaturation should also become
important. The denatured protein with a CNT effective covering is displayed as the best coating agent'®. However,
the dynamic behavior of denatured protein/nanotube complex and the covering issues at the atomistic level must
be better understood. In this context, the molecular dynamics method is an excellent tool to help us understand
the insight of covering effectiveness issues and will answer some critical questions.

In this paper, we study the effect of lysozyme adsorption (native and denatured) on a single-walled CNT at
the atomistic level. As a water-soluble protein, the chicken egg white lysozyme is selected. The globular protein—
lysozyme is found in many tissues endowed with key functions and has attracted much attention due to its
antimicrobial properties?®. We have discussed some important aspects concerning the coverage of nanotubes
and their effectiveness in binding. In our study, we have calculated several key parameters to understand the
interaction between lysozyme and single-walled carbon nanotubes (SWCNTs). These parameters include Root
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Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Solvent Accessible Surface Area
(SASA), time evolution of secondary structure, radius of gyration (Rg), binding lifetime, and the distance
between the residues and SWCNT carbons. These calculations provide a comprehensive view of how the
interaction with CNTs can evolve the structure of lysozyme.

Modeling setup
All MD simulations were carried out using the GROMACS software package?® (2020 version) with GPU
support?.

The crystal structure of hen egg-white lysozyme was taken from the protein data bank (ID: 1LYZ)?. The
already denatured lysozyme PDB was taken from our previous simulation?. The protein consists of 129 residues
with two structural domains—a and B. The structure is stabilized via four disulfide bridges. The five helices
and 3, -helix (81-85) are inside of a-domain: Helix 1 (5-14), Helix 2 (25-35), Helix 3 (90-100) and Helix 4
(110-115). The p-domain covers two B-sheets: Beta-strand 1 (43-46) and Beta-strand 2 (51-54).

An armchair single-walled carbon nanotube (SWNT) with chirality (n=10, m=10) was constructed using
the CHARMM GUI Nanomaterial modeler®® plugin. The SWNT was used in two simulations, with a diameter
of 13.6 A and a tube length of 61.5 A.

Two independent systems were created: System 1—Native Lysozyme/SWCNT in water and System
2—Denatured Lysozyme/SWCNT in water. Two systems were constructed using the CHARMM GUI
Multicomponent Assembler®' plugin, which allows the creation of complex models with many components
(merging .PSF and CHARMM coordinate .CRD files). We set an initial distance of nanotube-protein about 1 nm
to ensure no interaction between protein atoms and the nanotube carbons. Two systems were solvated in water
with a volume of 10 x 10 x 10 nm?. To neutralize the system, additional chloride and 150 mM NaCl were added.
The minimization/equilibrium procedures were done for two systems according to CHARMM GUI standards,
and the production runs (1000 ns for each) were carried out at NPT ensemble.

Additionally, we utilized the AutoDock Vina package®? to generate docked versions of the two systems:
System 3—Native Lysozyme/SWCNT in water, and System 4—Denatured Lysozyme/SWCNT in water. This
approach enabled us to predict more effective binding sites and affinities of lysozyme on the SWCNTs. The
initial configurations obtained from the docking simulations were further refined through molecular dynamics
simulations, providing a more accurate representation of the interaction dynamics between lysozyme and
SWCNTs. The docking parameters are: the volume with X, Y, and Z dimensions set as 50 A x50 Ax50A(size_x,
size_y, size_z), the center of grid box was set to 5.033 A, 26.243 A, and 36.061 A for center_x, center_y, and
center_z, the maximum number of binding modes, which implemented via num_modes option, was fixed to
6, the exhaustiveness of search was set to 32 and the rest of the docking parameters were set at default values.
The outcome of docking was the binding affinity values (in kcal/mol) and root-mean-square deviation (RMSD)
lower and upper bounds. Further, the most significant negative value of affinities was selected for all series of
runs.

The interactions between the protein, SWCNT, and the ions were modeled with CHARMM36m force-field*,
and the TIP3P3* was used to model water molecules. The room temperature (300 K) and standard pressure
were maintained via Nose-Hoover thermostat® and Parrinello-Rahman barostat®, correspondingly, and the
temperatures of each component were independently controlled. The bonds were constrained using the LINCS*
algorithm. For electrostatic interactions, the Particle-mesh Ewald (PME)? algorithm was used with a cut-off
of 1.2 nm. The same cut-off of 1.2 nm was used for Van der Waals interactions. The decay of the interaction
potential was approximated using the switch method. Analysis was performed on the last 100 ns of the trajectory
where the systems are in equilibrium.

All simulations were performed on Armenian e-infrastructure computational resources®. The snapshots and
visualizations were generated using the VMD graphical package®.

Results and discussion

Secondary structures

First, the change in secondary structure of the protein throughout the trajectory was calculated. In Fig. 1, the
secondary structure for each run is shown. The secondary structure analysis was done using the Kabsch and
Sander method implemented in the do_dssp module provided by GROMACS.

Examining the secondary structure of native lysozyme and visual inspection of trajectories in the undocked
case (System 1) shows that SWCNT does not lead to a more significant disruption of the protein’s secondary
structure elements (Fig. 1—a-top). Just minor fluctuations are observed in the helical region (Helix 4—
(110-115)), while other areas remain stable throughout the production run, i.e., the structural content does
not undergo significant changes (~1-5% loss of structural content). Thus, it can be argued that denaturation
does not occur, meaning that the secondary structure remains unchanged when the protein is adsorbed onto
SWCNTs. Several groups have experimentally verified this hypothesis!4!>17:18:24,

In the denatured lysozyme/SWCNT case, we track that the protein remains denatured throughout the
simulation run. We used the protein from our previous simulation as a starting configuration, where the protein
undergoes complete denaturation via surface active agents. However, small helical parts (5-14) can be seen in
the a-domain, which is almost stable until the end of the simulation run. In addition to some helical parts in the
structure, the random coils bend and turn dominantly.

The same calculations for native lysozyme/SWCNT in System 3 (docked) revealed some similarities
compared to System 1 but a few notable changes. Similar to System 1, multiple well-defined horizontal bands
indicate stable structural elements, indicating that the pattern remains relatively consistent throughout the
2000 ns simulation—a higher density of blue and yellow bands suggesting maintained alpha-helices and beta-
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Fig. 1. Time evolution of secondary structure on residue sequence number (a-top)-System-1—Native
Lysozyme/SWCNTand (a-bottom) System-2 Denatured Lysozyme/SWCNT without docking process. In (b)
cases, the same is shown for both cases after the docking procedure, i.e. (b-top) System 3 Native Lysozyme/
SWCNT (2 ps), and (b) System-4 Denatured Lysozyme/SWCNT (1 ps). The GROMACS do_dssp module
assigns the secondary structure.

sheets. The docking simulations indicated that the interaction with SWCNTs led to more significant disruptions,
but it was impossible to observe in a one us time scale. Still, it was revealed by extending the simulation to 2 ps.
Visual inspection of the trajectories showed increased fluctuations, a subtle but noticeable shift in the secondary
structure pattern, and a change in the density and continuity of some bands (see below). These changes suggest
that the docking process induces partial denaturation, altering the stability and conformation of the lysozyme
when adsorbed onto SWCNTs.

By comparing the DSSP calculation results in Fig. 1 a-bottom and b-bottom, we found that the overall
patterns of secondary structure disruption and unfolding are similar in the docked and non-docked denatured
cases. However, the non-docked denatured state shows slightly more persistent secondary structure elements,
with fewer gaps and discontinuities in the bands. The transitions between secondary structure types seem
slightly less abrupt in this case.

Opverall, the longer simulation time (2000 ns) for the native state shows that the protein maintains its structure
better, while the denatured state (1000 ns) shows significant structural changes even in the shorter time frame.
This indicates the protein’s unfolding process and loss of native conformation.

Figures 2 and 3 show snapshots of non-docked and docked systems extracted from the starting and ending
time points to visualize our ongoing processes. Comparing these two sets reveals that the initial configuration in
docked cases interacts more with SWCN than their corresponding non-docked cases. The final configurations of
both denatured cases (Systems 2 and 4) are almost the same, but the final snapshots of the docked ones (Systems
1 and 3) are different.

To create a clearer picture of the evolution of each system, the radius of gyration of proteins in each case
with respect to time is shown in Fig. 4. To understand lysozyme evolution in native and denatured cases and
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Fig. 2. Non-docked systems; snapshots extracted from the first (a) and last (b,c) configuration System-1—
Native Lysozyme/SWCNT and from the first (d) and last (e,f) configuration System-2—Denatured Lysozyme/
SWCNT. For clarity, the different views (top and side views) for last configuration are shown. The snapshots
were designed with VMD,

to find the effect of SWCN, we also calculated this parameter for the system in water without the CNT. The top
figure shows a more fluctuating nature of denatured lysozyme (red) rather than the native one (blue) in water,
indicating more fluctuating features of denatured rather than the native one, with the average Ry~ 1.5 and
1.4 nm, respectively. The data for System 1 support the stability of lysozyme in the presence of SWCNT; for
System 1, nearly 1.4 of already denatured protein displays large fluctuations until ~300 ns and remains more
stable until the end of the production run. The stabilization is because the nanotube completely captures the
protein; the value is estimated at ~ 1.8 nm. The same trend can be observed in docked systems (Systems 3 and 4),
at least up to 1000 ns. However, we had some extra fluctuation in the native lysozyme case near 1000 ns, which
led us to extend System 3’s simulation run to 2000 ns (see below).

Next, the adsorption of protein on SWCNT was examined. We have calculated the number of residues in
close contact with SWCNT atoms to characterize the binding affinity. Note that the mentioned parameter was
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Fig. 3. The docked systems; snapshots extracted from the first (a) and last (b,c) configuration System-3—
Native Lysozyme/SWCNT and from the first (d) and last (e,f) configuration System-4—Denatured Lysozyme/
SWCNT. For clarity, the different views (top and side views) for last configuration are shown. The snapshots
were designed with VMD,

calculated via GROMACS g_rdfand g_mindist modules. As a close contact, we assumed that the residues/atoms
are within 0.5 nm cut-off from SWCNT atoms?*?!. The distance of protein residues from SWCNT and the
number of residues in close contact with SWCNT is monitored in Fig. 5 for System 1.

The lysozyme is adsorbed onto SWCNT, and the amount of protein residues attached to SWCNT is nearly
14, as seen in Fig. 5 (the residues in the region <0.5 nm). Note that the adsorbed residues are in the a structural
domain, including the turns, bends, and partial Helix 4. We found [as demonstrated in Fig. 5 (below plot)]
four arginines (ARG61, ARG68, ARG73, and ARG112), three tryptophans (TRP62, TRP63, and TRP111), three
asparagines (ASN103, ASN106 and ASN113), a proline (PRO70), a threonine (THR69), an alanine (ALA107)
and a lysine (LYS116) are strongly binds to the SWCNT. We divide the adsorbed amino acids into four binding
sites (BSs) for protein onto SWCNT: BSI includes ARG61, TRP62, and TRP63, BS2 consists of ARG68, THR69,
PRO70, and ARG73, BS3—ASN103, ASN106, and ALA107. The residues denoted as TRP111, ARG112, ASN113
and LYS116 cover BS4. The mentioned amino acids and binding sites are the same as those reported by other
authors!”1%4142 Based on distance calculations, we argue that in native protein mode, three amino acids (ARG,
TRP, and ASN) are identified as key units in the binding process, and particularly, one should argue that the
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Fig. 4. The radius of gyration vs the simulation time for both Native (blue) and Denatured (red) lysozyme in
(a) water, (b) with CNT (non- docked), and (c) with CNT (docked).

mentioned residues are located on the surface of theprotein (see Fig. 6). In overall, we track that 50% of all
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tryptophans, ~37% of all arginines, and 22% of all asparagines are involved in the binding process.

To understand more about the binding lifetime and distance between the residues and SWCNT carbons, we
have calculated the minimum distances of some residues of the protein and the nanotube. The latter was done
using GROMACS g_mindist module. The curves are provided in Fig. 6, where the distances of three key residues
were identified, i.e. ARG112, ASN106 and TRP62. As we see, the adsorption process occurs very fast and after
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Fig. 5. The number of amino acids depends on the SWCNT distance (above). The number of residues that are
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Fig. 6. The snapshots extracted from last frame of System-1—Native Lysozyme/CNT system. The protein is
shown as a surface. For clarity, the binding residues situated in the protein surface [ARG—61, 68, 73, 112 (red),
TRP—62, 63, 111 (blue) and ASN—103, 106, 113 (green)] are represented in different color.

a couple of nanoseconds, the residues are trapped and stay bound till the end of production run. Note that the
average distances are estimated to be at the range of ~0.25-0.32 nm.

It is known that the Helix-Loop-Helix (HLH) or a-helical hairpin (residues 89-116) located at the upper lip
of the active site of molecule, in terms of motif positioning, plays a crucial role in biological functions of protein
and serves as a key element in the mechanism of bactericidal action*?~**, We argue that the binding aminoblocks
are in the helical hairpin, i.e., the HLH domain serves as an anchor to make a “protein corona” Examining the
dynamical properties of lysozyme, Artymiuk and coauthors*> show the high displacement inherent with the
active site of lysozyme. They also show that the six-membered part of the indole ring of TRP63 and TRP111 has a
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larger displacement than other atoms*. A carbon nanotube and lysozyme’s tryptophan residue exhibit favorable
n-T interaction, facilitating effortless non-covalent functionalization*®. The extensive MD simulations performed
by Calvaresi and coauthors'” shows the adsorption favorite sites and determining the binding energy, they argue
that ARG21, ARG112 residues have strong binding values, as well as other residues (denoted as Asn27, Asn103,
Asnl06, Lys116, and Trp111) have a major contribution to the binding. Note that the high-propensity close
contacts with the arginine residues (denoted as ARG112, ARG21) were reported when considering the lysozyme
with sulfonate-based surfactants?®.The role of arginine in protein-nanotube interaction is recently reviewed by
Wu and coworkers!”. They show that arginine residues, which are evenly distributed on the protein surface, play
an important role in binding to the surface of single-walled CNT. Four arginines, denoted as ARG21, ARG68,
ARG112, and ARG128, established close contact of the lysozyme with CNT. Besides arginine, the authors show
that the prolines (PRO70) also quickly make fleeting contact with CNT*% The guanidinium group of arginine
predominantly contributed to the binding process by frequently engaging the favorable interaction with the
sidewall of single-walled carbon nanotubes?’.

When discussing the height of the binding protein, one can mention that it is about ~ 3 nm (see Fig. 5), which
is almost the same as the diameterofthe lysozyme. This is obvious as the protein undergoes no structural changes
and remains stable.

Examining the binding affinity and contacts in the case of System 2, we have calculated the same parameter
as in the case of System 1. First, we have provided all amino acid distances from the carbon nanotube and the
number of residues in close contact with SWCNT. The criterion was the atoms within a 0.5 nm cutoff from
SWCNT carbons. As demonstrated in Fig. 7, we found seven arginines (ARG5, ARG61, ARG68, ARG112,
ARG114, ARG125, and ARG128), six alanines (ALA31, ALA42, ALA82, ALA90, ALA95, and ALA110), five
threonines (THR40, THR43, THR47, THR51, and THR69), five serines (SER36, SER50, SER85, SER86, and
SER91), four asparagines (ASN37, ASN44, ASN59, and ASN113), four glycines (GLY49, GLY71, GLY117, and
GLY126), four cysteines (CYS30, CYS94, CYS115, and CYS127), four tryptophans (TRP28, TRP62, TPR111,
and TRP123), three aspartic acids (ASP48, ASP52, and ASP57), three leucines (LEU56, LEU83, and LEU84),
two valines (VAL29 and VAL109), two lysines (LYS33 and LYS116), a tyrosine (TYR53), an isoleucine (ILE88),
a phenylalanine (PHE34), and a proline (PRO70) firmly attached to the SWCNT. We see that in the case of
System 2, where the protein was already denatured, the lysozyme effectively coats a CNT. In the binding process,
the amino acids participate in the following ratio when we take into account all the amino acids: THR-72%,
TRP-67%, ARG-64%, ALA-50%, SER-50%, ASP-44%, LEU-37%, VAL-34%, LYS-34%, CLY-32%, ASN-29%.

Unlike the native form, approximately 46 residues are involved in the adsorption process in the denatured
case (System 2). In contrast, the number of amino acids in the native case is nearly three times smaller, suggesting
that denatured lysozyme binds more efficiently than its native counterpart'® (see Fig. 8). As mentioned, the
thickness of the protein layer in System 1 is the same as the lysozyme diameter (~3 nm). Meanwhile, in System
2, we observe that the thickness of the protein layer is less than 2 nm, as shown in Fig. 8 case).

To support these interpretations, we calculated the RMSD and RMSF for all systems, as shown in Figs. 9
and 10. The RMSD analysis reveals structural instability increases with system complexity, moving from pure
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water to CNT environments. In pure water (Fig. 9—top), the native lysozyme maintains relatively stable RMSD
values around 0.2 nm, while the denatured form exhibits higher but consistent fluctuations around 0.9 nm.
When CNT is introduced without docking (Fig. 9—middle), both forms show increased RMSD values and
more fluctuations, with the denatured form demonstrating exceptionally high values of 1.2-1.6 nm, suggesting
that the mere presence of CNT affects protein stability. The most dramatic changes occur after docking to
CNT (Fig. 9—bottom), where both forms display significant structural perturbations. The native form shows a
gradual increase in RMSD over time, reaching approximately 0.4 nm, while the denatured form exhibits large
fluctuations between 0.8 and 1.2 nm. This indicates that direct interaction with CNT substantially impacts the
protein’s structural integrity, particularly affecting the stability of the native state. In summary, the RMSD plots
demonstrate that the docking of lysozyme to CNT significantly increases structural flexibility and destabilization
in both forms, with a more pronounced effect on the native structure.

In pure water, the RMSF values show (Fig. 10—top) a clear distinction between native and denatured
states, with the native form exhibiting consistently low fluctuations (~0.1-0.2 nm) for most residues, while the
denatured form shows higher flexibility (0.2-0.4 nm) with several peaks indicating locally increased mobility.
When CNT is included without docking (Fig. 10—middle), both forms maintain similar patterns but with
increased fluctuations, particularly in the denatured state. However, after docking (Fig. 10—bottom), the RMSF
profiles change dramatically: the native form develops significant peaks around residues 50, 75, and 125 (reaching
up to 0.3 nm), while the denatured form shows even more pronounced fluctuations (up to 0.8 nm), especially in
the C-terminal region. This progressive increase in local flexibility, particularly in the specific areas, suggests that
CNT interaction enhances overall protein mobility and induces region-specific structural perturbations, with
the effect being most pronounced in the docked state.

To show how this drastic change has been undergone for System-4, we calculate the SASA, as shown in
Fig. 11. Looking at the SASA plot in conjunction with the previous RMSD and RMSF data (Figs. 9 and 10)
provides an interesting correlation in the structural changes of native lysozyme interacting with CNT: The
SASA plot shows a gradual increase over time, starting from around 70-75 nm? and eventually reaching higher
values of around 80-85 nm? (with a notable peak near 1500 ns reaching ~94 nm?). This increment in SASA
aligns well with the RMSD data, which showed progressive structural deviation in the native state after CNT
docking (reaching~0.4 nm). The RMSF results revealed increased local flexibility in specific regions. The
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docking.

parallel increase in SASA suggests that the interaction with CNT is causing the protein?® to partially unfold or
adopt more extended conformations, exposing more surface area to the solvent. This is particularly evident after
1250 ns, where we see a significant jump in SASA values, indicating a substantial conformational change that
correlates with the higher RMSF values observed in specific residues (especially around residues 50, 75, and the
C-terminal region) and the gradually increasing RMSD trend. Together, these measurements paint a consistent
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Fig. 10. The Root Mean Square Fluctuation vs the simulation time for both Native (blue) and Denatured (red)
lysozyme in top) water, middle) water with CNT (without docking process), and bottom) water with CNT after
docking.

picture of CNT-induced structural perturbation in the native lysozyme, leading to a more loosened and solvent-
exposed structure over time.

A more precise visualization of System 4 is shown in Fig. 12. We capture a critical conformational transition of
native lysozyme interacting with a carbon nanotube (CNT) surface over a brief period (1440-1467 ns). Initially,
at 1440 ns, the protein maintains its native structure while making localized contact with the CNT surface.
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Fig. 12. Snapshots were extracted from the trajectory of the Native Lysozyme/CNT (docked) system,
corresponding to before, the moment, and after re-conformation of Native Lysozyme. The top row shows side
views, and the bottom row shows top views of the same configurations.

At 1463 ns, a significant conformational change begins as the protein reorients itself, leading to a dramatic
structural reorganization by 1467 ns. During this transition, the protein’s interaction with the CNT surface
evolves from a localized contact point to a more extensive surface interaction, as indicated by the dashed lines
in both the top and bottom views. While the protein undergoes this spatial reorientation and structural change,
it maintains some key secondary structural elements (a-helices shown in purple and B-sheets in yellow), though
in a reorganized configuration. This visualization provides clear structural evidence for the changes previously
observed in the DSSP plots (Fig. 2) around the 1500 ns time point, demonstrating how the protein-CNT surface
interaction drives this conformational adaptation.

Conclusion

In this study, we conducted an extensive set of long-timescale simulations on lysozyme/carbon nanotube (CNT)
systems under four different conditions: native and denatured lysozyme; each examined both with and without
the use of docking algorithms to identify favorable initial configurations.
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Our results show that native lysozyme, when initially placed without docking, generally preserves its
secondary structure and maintains a relatively stable conformation throughout the simulation. These findings
are consistent with prior experimental work!%!>171824 which suggests that although proteins adjust their
conformation upon adsorption to CNTs, complete denaturation rarely occurs. In contrast, the docked native
lysozyme undergoes a pronounced conformational reorientation after approximately 1463 ns (Fig. 12). This
rearrangement increases the lysozyme’s surface contact with the CNT while retaining core structural elements.
The interaction with the CNT surface primarily involves three key amino acid residues: ARG, TRP, and ASN.

For the denatured lysozyme systems, both docked and non-docked configurations exhibit more extensive and
efficient adsorption than the native cases. The denatured lysozyme interacts with roughly three times as many
amino acids contacting the CNT surface, resulting in a more compact, lower-profile protein layer—less than
2 nm in thickness (height)—compared to the native maintained thickness of approximately 3 nm. Among these,
the docked denatured system shows especially enhanced surface interactions, underscoring the importance of
initial configuration in modulating the extent and nature of protein-CNT binding.

Furthermore, these findings have important biological implications. The conformational changes, resulting
from the protein-CNT interactions, suggest potential functional alterations. Such changes could influence the
protein’s antimicrobial activity, enzymatic behavior, and interaction with other biomolecules. Additionally, the
ability of denatured lysozyme to form a compact and stable layer on CNT surfaces may open avenues for designing
functionalized nanomaterials with enhanced biocompatibility and controlled bioactivity. This highlights the
significance of understanding protein-CNT interactions for applications in nanomedicine, biosensing?$, and
drug delivery®.

In summary, these simulations also provide molecular-level insights into how initial configuration and
protein conformation influence lysozyme adsorption on CNT surfaces. The results highlight that while proteins
can achieve stable binding and even undergo significant reorientation to optimize surface contact, the underlying
secondary structure remains largely intact in the native state. In contrast, denatured proteins readily form more
densely adsorbed layers.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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