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ABSTRACT Type 2 diabetes mellitus (T2DM) leads to the non‐enzymatic glycation of proteins, resulting in the formation
of advanced glycation end products (AGEs), which contribute to diabetic complications. Human serum albumin (HSA), a
major plasma protein, undergoes structural alterations upon glycation (gHSA), reducing its stability and biological functions.
Astaxanthin (ASX), a potent antioxidant, is limited by its instability and moderate binding affinity. In this study, we explore
the use of copper (Cu2+) to form a stable ASX‐Cu2+ complex, enhancing the antioxidant properties of ASX and improving
its interaction with HSA and gHSA. Utilizing computational approaches such as molecular docking, molecular dynamics
(MD) simulations, and free energy landscape (FEL) mapping, we analyze the stability and conformational changes of HSA
and gHSA upon binding with ASX and ASX‐Cu2+. The residue interaction network (RIN) analysis reveals that ASX‐Cu2+

complexes create a more robust and interconnected network of non‐covalent interactions, particularly enhancing hydrogen
bonding, π‐stacking, and ionic interactions. The ASX‐Cu2+ complex at a 1:2 molar ratio significantly improved the binding
affinity and structural stability of both native and glycated HSA, reducing protein fluctuations and promoting a more compact
conformation. These findings suggest that ASX‐Cu2+ complexes offer therapeutic potential for stabilizing albumin under
glycation‐induced stress, with implications for managing oxidative stress and diabetes‐related complications.

KEYWORDS Astaxanthin, Cu2+, Diabetes mellitus, T2DM, gHSA

Indonesian Journal of Biotechnology
VOLUME 31(1), 2026, 49‐61 | RESEARCH ARTICLE

1. Introduction

Type 2 diabetes mellitus (T2DM) is a globally preva­
lent metabolic disorder characterized by chronic hypergly­
caemia that promotes non­enzymatic glycation of circulat­
ing proteins and the formation of advanced glycation end
products (AGEs), which contribute to diabetic complica­
tions (Khalid et al. 2022). Human serum albumin (HSA),
the most abundant plasma protein, serves as a major car­
rier of endogenous and exogenous ligands such as fatty
acids, nucleic acids, hormones, metals, toxins, and drugs,
and plays an important role in the antioxidant capacity of
plasma (De Simone et al. 2021). However, glycation alters
the structure of HSA, producing glycated HSA (gHSA)
that exhibits reduced ligand binding, impaired antioxidant

activity, and increased aggregation, thereby compromis­
ing its stability and biological functions and contributing to
oxidative stress in diabetic conditions (Jeevanandam et al.
2024).

Astaxanthin (ASX), a xanthophyll carotenoid with
strong reactive oxygen species (ROS) scavenging ability,
has attracted attention as a natural antioxidant with thera­
peutic potential (Valko et al. 2007). Its antioxidant activ­
ity is attributed to a conjugated polyene chain and terminal
hydroxyl (­OH) and keto (=O) groups that facilitate elec­
tron donation and free radical stabilization (Guérin et al.
2003; Ambati et al. 2014). However, the inherent instabil­
ity and moderate binding affinity of free ASX may limit
its bio efficacy. The presence of oxygen­containing func­
tional groups also enables ASX to coordinate with tran­

Indones J Biotechnol 31(1), 2026, 49‐61 | DOI 10.22146/ijbiotech.109830
www.jurnal.ugm.ac.id/ijbiotech

Copyright © 2026 THE AUTHOR(S). This article is distributed under a
Creative Commons Attribution‐ShareAlike 4.0 International license.

https://dx.doi.org/10.22146/ijbiotech.109830
https://www.jurnal.ugm.ac.id/ijbiotech
https://creativecommons.org/licenses/by-sa/4.0/


Abiyyu et al. Indonesian Journal of Biotechnology 31(1), 2026, 49‐61

sition metal ions such as Cu2+, forming stable complexes
that may enhance molecular stability and bioavailability,
making them promising candidates for applications in drug
delivery and bioinorganic systems (Shen et al. 2020).

Recent studies have explored metal complexation
strategies with transition metals such as copper (Cu2+) to
enhance antioxidant activity and molecular stability (Wi­
bowo et al. 2022) The ASX­Cu2+ complex is therefore
hypothesized to improve interactions with target proteins
and increase resistance to glycation­induced structural al­
terations. To investigate this, we employed an integrated
computational approach combining molecular docking,
molecular dynamics (MD) simulations, radius of gyration
analysis, residue interaction network (RIN), and free en­
ergy landscape (FEL) mapping to evaluate the structural
stability, binding affinity, and interaction patterns of HSA
and gHSA with the ASX­Cu2+ complex. These methods
provide atomistic insights into protein­ligand interactions
that are difficult to obtain experimentally, enabling predic­
tion of the stabilizing effects of ASX­Cu2+ and support­
ing the development of therapeutic strategies for mitigat­
ing glycation­related dysfunctions in diabetes.

2. Materials and Methods

2.1. Data mining
The study, performed from July to December 2024 at the
National Research and Innovation Agency (BRIN) in Cib­
inong, Indonesia, used HSA protein structure data (PDB
ID 4K2C). gHSA was made by complexing HSA with
glucose (Pubchem ID 79025). Astaxanthin (PubChem ID
5281224) and Cu2+ (PubChem ID 27099), were obtained
from Pubchem.

2.2. Molecular docking
Molecular docking simulations were performed using CB­
Dock 2.0, a blind docking web server that automatically
identifies potential ligand­binding sites and predicts bind­
ing poses without prior knowledge of the binding pocket.
CB­Dock integrates the CurPocket cavity detection algo­
rithm with the AutoDock Vina docking engine to enable
efficient docking of small molecules to protein targets (Liu
et al. 2022). CurPocket identifies potential binding cav­
ities by analyzing local surface curvature and geometric
features of the protein structure, allowing systematic ex­
ploration of ligand­accessible pockets independent of pre­
defined grid boxes or known binding sites (Ke et al. 2025).

The three­dimensional structures of human serum al­
bumin (HSA) and glycated HSA (gHSA) were obtained
in PDB format, while astaxanthin (ASX) and the ASX­
Cu2+ complexes were prepared in PDB format. In this
study, Cu2+ was not modeled as a free solvated ion but as
part of a coordinated bioinorganic complex with astaxan­
thin (ASX­Cu2+). Consequently, the docking simulations
treated the ASX­Cu2+ complex as a single ligand entity in­
teracting with the protein binding pocket rather than mod­
eling Cu2+ independently. CB­Dock automatically gen­

erated docking boxes for detected cavities, and docking
simulations usingAutoDockVina producedmultiple bind­
ing poses ranked by predicted binding free energy. The
best poses, selected based on docking score and geometric
consistency, were used as starting structures for molecular
dynamics simulations. CB­Dock 2.0 has been reported to
achieve approximately 85% accuracy in predicting correct
binding poses with RMSD values below 2.0 Å (Liu et al.
2022).

2.3. Molecular dynamics
The docking results were further analyzed using the
CABS­flex 2.0 web server (http://biocomp.chem.uw.ed
u.pl/CABSflex2) for molecular dynamics simulations.
CABS­flex employs the CABS coarse­grained protein
model, where each amino acid residue is represented by
four pseudo­atoms and solvent effects are treated implic­
itly, reducing the degrees of freedom and generating a
smoother energy landscape compared with classical all­
atom simulations (Kuriata et al. 2018). This approach
accelerates conformational sampling while still capturing
large­scale proteinmotions and flexibility profiles (Jamroz
et al. 2013). Visualization and analysis were performed us­
ing 3Dmol and D3 tools (Kuriata et al. 2018). In this study,
Cu2+ was not treated as a free ion interacting indepen­
dently with the protein but as part of a coordinated bioinor­
ganic complex with astaxanthin (ASX­Cu2+); therefore,
the ASX­Cu2+ complex was modeled as a single ligand
entity interacting with HSA and gHSA within the simula­
tion system.

Molecular dynamics simulations were performed us­
ing 50 cycles and 50 trajectory frames over 10 ns, and
the resulting trajectories were used to calculate root mean
square fluctuation (RMSF). This simulation time was
considered sufficient for evaluating protein flexibility,
residue­level fluctuations, global compactness, and free
energy landscape (FEL) characteristics rather than atom­
istic kinetic processes. The simulations produced stable
RMSF profiles, consistent radius of gyration values, and
well­defined energy basins, indicating adequate conver­
gence of the conformational ensembles. Similar simu­
lation durations are commonly used in CABS­flex stud­
ies and show good agreement with experimental observa­
tions and longer all­atom simulations for analyzing pro­
tein structural dynamics (Jamroz et al. 2013; Kuriata et al.
2018).

2.4. Gyration analysis
To evaluate protein compactness and conformational dy­
namics, the radius of gyration (Rg) was calculated from
molecular dynamics (MD) trajectory snapshots. The esti­
mationwas performed using theHullRad algorithm, which
constructs a convex hull around the molecular structure
to approximate its hydrodynamic radius from atomic co­
ordinates. This coarse­grained geometric approach pro­
vides reliable estimates for both folded and disordered
biomolecules (Fleming and Fleming 2018). Ten represen­
tative frames from the MD simulations were analyzed by
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uploading coordinate files to the HullRadweb server (http:
//52.14.70.9/Run_hullrad.html). The resulting Rg values
were used to assess structural compactness and conforma­
tional stability throughout the simulation.

2.5. Free energy landscape (FEL)
The conformational stability and heterogeneity of the sys­
tem were analyzed using the free energy landscape (FEL)
derived from molecular dynamics trajectories. FEL maps
the energy minima and transition regions, allowing identi­
fication of the most probable conformational states. To
construct the FEL, principal component analysis (PCA)
was applied to the MD trajectories to reduce the high­
dimensional data into the first two principal components
(PC1 and PC2), which served as reaction coordinates (Sit­
tel and Stock 2018). This approach enables the identifica­
tion of metastable conformations and transition pathways,
providing insight into the thermodynamic landscape and
structural dynamics of the system.

2.6. Residue interaction network
Residue interaction network (RIN) analysis was per­
formed to investigate the non­covalent interaction archi­
tecture of native and glycated human serum albumin (HSA
and gHSA) in complex with astaxanthin­Cu2+ ligands.
The protein­ligand structures obtained from molecular
docking were uploaded in PDB format to the RINmaker
web server (https://rinmaker.dais.unive.it/) to generate in­
teraction networks. In this representation, each amino acid
residue is treated as a node, while edges correspond to
non­covalent interactions such as hydrogen bonds, van der
Waals contacts, ionic interactions, hydrophobic contacts,
π­π stacking, and cation­π interactions (Tiberti et al. 2022).
The analysis was conducted using the default geometric
and distance parameters provided by RINmaker. The re­
sulting networks were visualized on the platform and ex­
ported in GraphML format for further comparative and
topological analysis. This approach enabled the identifi­
cation of key interaction patterns and residues involved
in structural stabilization affected by glycation and ligand

binding.

3. Results and Discussion

3.1. Molecular docking
The molecular docking analysis revealed distinct inter­
action patterns and binding affinities between astaxan­
thin (ASX), its copper complexes, and both native human
serum albumin (HSA) and glycated HSA (gHSA) (Fig­
ure 1). The HSA­ASX complex showed a binding affinity
of –10.2 kcal/mol, involving residues LEU115, LYS159,
ALA126, and ALA176 through hydrogen bonding and hy­
drophobic interactions (Yin et al. 2023). Complexation
with Cu2+ at a 1:2 ratio slightly increased the affinity to
–10.4 kcal/mol, introducing additional interactions with
ALA126, ILE142, andARG144, includingmetal­acceptor
and π­alkyl contacts (Wibowo et al. 2022). The strongest
binding was observed for the HSA­ASX­Cu2+ (3:1) com­
plex with a binding affinity of –12.3 kcal/mol, involving
residues TYR138, ILE142, ARG114, and MET123, in­
dicating enhanced stability due to multivalent metal co­
ordination (Table 1). The molecular structures of the
ASX­Cu2+ complexes used in the docking simulations are
shown in Figure 1G (1:2 coordination ratio) and Figure 1H
(3:1 coordination ratio).

For glycated HSA, glycation appeared to reduce the
overall binding affinity. The gHSA­ASX complex showed
a lower binding affinity of –9.5 kcal/mol, likely due to
structural alterations in the protein that reduced ligand ac­
cessibility or affinity (Jeevanandam et al. 2024). Key in­
teractions in this complex involved ALA126, ARG114,
and PHE134. However, upon complexation with Cu2+ at a
1:2 ratio, the binding affinity improved to –10.0 kcal/mol.
The ASX­Cu2+ (1:2) complex formed interactions with
TYR138, LYS137, GLU565, and HIS146, suggesting that
metal coordination may partially compensate for the loss
of binding capacity due to glycation. The gHSA­ASX­
Cu2+ (3:1) complex further improved in affinity to –11.6
kcal/mol and engaged with residues such as TYR140,

FIGURE 1 3D visualization of molecular docking results. (A) HSA and ASX; (B) HSA and ASX‐Cu2+ (1:2); (C) HSA and ASX‐Cu2+ (3:1); (D)
gHSA and ASX; (E) gHSA and ASX‐Cu2+ (1:2); (F) gHSA and ASX‐Cu2+ (3:1); (G) molecular structure of the ASX‐Cu2+ complex (1:2); (H)
molecular structure of the ASX‐Cu2+ complex (3:1).
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TABLE 1 Comparative binding site analysis of molecular docking.

Amino Acid
Residue HSA + ASX HSA + ASX‐Cu2+

(1:2)
HSA + ASX‐Cu2+
(3:1) gHSA + ASX gHSA + ASX‐Cu2+

(1:2)
gHSA + ASX‐Cu2+
(3:1)

LEU115 Alkyl Alkyl ‐ Alkyl H‐bond Alkyl
ALA126 Alkyl ‐ Alkyl Alkyl ‐ ‐
ILE142 Alkyl Alkyl ‐ Alkyl Alkyl ‐
PHE134 π‐Alkyl ‐ ‐ Alkyl ‐ π‐Alkyl
TYR138 π‐Alkyl π‐Alkyl ‐ π‐Alkyl ‐ ‐
LYS159 ‐ ‐ Alkyl ‐ ‐ ‐
LYS162 ‐ ‐ Alkyl ‐ ‐ ‐
VAL116 ‐ ‐ Alkyl ‐ ‐ ‐
ARG117 ‐ ‐ Alkyl ‐ ‐ Alkyl
PRO118 ‐ ‐ Alkyl Alkyl ‐ Alkyl
GLY189 ‐ ‐ ‐ H‐bond ‐ ‐
VAL122 ‐ ‐ ‐ Alkyl ‐ ‐
MET123 ‐ ‐ ‐ Alkyl ‐ ‐
ARG114 ‐ H‐bond ‐ ‐ H‐bond Alkyl
HIS146 ‐ ‐ H‐bond ‐ ‐ ‐
GLU565 ‐ ‐ H‐bond ‐ ‐ ‐
TYR140 ‐ ‐ ‐ ‐ Metal‐acceptor ‐
GLU141 ‐ ‐ ‐ ‐ Metal‐acceptor ‐

Interaction types: Alkyl, π‐Alkyl, Conventional hydrogen bond (H‐bond), Metal‐acceptor. Absence of interaction is indicated by (‐).

GLU141, TYR161, and ALA511. These results highlight
that copper complexation not only enhances the binding
strength of ASX to both native and glycated HSA but also
introduces additional interaction sites, particularly through
metal­acceptor bonding. This suggests that ASX­Cu2+
complexes may have enhanced potential for stabilizing
HSA structure under glycation­induced stress, providing
promising insights for therapeutic applications in oxida­
tive stress and diabetes­related protein modification.

3.2. Molecular dynamic
The molecular dynamics simulations provided insights
into the structural stability and flexibility of HSA and gly­
cated HSA (gHSA) in both unbound and ligand­bound
states. Native HSA maintained a relatively stable confor­
mation throughout the simulation, reflecting its intrinsic
structural robustness under physiological conditions. In
contrast, gHSA showed increased fluctuations, indicating
that glycation alters protein dynamics and reduces con­
formational stability, consistent with previous reports de­
scribing glycation­induced structural perturbations (Jee­
vanandam et al. 2024).

Upon binding with astaxanthin (ASX), both HSA and
gHSA exhibited changes in molecular flexibility. In native
HSA, ASX slightly reduced residue fluctuations, suggest­
ing a moderate stabilizing effect mediated by hydropho­
bic interactions and hydrogen bonding (Yin et al. 2023).
However, this stabilizing effect was less evident in gHSA,
likely due to glycation­induced modifications that alter the
binding environment and limit the formation of stabilizing
interactions.

A more pronounced stabilization was observed upon

formation of ASX­Cu2+ complexes (Shen et al. 2020). The
HSA­ASX­Cu2+ (1:2) complex showed reduced RMSF
values compared with both apo­HSA and HSA­ASX, in­
dicating increased structural rigidity and compactness.
This effect became more evident in the HSA­ASX­Cu2+
(3:1) complex, where the presence of multiple Cu2+ ions
likely enhanced coordination with polar residues, forming
a denser interaction network and further reducing back­
bone flexibility (Klaic et al. 2020).

Similarly, glycated HSA (gHSA) exhibited improved
structural stability upon binding with ASX­Cu2+ com­
plexes (Figure 2c and 2d). The gHSA­ASX­Cu2+ (1:2)
complex showed lower RMSF values compared with
gHSA and gHSA­ASX, indicating partial restoration of
structural rigidity. A more pronounced stabilization was
observed in the gHSA­ASX­Cu2+ (3:1) complex, where
molecular fluctuations were reduced to levels comparable
with native HSA. These results suggest that metal com­
plexation enhances the interaction between ASX­Cu2+ and
glycated residues, leading to a more ordered and stable
protein conformation (Shen et al. 2020).

Overall, the molecular dynamics results indicate that
copper coordination enhances the stabilizing capability of
ASX toward both HSA and gHSA. The stabilization ef­
fect increased with the metal­to­ligand ratio, with the 3:1
complex producing the strongest reduction in structural
fluctuations. This observation highlights the potential of
ASX­Cu2+ complexes to restore or maintain the structural
integrity of proteins affected by glycation.

The RMSF data illustrate how the interaction between
ASX­Cu2+ and both HSA and gHSA affects protein flexi­
bility at the residue level, providing a deeper understand­
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(a)

(b)

(c)

(d)

FIGURE 2 Root mean square fluctuation (RMSF) graph result. (a)
RMSF of HSA and ASX‐Cu2+ (Chain A); (b) RMSF of HSA and ASX‐
Cu2+ (Chain B); (c) RMSF of gHSA and ASX‐Cu2+ (Chain A); (d)
RMSF of gHSA and ASX‐Cu2+ (Chain B). Red boxes indicate residue
regions exhibiting significant changes in RMSF upon ligand binding,
highlighting segments that undergo notable stabilization or altered
flexibility in the ASX‐Cu2+ complexes.

ing of the stabilizing role of the metal complex. In general,
lower RMSF values indicate greater structural rigidity and
stability, while higher values suggest increased flexibility
or local unfolding. The red boxes highlighted in the RMSF

profiles indicate specific residue regions that exhibit pro­
nounced changes in flexibility upon ligand binding. These
regions correspond to segments showing a marked reduc­
tion in RMSF values in the ASX­Cu2+ complexes com­
pared to unbound or ASX­bound HSA/gHSA systems,
suggesting local structural stabilization induced by ligand
interaction. Such reductions in residue­level fluctuations
are commonly associated with the involvement of these re­
gions in ligand binding interfaces or with allosteric effects
propagating from the binding site.

In the HSA­ASX­Cu2+ complex, both Chain A and
Chain B showed reduced fluctuations compared with un­
bound or ASX­bound HSA (Figure 2a and 2b). In Chain
A, RMSF suppression was observed in ligand­binding re­
gions, particularly around key residues Leu115, Ile142,
and Tyr138 (Figure 2a). Additional decreases in RMSF
were detected at residues 495 and 497, suggesting their
involvement in the binding interface or allosteric stabiliza­
tion induced by the ASX­Cu2+ complex. These reductions
indicate that metal­assisted ligand binding promotes struc­
tural rigidity in regions important for ligand and metal co­
ordination.

Chain B exhibited a moderate but consistent stabi­
lization effect (Figure 2b), although less pronounced than
in Chain A. Significant RMSF reductions were observed
in residues Arg10, Phe11, Lys12, and Asp13, which are
known to participate in transition metal coordination. Ad­
ditional stabilization was detected near the C­terminal do­
main, particularly at residues Phe508, His509, and Ser578,
suggesting either direct interaction with the ligand or al­
losteric stabilization within the binding region. Together,
these results indicate that ASX­Cu2+ complexation con­
tributes to the stabilization of key structural regions in
HSA.

The effect of gHSA + ASX­Cu2+ complex was also
noticeable with different dynamics. Chain A of gHSA
displayed an appreciable reduction in RMSF values com­
pared to native gHSA (Figure 2c), particularly in regions
previously destabilized by glycation. This finding indi­
cates that ASX­Cu2+ not only binds effectively to gHSA
but also mitigates glycation­induced flexibility by rein­
forcing structural stability through metal coordination and
aromatic interactions. Chain B of gHSA, however exhib­
ited a more modest reduction in RMSF values (Figure 2d),
suggesting partial stabilization.

In the Chain A gHSA­ASX­Cu2+ complex, signif­
icant RMSF suppression was observed in several re­
gions (Figure 2c). A notable reduction occurred within
residues 110­125, including His117, a known metal­
coordinating residue in albumin, suggesting direct in­
volvement in Cu2+ coordination or stabilization of the
ASX­Cu2+ complex. Additional decreases in flexibil­
ity were detected in regions 210­230 (Ala213, Lys225,
Glu227), 310­330 (Lys313, Arg318, Gln323), and 470–
490 (Glu476, Asp478, Lys490), the latter corresponding
to domain III of albumin associated with metal binding
and structural transitions. These results indicate that ASX­
Cu2+ binding stabilizes both the primary binding pocket

53



Abiyyu et al. Indonesian Journal of Biotechnology 31(1), 2026, 49‐61

and distal structural regions, suggesting long­range con­
formational stabilization.

In Chain B of the gHSA­ASX­Cu2+ complex (Fig­
ure 2d), several residues also showed pronounced reduc­
tions in flexibility compared with the apo and ASX­bound
forms. Suppression was observed near the high­affinity
metal­binding site around Gln33 and Cys34, indicating
their potential involvement in Cu2+ coordination. Addi­
tional stabilization occurred in the Arg114­Val116 region,
where Arg114 exhibited the largest RMSF reduction, sug­
gesting participation in ionic or hydrogen­bond interac­
tions with ASX or Cu2+. Reduced mobility was also de­
tected in the Pro147­Tyr153 region, including Tyr148 and
Tyr150, whichmay participate inπ­π stacking interactions
with the conjugated system of ASX. Furthermore, the aro­
matic residue Phe206 showed strong RMSF suppression,
indicating potential hydrophobic or stacking interactions
that contribute to ligand stabilization and orientation.

3.3. Gyration analysis
The asphericity, radius of gyration (Rg), and total hydra­
tion analyses collectively describe the structural compact­
ness and solvent exposure of the protein during the simula­
tion (Figure 3a­c). Lower asphericity and Rg values indi­
cate a more compact and spherical conformation, while re­
duced hydration reflects decreased solvent­accessible sur­
face area. In the HSA­ASX­Cu2+ complex, all three pa­
rameters remained consistently low and stable through­
out the simulation, indicating that the protein maintained a
compact and structurally stable conformation. This behav­
ior suggests that Cu2+ coordination with ASX reinforces
intramolecular interactions, limits anisotropic deforma­
tion, and restricts surface flexibility, thereby preserving
the native tertiary structure of HSA (Hollingsworth and
Dror 2018; De Vivo et al. 2016). In contrast, the gHSA­
ASX­Cu2+ complex initially exhibited higher aspheric­
ity, Rg, and hydration values, reflecting glycation­induced
structural loosening and increased solvent exposure. How­
ever, all three parameters gradually decreased during the
simulation, indicating that ASX­Cu2+ binding promotes a
shift toward a more ordered and compact conformation.
Although the final structural compactness did not fully
reach that of native HSA, these results suggest that the
ASX­Cu2+ complex partially restores the structural sta­
bility of glycated HSA by reducing conformational ex­
pansion and solvent accessibility. Overall, the combined
analysis indicates that ASX­Cu2+ contributes to stabilizing
both native and glycated albumin, with a stronger stabiliz­
ing effect observed in native HSA.

The fractional ratio (f/f0), excluded volume (Bex), and
axial ratio collectively describe the hydrodynamic com­
pactness and geometric shape of protein­ligand complexes
during the simulation (Figure 3d–f). Lower f/f0 values
and axial ratios approaching unity indicate a more com­
pact and spherical conformation, while stable Bex val­
ues reflect preservation of the protein’s three­dimensional
structural volume. In the HSA­ASX­Cu2+ complex, these
parameters remained relatively low and stable throughout

the simulation, indicating that the protein maintained a
compact globular structure and consistent spatial organi­
zation. This behavior suggests that coordination between
ASX and Cu2+ restricts structural fluctuations and rein­
forces intramolecular interactions, thereby preserving the
native hydrodynamic properties of HSA. In contrast, the
gHSA­ASX­Cu2+ complex initially exhibited higher f/f0
and axial ratio values together with greater Bex variabil­
ity, reflecting glycation­induced structural distortion and
increased conformational flexibility. However, these pa­
rameters gradually decreased during the simulation, indi­
cating that ASX­Cu2+ binding promotes a progressive shift
toward a more compact and ordered conformation. Al­
though the final values remained slightly higher than those
observed for native HSA, the results suggest that the ASX­
Cu2+ complex partially restores the hydrodynamic com­
pactness and structural stability of glycated HSA.

The diffusion coefficient (Dt), sedimentation coeffi­
cient (s20,w), and rotational correlation time (τc) collec­
tively describe the hydrodynamic mobility and rotational
behavior of protein­ligand complexes in solution (Figure
3g–i). Higher Dt and s20,w values together with lower
τc generally indicate a more compact and hydrodynam­
ically efficient structure, whereas the opposite trends re­
flect structural expansion and reduced compactness. In
the HSA­ASX­Cu2+ complex, Dt and s20,w remained rel­
atively high while τc stayed low and stable throughout the
simulation, indicating that the protein maintained a com­
pact and structurally stable conformation. These trends
suggest that coordination between ASX and Cu2+ rein­
forces intramolecular interactions and preserves the globu­
lar architecture of HSA, consistent with the compact struc­
tural behavior observed in previous gyration and shape
analyses. In contrast, the gHSA­ASX­Cu2+ complex ini­
tially exhibited lower Dt and s20,w values together with
higher τc, reflecting glycation­induced structural expan­
sion and reduced hydrodynamic efficiency. However,
during the simulation Dt and s20,w gradually increased
while τc decreased, indicating a progressive shift toward
a more compact conformation upon ASX­Cu2+ binding.
Although the final values did not fully match those of na­
tive HSA, these results suggest that the ASX­Cu2+ com­
plex partially restores the hydrodynamic compactness and
dynamic stability of glycated HSA.

3.4. The free energy landscape (FEL)
The free energy landscape (FEL) projected onto the first
two principal components (PC1 and PC2) provides insight
into the conformational stability and flexibility of human
serum albumin during the simulation (Figure 4a). Native
HSA exhibits a well­defined global minimum around PC1
(–15 to 5) and PC2 (–10 to 5) with a minimum free energy
of approximately –8.3 kJ/mol, indicating a dominant ther­
modynamically stable conformation with a smooth sur­
rounding energy gradient that reflects gradual transitions
between states. This pattern suggests that HSA main­
tains structural stability while retaining moderate confor­
mational flexibility. In contrast, upon binding with astax­
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

FIGURE3Gyration analysis. (a) Asphericity; (b) Radius of gyration (RG); (c) Total hydration; (d) f/fo (Fractional ratio); (e) Bex (excluded volume);
(f) Axial ratio; (g) Dt (Diffusion coefficient); (h) s20 (Sedimentation coefficient); (i) tauC (Rotational correlation time).

anthin (ASX), the FEL becomes broader and more evenly
distributed across the PC space (–30 to 30) with free en­
ergy values ranging from about –8.0 to –10.7 kJ/mol. The
global minimum becomes less pronounced and multiple

shallow basins emerge, indicating increased conforma­
tional sampling and the presence of several metastable
states. This behavior suggests that ASX binding enhances
structural flexibility and allows HSA to access a wider
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range of conformational states that may facilitate ligand
accommodation.

The FEL analysis of HSA complexes reveals distinct
stability patterns depending on the ASX­Cu2+ coordina­
tion ratio (Figure 4a). The HSA­ASX­Cu2+ complex at a
1:2 ratio exhibits a well­defined global minimum located
near PC1 (0–10) and PC2 (–10–0), indicating stabiliza­
tion of a dominant low­energy conformation. Although
the conformational space remains moderately broad, the
energy basin becomes deeper and more localized com­
pared with the HSA­ASX complex, suggesting that Cu2+
coordination enhances structural stability while maintain­
ing necessary flexibility. The presence of several shal­
low local minima further indicates metastable states that
may represent intermediate conformations during ligand­
metal­protein interactions. In contrast, the HSA­ASX­
Cu2+ complex at a 3:1 ratio displays a shallower and
more dispersed energy basin with free energy values be­
tween approximately –7.9 and –10.5 kJ/mol, reflecting
a more heterogeneous conformational ensemble and re­
duced structural specificity. This broader distribution

likely arises from excess Cu2+ perturbing the optimal coor­
dination environment. Overall, these results indicate that
the ASX­Cu2+ complex at a 1:2 ratio provides the most
favorable balance between structural stability and confor­
mational flexibility in HSA.

The more focused FEL topology with a deep and lo­
calized global minimum observed at the 1:2 ratio aligns
well with the concept that well­defined Cu2+ coordination
stabilizes a dominant low­energy state while still allowing
a few shallow metastable states to exist as intermediates
(Charette et al. 2022). Molecular dynamics studies of the
copper­binding protein Atox1 have shown that a “com­
plete” coordination state (four­coordinate geometry) re­
sults in a more rigid and organized conformation, whereas
reduced or suboptimal coordination increases flexibility
and enriches metastable states within the PC1/PC2 confor­
mational space (Schwartz et al. 2022). In HSA/ASX/metal
ion systems, combined EPR, CD, and MD analyses in­
dicate that the formation of Cu2+ complexes with well­
defined coordination geometry produces structures that
are both stable and dynamically adaptable, with several

(a) (b)

FIGURE 4 (a) Free energy landscape (FEL) represented as 3D surface plots, showing the energy basins and conformational stability of each
complex: (1) HSA; (2) HSA + ASX; (3) HSA + ASX‐Cu2+ (1:2); (4) HSA + ASX‐Cu2+ (3:1); (5) gHSA; (6) gHSA + ASX; (7) gHSA + ASX‐Cu2+ (1:2);
(8) gHSA + ASX‐Cu2+ (3:1). (b) 2D free energy landscape (FEL) with cluster overlay from molecular dynamics simulation projections (PC1 vs
PC2), highlighting the conformational clusters and energy minima: (1) HSA; (2) HSA + ASX; (3) HSA + ASX‐Cu2+ (1:2); (4) HSA + ASX‐Cu2+
(3:1); (5) gHSA; (6) gHSA + ASX; (7) gHSA + ASX‐Cu2+ (1:2); (8) gHSA + ASX‐Cu2+ (3:1).
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metastable conformations relevant to metal transfer pro­
cesses and ligand­protein interactions (Koshenskova et al.
2025). This interpretation is consistent with the pres­
ence of several shallow local minima surrounding themain
basin in the 3D FEL.

In contrast, at the 3:1 ratio, several studies suggest that
excess Cu2+ or “over­saturated” coordination geometries
tend to increase conformational heterogeneity and the dy­
namic behavior of the complex. InAtox1, alterations or re­
ductions in Cu(I) coordination patterns have been shown to
increase global flexibility and broaden the distribution of
conformational states across the PC1/PC2 space (Schwartz
et al. 2022). Other Cu(II) complexes with organic lig­
ands similarly demonstrate that variations in the number
and type of coordinating ligands promote conformer in­
terconversion and lead to shallower energy minima, which
are reflected in more flexible spectral and redox behaviors
(Griffin et al. 2023).

The 2D free energy landscape (FEL) of glycated hu­
man serum albumin (gHSA) projected onto PC1 and PC2
reveals a relatively narrow conformational distribution
with a pronounced global minimum (Figure 4b). The free
energy ranges from approximately –7.9 to –10.5 kJ/mol,
forming a deep basin that indicates a dominant and rel­
atively rigid conformational state. This pattern suggests
that glycation restricts structural flexibility and limits the
accessible conformational space of HSA. Upon binding
with astaxanthin (ASX), the FEL becomes broader and
smoother, indicating increased conformational sampling.
The energyminima are distributed across a wider PC space
(–30 to 30), suggesting that ASX partially restores struc­
tural plasticity in gHSA by allowing the protein to access
multiple metastable conformations.

The gHSA­ASX­Cu2+ complex at a 1:2 ratio displays
a moderately rugged landscape with a distinct global mini­
mum (–8.4 to –10.2 kJ/mol). Compared with gHSA alone,
this system shows greater conformational diversity but re­
mains relatively organized, indicating that copper coordi­
nation together with ASX promotes structural stabilization

while maintaining necessary flexibility. In contrast, the
gHSA­ASX­Cu2+ complex at a 3:1 ratio exhibits a more
rugged FEL with multiple local minima and broader con­
formational sampling (PC1≈ –20 to 45; PC2≈ –30 to 20).
The wider energy distribution suggests increased confor­
mational heterogeneity and possible destabilization caused
by excess Cu2+ ions, whichmay perturb optimal ligand co­
ordination.

The finding that the gHSA­ASX­Cu2+ complex at a
1:2 ratio maintains a well­defined global minimum while
exhibiting moderate conformational diversity is consistent
with EPR spectroscopic observations and dynamical stud­
ies showing that Cu2+ coordination by albumin and or­
ganic ligands can stabilize protein structure while preserv­
ing functional flexibility (Chen et al. 2019). In contrast,
the interpretation that the 3:1 ratio produces a more rugged
free energy landscape (FEL) with multiple local minima
and greater conformational heterogeneity is supported by
studies demonstrating that increased metal ion concentra­
tions can alter coordination geometry, introduce alterna­
tive binding pathways, and enrich transition routes across
the free energy landscape (Wang et al. 2022).

The comparison with native HSA indicates that the
gHSA­ASX­Cu2+ (1:2) complex most closely resembles
the native conformational landscape, maintaining a bal­
anced combination of stability and flexibility. The clus­
ter overlay further highlights several dominant confor­
mational states within the FEL, representing stable and
intermediate conformers sampled during the simulation.
These results suggest that the 1:2 ASX­Cu2+ complex pro­
vides the most favorable structural stabilization of gly­
cated HSA.

The approximate fuzzy entropy based on Shannon en­
tropy values describes the conformational variability of
HSA and gHSA systems under different ligand and Cu2+
conditions (Figure 5). Native HSA shows the lowest en­
tropy (1.8673), indicating a stable and less flexible struc­
ture. Glycation increases the entropy to 2.3494, suggest­
ing higher structural disorder in gHSA. The addition of

FIGURE 5 Shannon entropy (nat) derived from approximate fuzzy entropy analysis for HSA, gHSA, and their complexes with astaxanthin
(ASX) and ASX‐Cu2+ (1:2 and 3:1).
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ASX slightly increases entropy in both HSA and gHSA
systems (2.4013), indicating modest increases in confor­
mational flexibility upon ligand binding.

The HSA­ASX­Cu2+ complex at a 1:2 ratio exhibits
the highest entropy (2.7155), suggesting greater con­
formational heterogeneity likely induced by combined
ligand­metal interactions. In contrast, the corresponding
gHSA complex shows lower entropy (2.1226), indicating
that glycation may limit structural fluctuations. At the 3:1
ASX:Cu2+ ratio, entropy values decrease for both HSA

and gHSA systems (2.4181 and 1.9273), suggesting that
excess ASX may partially stabilize the protein structure.
Overall, the results indicate that glycation, ligand binding,
and Cu2+ coordination collectively modulate the confor­
mational entropy and structural dynamics of albumin.

3.5. The residue interaction network (RIN)
The residue interaction network (RIN) of HSA illustrates
the non­covalent interactions that maintain the structural
organization of the protein (Figure 6a). In this network,

(a)

(b)

FIGURE 6 (a) Residue interaction network (RIN) showing the 3D topology of intra‐protein interactions in each system, with interaction types
color‐coded on the protein structure: (1) HSA; (2) HSA + ASX; (3) HSA + ASX‐Cu2+ (1:2); (4) HSA + ASX‐Cu2+ (3:1); (5) gHSA; (6) gHSA +
ASX; (7) gHSA + ASX‐Cu2+ (1:2); (8) gHSA + ASX‐Cu2+ (3:1). (b) Comparison of interaction types across the systems, showing the number
of hydrogen bonds, hydrophobic contacts, van der Waals interactions, ionic bonds, and aromatic interactions (π‐π and cation‐π), classified
by main‐chain (MC) and side‐chain (SC) residues.
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nodes represent amino acid residues and edges indicate
interaction types, including hydrogen bonds (blue), ionic
interactions (orange), van der Waals contacts (green), π­
stacking (red), and π­cation interactions (purple). The
dense connectivity of the network reflects strong in­
tramolecular communication that stabilizes the protein
structure. Hydrogen bonds and van der Waals interac­
tions are the most dominant, indicating their primary role
in maintaining the compact fold of HSA, while aromatic
interactions such as π­stacking and π­cation contacts pro­
vide additional stabilization and may contribute to ligand
recognition.

In the HSA­astaxanthin (ASX) complex, the RIN
shows increased interaction density compared with native
HSA (Figure 6b). In particular, π­stacking and π­cation
interactions becomemore prominent, suggesting that ASX
binding enhances aromatic and electrostatic contacts with
nearby residues. This behavior is consistent with the con­
jugated polyene structure of ASX, which facilitates mul­
tiple non­covalent interactions and may induce local con­
formational adjustments within ligand­binding regions.

For the HSA­ASX­Cu2+ (1:2) complex, the RIN re­
veals a further reorganization of the interaction network.
Ionic and π­cation interactions become more pronounced,
likely due to coordination between Cu2+ ions and electron­
rich residues near the binding pocket. This results in a
denser interaction network, supported by additional van
der Waals and π­stacking contacts involving aromatic
residues. Overall, the combined presence of ASX and
Cu2+ strengthens the internal interaction network of HSA,
suggesting enhanced structural stabilization and modified
ligand­interaction properties.

The interaction profile of HSA and glycated HSA
(gHSA) under different ligand (ASX) and Cu2+ con­
ditions revealed distinct molecular interaction patterns.
Across all systems, van der Waals interactions between
side chains (VDW:SC_SC) were the most dominant,
indicating that dispersion forces play a major role in
stabilizing protein structure and mediating ligand bind­
ing. Hydrogen bonds, particularly HBOND:MC_MC and
HBOND:SC_MC, were also consistently observed and
contributed to maintaining local structural stability. How­
ever, gHSA complexes exhibited a slight reduction in
HBOND:MC_SC interactions comparedwith native HSA,
suggesting that glycation alters the hydrogen­bonding net­
work and protein flexibility. Previous studies have shown
that glycation modifies HSA domain dynamics, the geom­
etry of the ligand­binding pocket (Sudlow site I), and the
internal hydrogen­bonding network, leading to increased
global flexibility, reduced α­helix content in the ligand­
binding region, and changes in pocket volume and hydra­
tion (Sittiwanichai et al. 2023). These structural changes
can also shift the positioning of key residues such as
W214, K195, and Cys34 and reorganize inter­residue in­
teraction patterns around the binding site, explaining the
reduced hydrogen­bond fraction and redistribution of van
der Waals and polar interactions observed in the gHSA
residue interaction network (Tadawattana et al. 2025).

Consistent with these observations, glycation has been
reported to reduce the affinity of HSA for metal ions such
as Cu2+ and Zn2+ through modification of the N­terminal
metal­binding motif (NTS/DAHK), although cooperativ­
ity amongmetal­binding sites generally remains preserved
(Pomier et al. 2024). These changes in domain dynamics,
ligand­pocket geometry, and metal coordination provide a
structural basis for the looser and less coordinatedRIN pat­
tern observed in gHSA compared with native HSA, sup­
porting the reduced HBOND:MC_SC contribution and in­
creased flexibility in the glycated system (Escobosa et al.
2015). In the HSA­ASX­Cu2+ complexes, the 1:2 ratio ex­
hibited a balanced interaction network between hydrogen
bonds and van der Waals contacts, indicating stable yet
flexible ligand binding. In contrast, the 3:1 ratio showed
increased VDW:SC_SC interactions with relatively fewer
hydrogen bonds, suggesting tighter side­chain packing and
a more hydrophobic interaction environment that may en­
hance structural rigidity while reducing flexibility. A sim­
ilar trend was observed in gHSA complexes, where the 1:2
ASX­Cu2+ ratio maintained a balanced interaction profile,
whereas the 3:1 ratio further increased van derWaals inter­
actions, reflecting stronger side­chain packing and struc­
tural compaction, consistent with hydrophobic stabiliza­
tion mechanisms in proteins (Dill and MacCallum 2012).

Overall, van derWaals interactions remain the primary
stabilizing force in all systems, while glycation modifies
the hydrogen­bonding network and interaction balance.
The 1:2 ASX­Cu2+ ratio provides a more balanced interac­
tion profile that maintains structural stability without ex­
cessive rigidity, whereas the 3:1 ratio promotes stronger
hydrophobic packing and reduced interaction flexibility
(Keserü and Makara 2009; Chandler 2005).

4. Conclusions

The ASX­Cu2+ (1:2) complex demonstrates a robust ca­
pacity to stabilize both native and glycated human serum
albumin, addressing the structural disruptions caused by
glycation. Compared to free astaxanthin and other ASX­
Cu2+ ratios, the 1:2 complex consistently improves bind­
ing affinity, reduces conformational flexibility, and pro­
motes a more compact, globular protein structure. These
findings are reinforced by molecular docking, dynamics
simulations, FEL mapping, and residue interaction analy­
ses, all pointing to enhanced structural integrity and func­
tional resilience. The ability of ASX­Cu2+ (1:2) to restore
near­native conformations in glycated HSA highlights its
potential as a targeted bioinorganic strategy for mitigating
protein dysfunction in oxidative and diabetic conditions.
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