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Understanding themolecular basis of drug–protein interactions is essential for predicting pharmacokinetics

and potential off-target effects. Here, we employ a combined experimental and computational approach to

characterize the binding of Nilvadipine (a dihydropyridine calcium channel blocker) to hemoglobin (Hb).

Using Soret band absorption and steady-state fluorescence spectroscopy across 298–310 K, we

observed pronounced static quenching of Hb's intrinsic fluorescence, yielding Stern–Volmer constants

(KSV) in the order of 104 M−1 and 1 : 1 binding stoichiometry. Thermodynamic parameters derived from

van't Hoff analysis (DH° > 0, DS° > 0, and DG° < 0) highlighted hydrophobic interactions as the primary

driving force and confirmed the spontaneity of complex formation. Förster resonance energy transfer

(FRET) measurements further positioned Nilvadipine at ∼3.0 nm from Hb's fluorophores, consistent with

a static, ground-state complex. Molecular docking identified a preferential binding pose stabilized by

hydrogen bonds with ASN68 and ASP64, hydrophobic contacts involving ALA82, LEU83, and LEU86, and

interactions with the heme group, yielding a computed binding energy of −5.50 kcal mol−1 in close

agreement with spectroscopically derived DG°. Over 100 ns of molecular dynamics (MD) simulations, the

Hb–Nilvadipine complex remained structurally robust, with backbone RMSD values <0.2 nm, minor

radius of gyration (Rg) reduction, limited per-residue fluctuations (RMSF < 0.3 nm), and negligible

changes in solvent-accessible surface area (SASA). Together, these data demonstrate that Nilvadipine

forms a stable, hydrophobically driven complex with Hb without perturbing its global fold, suggesting

that Hb may serve as a transient reservoir for the drug in circulation. This integrative study provides

a detailed roadmap for interrogating small-molecule binding to blood proteins and offers insights

valuable for drug delivery, safety assessment, and the design of Hb-based carriers.
1. Introduction

In recent years, the study of protein–ligand interactions have
gained considerable traction across the elds of biochemistry,
molecular biology, pharmacology, and food science. These
interactions offer valuable insights into the structural and
functional dynamics of proteins, their roles in physiological and
pathological processes, and their responses to xenobiotic
compounds.1 In the health sector, protein–drug interaction
studies are pivotal for drug discovery, delivery, and safety
assessment, as they help determine pharmacokinetic properties
such as bioavailability, metabolism, and off-target effects. In the
nce, King Saud University, Riyadh 11451,
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food industry, understanding how bioactive compounds, food
additives, or contaminants interact with dietary or endogenous
proteins can inuence nutritional quality, allergenicity,
stability, and functional food design.2

Hemoglobin (Hb), the principal oxygen carrier in red blood
cells, is a tetrameric metalloprotein composed of two a- and two
b-globin chains, each harboring a heme prosthetic group with
a central Fe2+ ion. This iron center reversibly binds O2, enabling
efficient uptake in the lungs and delivery to peripheral tissues.3

Each globin chain adopts an eight-helix fold (helices A–H) that
creates a hydrophobic heme pocket, and cooperative allosteric
interactions among subunits ne-tune oxygen affinity, a feature
essential for physiological function.4 Beyond gas transport, Hb is
a prominent binding partner for a wide range of xenobiotics
especially small-molecule drugs owing to its high abundance and
multiple non-covalent interaction sites. The most notable
binding regions are the hydrophobic cavities adjacent to the
hememoieties and the inter-subunit interfaces. Within the heme
pocket, ligands can engage in p–p stacking with the porphyrin
RSC Adv., 2025, 15, 44007–44023 | 44007
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ring, coordinate to the iron, or form hydrogen bonds with resi-
dues such as histidine, tyrosine, and phenylalanine. Additional
peripheral sites on the protein surface permit van der Waals and
electrostatic contacts with various ligands.5 Hb's dened struc-
ture, excellent solubility, and intrinsic absorbance make it an
ideal model for probing ligand binding. Its adaptable binding
pockets can accommodate diverse compounds ranging from
cardiovascular drugs and antibiotics to avonoids, vitamins, and
food preservatives, which in turn can modify food product
stability or inuence the behavior of co-formulated nutraceut-
icals. Multiple spectroscopic and computational investigations
have detailed these interactions. For example, uorescence and
UV-Vis studies showed that ibuprofen binds strongly to Hb and
induces conformational shis.6,7 Doxycycline was found to
associate with Hb primarily through hydrogen bonds and
hydrophobic interactions, potentially altering tertiary structure.8

Doxorubicin, an anthracycline chemotherapeutic, has also been
reported to coordinate with the heme iron and disturb Hb's
native conformation.9 Such binding events can affect drug
distribution, provoke oxidative stress, or impair oxygen transport,
highlighting the necessity of thoroughly characterizing drug–Hb
interactions during pharmacokinetic and safety assessments.

Nilvadipine (Nil) is a dihydropyridine calcium channel
blocker extensively prescribed for hypertension and evaluated
for neuroprotective benets owing to its ability to traverse the
blood–brain barrier and favorably modulate cerebral perfu-
sion.10 Its lipophilic nature, well-established safety prole, and
clinical relevance make it an excellent probe for investigating
drug–protein interactions with Hb, shedding light on systemic
distribution and potential allosteric effects.11 Nilvadipine
inhibits L-type voltage-dependent calcium channels by physi-
cally occluding the channel pore, thereby reducing Ca2+ inux
into vascular smooth muscle and cardiomyocytes and
producing antihypertensive effects. Beyond vascular modula-
tion, Nilvadipine exhibits neuroprotective actions such as
lowering amyloid-b (Ab40 and Ab42) production and enhancing
Ab clearance across the blood–brain barrier in Alzheimer's
disease models.12,13 Clinical investigations have demonstrated
that Nilvadipine increases hippocampal cerebral blood ow in
hypertensive and Alzheimer's patients, indicating improved
cerebrovascular regulation.14

In this study, we selected Hb as a representative protein to
investigate how it interacts with Nilvadipine at the molecular
level. By employing Soret band absorption, uorescence spec-
troscopy and circular dichroism, we assessed how Nilvadipine
binding affects Hb's uorescence quenching and induces struc-
tural rearrangements. Complementary computational studies
such as molecular docking and molecular dynamics simulation
led to the identication of the preferred binding site of Nilvadi-
pine, including any coordination to the heme iron or contacts
with key amino acids such as histidine and phenylalanine.

2. Material and methods
2.1. Materials

Hemoglobin (Sigma-Aldrich (H7379), St. Louis, MO, USA) was
dissolved in 50 mM phosphate buffer (pH 7.4) to yield a 5 mg
44008 | RSC Adv., 2025, 15, 44007–44023
per ml stock solution. For spectroscopic and binding assays,
this stock was diluted to a working concentration of 0.2 mg
ml−1. Nilvadipine (Sigma-Aldrich (SML0945), St. Louis, MO,
USA) was prepared as a 10 mM stock in DMSO. All additional
reagents were of analytical grade, and experiments were con-
ducted using Milli-Q water.

2.2. Methods

2.2.1. Fluorescence spectroscopy. Fluorescence experiments
were carried out on a Jasco FP-750 spectrouorometer (Tokyo,
Japan) equipped with a Peltier-controlled thermostat (ETC-815)
and a circulating water bath. Intrinsic emission spectra were
collected at 298, 303, and 310 K using 1.0 cm quartz cuvettes, as
reported previously.15 Samples were excited at 295 nm, and emis-
sion was monitored from 300 to 400 nm with both excitation and
emission bandwidths set to 5 nm. Hb was held constant at 5 mM in
eachmeasurement, while Nilvadipine concentrations were titrated
from 0 to 50 mM in a total volume of 1.0 ml. Fluorescence inten-
sities were corrected for inner-lter effects16 according to the
previously published protocol using eqn (1).

Fcorr = Fobs × 10(Aex+Aem)/2 (1)

where, Fcorr and Fobs were the corrected and observed uores-
cence intensities respectively. In addition, Aex, and Aem were the
absorption of the drug at excitation (lex) and emission (lem)
wavelengths respectively.

2.2.2. Synchronous uorescence. Synchronous uores-
cence spectra of Hb, both unbound and in complex with Nil-
vadipine, were recorded on a Jasco FP-750 spectrouorometer
(Tokyo, Japan), as described earlier.17 Hb was maintained at 5
mM, and Nilvadipine was added to achieve molar ratios of 1 : 0,
1 : 1, and 1 : 5 (Hb : Nilvadipine). For probing tyrosine residues,
the excitation–emission wavelength offset (Dl) was set to 15 nm,
while for tryptophan residues Dl was 60 nm. Emission scans
were collected from 260 to 340 nm for tyrosine and from 280 to
400 nm for tryptophan.

2.2.3. Soret band absorption spectroscopy. The Soret band
absorption spectra of Hb, both in the absence and presence of
Nilvadipine, were measured using a spectrophotometer (Thermo
Scientic, USA). Hb (5 mM) was subjected to incubation with
varying amounts of Nilvadipine in molar ratios of 1 : 0, 1 : 1, and
1 : 5. The absorption spectra of the incubated samples, as well as
the blank samples (0.05 M phosphate buffer, pH 7.4), were then
scanned in the 350–500 nm range at room temperature.

2.2.4. 3D uorescence spectroscopy. 3D emission–excita-
tion matrices for Hb were collected in the absence and presence
of Nilvadipine using the Jasco FP-750 spectrouorometer
(Tokyo, Japan) under identical conditions to the steady-state
and synchronous measurements.18 By scanning excitation
wavelengths from 200 to 400 nm in 10 nm increments and
recording emission spectra from 200 to 500 nm with the same
step size, we generated 3D plots that reveal changes in peak
positions and intensities across both axes. Two dominant
uorescence features were monitored: Peak 1, arising from
tryptophan/tyrosine side chains, and Peak 2, corresponding to
the peptide backbone.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Three-dimensional structure of Hb showing the relative positions of Trp19, and Trp61 residues, and (B) the two-dimensional structure
of Nilvadipine.
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2.2.5. Far UV CD spectroscopy. Circular dichroism (CD)
measurements were conducted employing the ChirascanPlus
spectropolarimeter (Applied Photophysics, UK) equipped with
a Peltier system. The CD spectra of native Hb (5 mM) and its
complex with Nilvadipine (protein/ligand ratio 1 : 1 and 1 : 5)
were recorded in the far-UV range spanning from 200 to 260 nm.
In, order to correct for the baseline, sodium phosphate buffer
(20 mM, pH 7.4) was utilized. Each spectrum shown represents
the average of 3 scans.

2.2.6. Molecular docking. To predict and characterize the
binding mode of Nilvadipine to Hb, we performed molecular
docking using the crystal structure of bovine hemoglobin (PDB ID:
2DN1) downloaded from the RCSB Protein Data Bank.19 The two-
dimensional structure of Nilvadipine (CID: 4494) was retrieved
from PubChem. Prior to docking, the Hb model was prepared in
Discovery Studio Visualizer by deleting extraneous chains,
heteroatoms, and crystallographic water molecules, then adding
all hydrogen atoms to complete its valence states. Nilvadipine was
energy-minimized using the Universal Force Field (UFF) to relieve
any internal strain and optimize its geometry. Docking calcula-
tions were carried out with AutoDock Vina within the PyRx 0.8
environment as described previously.20 The Hb receptor was kept
rigid, with all polar hydrogens andGasteiger charges assigned, and
saved as a PDBQT le. Nilvadipine was dened as fully exible,
with its torsional degrees of freedom determined automatically by
AutoDockTools. We conducted a blind docking search over a grid
box of 35 × 35 × 15 Å, centered on coordinates (36, 41, 37) Å,
which yielded nine distinct binding poses. The lowest-energy
conformation was selected for further analysis, and its key inter-
molecular contacts such as hydrogen bonds, hydrophobic inter-
actions, and p-stacking were mapped using Discovery Studio
Visualizer.21 Further, InstaDock was employed to validate the
docking results and binding site.22 It consistency supports the
reproducibility and robustness of our docking predictions.

2.2.7. Molecular dynamics (MD) studies. Molecular
dynamics (MD) simulations were carried out using GROMACS
2020.6 with the CHARMM36 all-atom force eld, which has been
© 2025 The Author(s). Published by the Royal Society of Chemistry
widely validated for protein–ligand systems and heme-containing
proteins such as hemoglobin, ensuring accurate representation
of hydrogen bonding, hydrophobic interactions, and heme group
stability. The topology of Nilvadipine was generated using the
CHARMM General Force Field (CGenFF).23 The Hb–Nilvadipine
complex was solvated in a cubic box with TIP3P water molecules,
and charge neutrality was achieved by adding Na+/Cl− counter-
ions to mimic physiological ionic strength (0.15 M).24 Energy
minimization was performed using the steepest descent algo-
rithm, followed by a two-step equilibration process: 500 ps of
NVT (constant number of particles, volume, and temperature)
equilibration at 310 K using a velocity-rescaling thermostat, and
500 ps of NPT (constant number of particles, pressure, and
temperature) equilibration at 1 bar using the Parrinello–Rahman
barostat. The production run was conducted for 100 ns with a 2 fs
integration timestep under periodic boundary conditions. The
LINCS algorithm was used to constrain all bond lengths, and
long-range electrostatic interactions were treated using the
Particle Mesh Ewald (PME) method with a cutoff of 1.2 nm for
short-range interactions. Coordinates were saved every 10 ps for
trajectory analysis. Moreover, to ensure reproducibility, molec-
ular dynamics simulations were performed in triplicate with
different random velocity seeds. Post-simulation clustering was
carried out with the GROMACS gmx cluster tool (RMSD cutoff 0.2
nm), and representative structures from the top three dominant
and one minor clusters were analyzed.
3. Results
3.1. Characterization of Hb–nilvadipine interaction

Fluorescence quenching assays were utilized to probe the
binding interaction between Hb and Nilvadipine. Intrinsic
protein uorophores such as tryptophan, tyrosine, and
phenylalanine display environment-sensitive emission proles,
allowing us to monitor ligand-induced structural changes.25

Fig. 1 shows the three-dimensional structure of Hb alongside
the two-dimensional chemical structure of Nilvadipine.
RSC Adv., 2025, 15, 44007–44023 | 44009
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We recorded uorescence spectra of 5 mMHb in the presence
of Nilvadipine concentrations ranging from 0 to 50 mM at 298,
303, and 310 K (Fig. 2A–C). Increasing Nilvadipine concentra-
tion led to progressive quenching of Hb's emission and a 3 nm
blue shi in the emission maximum (from 340 nm), indicating
that tryptophan residues became more solvent-exposed or
experienced a less hydrophobic microenvironment (Fig. 2D).

To quantify these effects, Stern–Volmer plots26 were con-
structed at 298, 303, and 310 K temperature (Fig. 3A) using eqn
(2), yielding quenching constants (KSV) of 1.080± 0.012, 1.014±
0.009, and 0.937 ± 0.010 × 104 M−1 respectively (Table 1).

F0

F
¼ 1þ KSV½Q� ¼ 1þ kqs0½Q� (2)

where, F0, F, KSV, kq, and s0 are uorescence intensity in the
absence and presence of quencher (Q), Stern–Volmer quenching
constant, bimolecular quenching constant, and lifetime of protein
uorescence in the absence of quencher (=5.71 × 10−9 s).27

The linearity of the Stern–Volmer relationship over the
concentration range suggests either static or dynamic quenching.
However, the calculated bimolecular quenching rate constants (kq)
were approximately 1012 M−1 s−1 which was well above the
diffusion-limited maximum of ∼1010 M−1 s−1, implying complex
formation rather than collisional quenching. Furthermore, KSV
values decreased with increasing temperature, consistent with
Fig. 2 Fluorescence quenching in the intensity of Hb due to the bind
fluorescence intensity of Hb at different temperatures is shown in panel (
300 to 450 nmwith both excitation and emission bandwidths set to 5 nm
concentrations were titrated from 0 to 50 mM in a total volume of 1.0 m

44010 | RSC Adv., 2025, 15, 44007–44023
a static quenching mechanism in which higher thermal energy
disrupts the noncovalent drug–protein complex. Together, these
observations conrm that Nilvadipine binds to Hb to form a stable
complex, rather than simply colliding with the protein in solution.

In our study, the conclusion of static quenching was based on
the decreasing trend of Stern–Volmer constant (KSV) or increasing
trend of binding affinity (Ka) with increasing temperature. In
addition, the magnitude of the quenching constants (Kq) exceeds
the diffusion-controlled limit of ∼1010 M−1 s−1. All of these
observations are widely accepted indicators of complex forma-
tion in protein–ligand systems.28,29 These spectroscopic signa-
tures collectively support the static quenching mechanism in the
absence of uorescence lifetime data. However, we acknowledge
that uorescence lifetime measurements remain the gold stan-
dard for conrming static quenching, as they can directly
demonstrate whether excited-state decay kinetics are altered by
complex formation. The absence of lifetime data in our study
represents a limitation of the present study.
3.2. Determining binding and thermodynamic parameters
of Hb–nilvadipine interaction

Binding and thermodynamic parameters for the Hb–Nilvadi-
pine interaction were determined using a modied Stern–
Volmer approach (eqn (3)).
ing of Nilvadipine at (A) 298 K, (B) 303 K, and (C) 310 K. The relative
D). Samples were excited at 295 nm, and emission was monitored from
. Hb was held constant at 5 mM in eachmeasurement, while Nilvadipine
l. All the experiments were conducted in triplicate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Binding and thermodynamics of Hb and Nilvadipine interaction. (A) Stern–Volmer plot, (B) Modified Stern–Volmer plot, and (C) van't Hoff
plot. Samples were excited at 295 nm, and emission was monitored from 300 to 450 nm with both excitation and emission bandwidths set to
5 nm. Hb was held constant at 5 mM in each measurement, while Nilvadipine concentrations were titrated from 0 to 50 mM in a total volume of
1.0 ml. All the experiments were conducted in triplicate at 298, 303, and 310 K.

Table 1 Binding parameters for the interaction of Nilvadipine with Hb

Temp. (K) KSV × 104 (M−1) kq × 1012 (M−1 s−1) Ka × 104 (M−1) n

298 1.080 � 0.012 1.89 � 0.06 0.3380 � 0.003 0.8809 � 0.04
303 1.014 � 0.009 1.78 � 0.07 0.6467 � 0.005 0.9530 � 0.07
310 0.937 � 0.010 1.64 � 0.04 1.4667 � 0.006 1.0456 � 0.07
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log

�
F0 � F

F

�
¼ log Ka þ n log½Q� (3)

where, Ka is the binding constant.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Analysis of the resulting plot (Fig. 3B) and the data in Table 1
revealed that Nilvadipine binds to Hb with a 1 : 1 stoichiometry
at 298 K, 303 K, and 310 K, as indicated by a binding-site
number (n) close to unity (0.8809 to 1.0456 range). The
RSC Adv., 2025, 15, 44007–44023 | 44011
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association constants (Ka) were 0.3380 ± 0.003, 0.6467 ± 0.005,
and 1.4667 ± 0.006 × 104 M−1 at 298, 303, and 310 K respec-
tively. It is noteworthy that the value of Ka decreases with
increasing temperature, indicating static quenching mecha-
nism. Moreover, the values of Ka were in the range of 103–105

M−1, consistent with typical protein–ligand affinities reported.30

An estimation of Hb-bound fraction of Nilvadipine at ther-
apeutic plasma concentrations was determined using the
following relation:

fHb ¼ ½Hb� � Ka

1þ ½Hb� � Ka

where, (fHb) was Hb-bound fraction of the drug. [Hb] was taken
as 2.3 mM (mean molar concentration of tetrameric Hb in
whole blood) and Ka (=0.6467 × 104 M−1 at 303 K) was derived
from our experimental binding data. The in vitro binding
constant predicts that approximately 93.7% of the free drug
would associate with Hb. It indicates that Hb has a strong
capacity to sequester Nilvadipine once the free drug is present
in the erythrocyte environment. This high binding affinity
suggests that, under assay conditions where the drug is freely
available, most of it would be associated with Hb rather than
remaining unbound in solution.

Since, enthalpy change (DH°) showedminimal variation over
the temperature range studied, we applied standard van't Hoff
and Gibbs–Helmholtz equations (eqn (4) and (5)) to extract DH°
(change in enthalpy), DS° (change in entropy), and DG° (change
in free-energy) values.

ln Ka ¼ DS�

R
� DH�

RT
(4)

DG˚ = DH˚ − TDS˚ = −RT lnKa (5)

where, R is the universal gas constant (=1.987 cal K−1 mol−1),
and T is the temperature (Kelvin). The standard sign convention
follows that a negative DG° value indicates a spontaneous
binding process, while a negative DH° denotes an exothermic
interaction, typically associated with hydrogen bonding and van
der Waals forces. Similarly, a positive DS° reects an increase in
system disorder, oen arising from hydrophobic effects or
solvent release upon ligand binding.

In this study, plotting ln Ka against 1/T (Fig. 3C and Table 2)
allowed the calculation of thermodynamic parameters. The
positive DH° (=22.42± 0.17 kcal mol−1) and DS° (=91.39± 0.21
cal mol−1 K−1) values conrm that hydrophobic forces are the
main drivers of complex formation, whereas the negative DG°
(−4.81 ± 0.05, −5.24 ± 0.08, and −5.91 ± 0.06 kcal mol−1) at all
three temperatures i.e. 298, 303, and 310 K respectively indi-
cates a spontaneous binding process (Table 2).
Table 2 Thermodynamics parameters for the interaction of Nilvadipine

Temp. (K) DH° (kcal mol−1) DS° (cal mol−1

298 22.42 � 0.17 91.39 � 0.21
303
310

44012 | RSC Adv., 2025, 15, 44007–44023
It is worth noting that the Stern–Volmer quenching constant
(KSV) and the association constant (Ka) provide complementary
insights. KSV quanties the efficiency of uorescence quench-
ing, and thus the proximity and dynamics of the quenching
interaction. On the other hand, Ka measures the equilibrium
affinity between Nilvadipine and Hb, reecting the net result of
specic intermolecular forces such as hydrophobic contacts,
hydrogen bonding, and electrostatic interactions.
3.3. FRET between Hb and nilvadipine

Förster resonance energy transfer (FRET) is a spectroscopic
approach for probing nanoscale distances and interactions
between biomolecules. It capitalizes on non-radiative dipole–
dipole coupling, whereby an excited donor uorophore trans-
fers energy to a proximal acceptor molecule.31 The efficiency of
this process is highly sensitive to the separation between donor
and acceptor: signicant energy transfer only occurs when the
donor's emission spectrum overlaps with the acceptor's
absorption band. In our system, Hb serves as the uorescent
donor and Nilvadipine as the quencher (acceptor). By applying
eqn (6)–(8), we calculated the overlap integral (J), the Förster
distance (R0), the actual donor–acceptor separation (r), and the
FRET efficiency (E).

E ¼ 1� F

F0

¼ R0
6

R0
6 þ r6

(6)

where R0 is the distance between the donor and acceptor at
which energy transfer becomes 50%, and r is the actual distance
between donor and acceptor molecules. F0 and F are the uo-
rescence intensities of the donor in the absence and presence of
the acceptor, respectively.

R0 is determined as

R0
6 = 8.79 × 10−25K2n−4fJ (7)

where, K2 denes the geometry of the donor and acceptor
dipoles (=2/3), n is the refractive index of the medium (=1.33), f
is the uorescence quantum yield in the absence of the acceptor
(=0.118), and J is the overlap integral of the donor's uores-
cence spectra and the acceptor's absorption spectra.

J can be determined using the following relation,

J ¼

ðN
0

Fl3ll
4dl

ðN
0

Fldl

(8)

where, Fl is the uorescence intensity of the donor at wave-
length l, and 3l is the molar extinction coefficient of the
acceptor at wavelength l.
with Hb

K−1) TDS° (kcal mol−1) DG° (kcal mol−1)

27.23 � 0.17 −4.81 � 0.05
27.69 � 0.22 −5.27 � 0.08
28.33 � 0.19 −5.91 � 0.06

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FRET between the normalized absorption spectrum of Nilva-
dipine, and the normalized fluorescence spectrum of Hb. The
concentrations of Hb and Nilvadipine were set at 5 mM in 0.05 M
phosphate buffer, pH 7.4 at 298 K.

Table 3 FRET parameters for the interaction between Hb and
Nilvadipine

J (M−1 cm3) R0 (nm) r (nm) E (%)

1.854 × 10−14 2.7253 3.0232 34.49
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As shown in Fig. 4 and Table 3, we obtained J= 1.854× 10−14

M−1 cm3, R0 = 2.7253 nm, r= 3.0232 nm, and E= 34.49%. Both
R0 and r lie within the 2–8 nm window that denes an effective
FRET range, and the condition 0.5R0 # r # 1.5R0 conrms
a static quenching mechanism arising from complex formation.
Furthermore, as Nilvadipine's binding affinity (Ka) for Hb
increases, the average separation between donor and acceptor
decreases, thereby enhancing FRET efficiency and reducing the
apparent Förster distance (r), which is consistent with stronger
molecular association.
3.4. Analysis of molecular docking

Molecular docking enables detailed prediction of how small
molecules t within a protein's active or binding sites by
exploring possible orientations and interactions at the atomic
level.32 We extended our computational validation by perform-
ing blind docking using InstaDock.22 The outcomes consistently
Table 4 Molecular docking parameters for the interaction of Nilvadipin

Donor–acceptor pair Distance (Å) Nature of interaction

ASN68:HD21 – LIG:N 2.49 Hydrogen bond
ASN68:HD22 – LIG:O 2.47 Hydrogen bond
LIG:C – ASP64:O 3.57 Carbon hydrogen bon
ALA82 – LIG:C 4.14 Hydrophobic (alkyl)
LIG:C – LEU83 4.54 Hydrophobic (alkyl)
LIG:C – LEU86 3.80 Hydrophobic (alkyl)

© 2025 The Author(s). Published by the Royal Society of Chemistry
reproduced the same hemoglobin-binding pocket for Nilvadi-
pine as identied in our original docking workow (Fig. S1).
This concordance across two independent docking platforms
provides robust validation of the predicted binding site and
enhances the methodological rigor and reproducibility of our
ndings. In our study, the top-ranked poses consistently
converged on the same binding pocket involving residues
ASN68, ASP64, LEU83, and LEU86 near the heme site. These
residues overlap with literature-reported drug-binding regions
in hemoglobin, supporting the validity and reproducibility of
the docking results. Thus to characterize the Hb–Nilvadipine
complex, out of the nine distinct docking poses, we selected the
one with the lowest predicted binding energy as the most likely
mode of interaction. As summarized in Table 4, the top-scoring
model exhibited a binding energy of −5.50 kcal mol−1, indi-
cating a moderately strong and thermodynamically favorable
association. Notably, this value aligns closely with the
−5.27 kcal mol−1 estimated from uorescence quenching data
at 303 K, underscoring the consistency between spectroscopic
and computational ndings.

Fig. 5A depicts the preferred docked conformation, high-
lighting key contacts between Nilvadipine and Hb residues. Two
conventional hydrogen bonds are formed with the side-chain
amide hydrogens of ASN68 (HD21 and HD22), and an addi-
tional carbonyl interaction involves ASP64:O. These specic
interactions help orient the ligand within the binding pocket.
Surrounding hydrophobic contacts namely alkyl interactions
with ALA82, LEU83, and LEU86 along with van der Waals forces
from residues such as LYS61, ALA65, ALA79, and LEU80, further
stabilize the complex. Additionally, Nilvadipine makes a hydro-
phobic contact with the heme group, reinforcing its binding
position (Fig. 5B). Together, these directional and nonspecic
interactions underpin the structural integrity of the Hb–Nilva-
dipine complex. Several other drugs are known to bind hemo-
globin at overlapping or distinct sites. For example, ibuprofen
and other nonsteroidal anti-inammatory drugs (NSAIDs) bind
within the b-chain hydrophobic cavity, with PHE43, LEU83, and
VAL67 again being critical contact points, indicating partial
overlap with Nilvadipine's predicted site. In contrast, certain
ligands such as quinine occupy alternative regions, with inter-
action hot spots including TYR42, LYS66, and ASP94, suggest-
ing a different binding orientation and site compared to
Nilvadipine. These variations underline that while Nilvadipine
shares a binding locus with several hydrophobic-site ligands,
there are also drugs that bind hemoglobin at distinct pockets,
e with Hb

Docking energy (kcal mol−1) Binding affinity (M−1)

−5.5 1.08 × 104

d
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Fig. 5 Molecular docking between Hb and Nilvadipine. (A) The best docked pose (with lowest energy) of Hb–Nilvadipine complex, and (B) Hb–
Nilvadipine interaction plot indicating different kinds of interactions such as hydrogen bonds, hydrophobic (alkyl) and van der Waals interactions.
AutoDock Vina enable in PyRx 0.8 environment was employed for conducting molecular docking.
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reecting the structural versatility of hemoglobin in ligand
accommodation.
3.5. Analysis of molecular dynamics (MD) simulation

Molecular dynamics (MD) simulations were carried out to
examine both the intrinsic stability of unbound Hb and the
behavior of the most favorable Hb–Nilvadipine complex over
time. The 100 ns timescale was selected because previous
studies have demonstrated that globular proteins such as
hemoglobin achieve conformational equilibrium within this
period, and our system exhibited stable root-mean-square
deviation (RMSD) and uctuation (RMSF), radius of gyration
(Rg), and solvent-accessible surface area (SASA) values well
before the end of the trajectory. To ensure reproducibility, we
performed three independent MD simulations using different
random seeds. The simulations showed consistent convergence
across key structural parameters, including RMSD, RMSF, Rg,
and SASA (Fig. S2–S5). The results presented in Fig. 6 and 7
represent the mean values obtained from these three indepen-
dent runs.

We monitored the RMSD of backbone atoms to gauge how
much the protein deviated from its starting conformation
throughout the 100 ns trajectories. As shown in Fig. 6A, free Hb
(black trace) remained largely stable aer an initial equilibra-
tion, uctuating between 0.080 and 0.191 nm (mean ± SD =

0.139 ± 0.021 nm) from 20 to 100 ns. The Hb–Nilvadipine
44014 | RSC Adv., 2025, 15, 44007–44023
complex settled more quickly, aer roughly 20 ns, and main-
tained deviations of 0.034–0.124 nm (mean ± SD = 0.089 ±

0.027 nm). Since both systems stayed well under the 0.20 nm
threshold commonly used to dene structural stability, these
results indicate that Nilvadipine binding does not destabilize
the overall protein fold.

To pinpoint regions of varying exibility, per-residue RMSF
values were calculated (Fig. 6B). The uctuation proles of free
and ligand-bound Hb were largely similar, with no residue
showing mobility greater than 0.3 nm. Notably, residues 20–60
exhibited slightly higher RMSF in the complex, suggesting
localized increases in exibility upon Nilvadipine binding;
however, the absence of large outliers conrms that both the
apo form and the complex maintain a coherent structural
ensemble.

We used the radius of gyration (Rg) to assess overall
compactness of Hb in the absence and presence of Nilvadipine
(Fig. 7A). The minimum andmaximum Rg of free Hb during 20–
100 ns MD simulation were 1.45 nm, and 1.51 nm, while Rg of
Hb–Nilvadipine complex uctuated in 1.38–1.60 nm range. Free
Hb averaged an Rg of 1.472 ± 0.009 nm, whereas the Hb–Nil-
vadipine complex was marginally less compact (1.484 ± 0.010
nm). This subtle reduction in Rg upon ligand binding implies
a slight bulging of the protein's tertiary structure.

Finally, we tracked the SASA to measure how exposure to
solvent changes with ligand binding (Fig. 7B). Unbound Hb
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Molecular dynamics simulation of Hb–Nilvadipine complex. (A) Root mean square deviation (RMSD) plot and (B) root mean square
fluctuation (RMSF) plot. The experiments were conducted in triplicate at 300 K using CHARMM36 force field in GROMACS 2020.6.
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showed SASA values ranging from 83.46 to 90.73 nm2 (mean =

87.71 ± 6.05 nm2), while the complex ranged from 84.05 to
88.93 nm2 (mean = 86.01 ± 5.32 nm2). The comparable SASA
proles indicate that Nilvadipine remains snugly anchored
within its binding sites without signicantly altering the
protein's overall solvent exposure, supporting the notion of
a stable protein–ligand assembly.

Further, to evaluate the reproducibility and stability of the
Hb–Nilvadipine interaction, post-simulation clustering was
performed on the 100 ns MD trajectory using GROMACS gmx
cluster tool with RMSD cutoff of 0.2 nm. The trajectory was
partitioned into three dominant clusters and a minor cluster
(Fig. S6), with Cluster 1 accounting for ∼52% of the total
conformations, Cluster 2 for ∼31%, and Cluster 3 for ∼12%,
while minor cluster 4 contributed less than 5% (Table S1). In
Cluster 1, Nilvadipine was deeply embedded within the hydro-
phobic pocket formed by residues ASP64, ASN68, and LEU83
with stable hydrogen bonding to ASP64, ASN68 and Heme along
© 2025 The Author(s). Published by the Royal Society of Chemistry
with hydrophobic packing against the Heme group and LYS61,
consistent with the docking-predicted binding pose. Cluster 2
revealed a tilted orientation stabilized by hydrogen bond with
ASN68, and hydrophobic interactions with ALA82, LEU83, and
Heme. Similarly, Cluster 3 presented a shallower orientation at
the pocket entrance with partial solvent exposure, supported by
transient hydrogen bonding with LYS61, and ASN68 along with
hydrophobic interactions with LEU83, and Heme. Importantly,
the cluster population analysis showed that Nilvadipine
predominantly adopts a stable, hydrophobically driven binding
mode, reinforcing the reliability of the docking results. These
ndings highlight that despite local conformational variations,
the Hb binding site maintains a consistent drug-binding envi-
ronment, supporting the biological relevance of the Hb–Nilva-
dipine interaction. Furthermore, the trajectory overlays of key
Hb residues (ASP64, ASN68, ALA82, LEU83, and LEU86) clearly
show that these residues remain stably positioned around the
RSC Adv., 2025, 15, 44007–44023 | 44015
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Fig. 7 Molecular dynamics simulation of Hb–Nilvadipine complex. (A) Radius of gyration (Rg) plot and (B) solvent accessible surface area (SASA).
The experiments were conducted in triplicate at 300 K using CHARMM36 force field in GROMACS 2020.6.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 7
:3

2:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ligand throughout the 100 ns simulation, with reduced uctu-
ations (<0.1 nm) (Fig. S7).

3.6. Conformational changes in Hb due to interaction with
nilvadipine

3.6.1. Soret band absorption spectroscopy. Soret band
absorption spectroscopy is a widely employed technique for
evaluating the conformational changes resulting from the
protein–drug interaction. The spectra of Hb in the absence of
Nilvadipine displayed a characteristic peak at approximately
410 nm wavelength, indicating the compactness of the three-
dimensional structure around heme groups, as depicted in
Fig. 8a. Upon the subsequent addition of Nilvadipine, the
intensity at heme absorbing groups slightly increased with
44016 | RSC Adv., 2025, 15, 44007–44023
a minor red shi in wavelength maxima (Fig. 8a). These
observations conrm that the interaction of Nilvadipine with
Hb induces a slight alteration in its three-dimensional
structure.

3.6.2. Far-UV CD analysis. CD spectroscopy was employed
in this study to elucidate the conformations of the protein in the
presence or absence of a compound under various experimental
conditions. Far-UV CD spectra of Hb were recorded in the
presence or absence of varying concentrations of Nilvadipine, as
depicted in Fig. 8b. The ndings revealed that Hb in the
absence of Nilvadipine exhibited a characteristic CD spectrum
typical of a-helix protein. However, in the presence of Nilvadi-
pine at 1 : 1 and 1 : 5 molar ratios, CD spectrum was insigni-
cantly altered (Fig. 8b).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Conformational change in Hb due to the binding of Nilvadipine. (a) Soret band absorption spectra and (b) Far-UV CD spectra. Hb (5 mM)
was subjected to incubation with varying amounts of Nilvadipine inmolar ratios of 1 : 0, 1 : 1, and 1 : 5. The experiments were conducted in 0.05 M
phosphate buffer, pH 7.4 at 298 K.
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3.6.3. Synchronous uorescence analysis. We employed
synchronous uorescence spectroscopy to monitor how Nilva-
dipine binding alters the local environments of Hb's aromatic
residues. By scanning excitation and emission wavelengths
simultaneously with offsets (Dl) of 15 nm and 60 nm, we
selectively probed tyrosine and tryptophan microenvironments,
respectively. As Nilvadipine concentration increased (Hb : Nil-
vadipine molar ratios of 1 : 0, 1 : 1, and 1 : 5), both Dl15 and
Dl60 spectra showed progressive decreases in uorescence
intensity (Fig. 9). This quenching, together with slight shis in
peak positions, indicates that binding increases local polarity
and disrupts hydrophobic contacts around these residues,
consistent with a ligand-induced rearrangement of their
surroundings.

3.6.4. 3D uorescence spectral analysis. 3D uorescence
mapping further elucidated conformational changes across the
protein. The 3D emission–excitation surfaces for free Hb and its
complexes with Nilvadipine (1 : 1 and 1 : 5 ratios) are presented
in Fig. 10. Two principal peaks were analyzed: Peak 1 corre-
sponds to aromatic side chains (Trp/Tyr), and Peak 2 reects the
peptide backbone. At a 1 : 1 ratio, Peak 1 intensity dropped by
5% (with a 2 nm blue shi) while Peak 2 decreased by 49.1%
(Table 5). At 1 : 5 ratio, reductions reached 24.4% for Peak 1
(3 nm blue shi) and 85.8% for Peak 2. These changes imply
that tryptophan residues become less solvent-exposed and that
the overall secondary structure of Hb is partially disrupted upon
Nilvadipine association.

Combined with circular dichroism, intrinsic uorescence,
and Soret band absorbance data, these synchronous and 3D
uorescence results demonstrated that Nilvadipine binding
induces subtle but measurable conformational alterations in
Hb. Integrating spectroscopic observations with computational
docking and dynamics provided a comprehensive view of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
Hb–Nilvadipine complex, shedding light on its structural and
functional implications for drug delivery and protein-based
biotechnologies.
4. Discussion

In this study, we probed the interaction of an anti-hypertensive
drug (Nilvadipine, dihydropyridine calcium channel blocker)
with hemoglobin (Hb) using various spectroscopic and
computational approaches.
4.1. Binding of nilvadipine to Hb through uorescence
quenching

Our spectroscopic investigations revealed that Nilvadipine
induces signicant static uorescence quenching of hemo-
globin (Hb), with Stern–Volmer constants (KSV) on the order of
104 M−1 and association constants (Ka) ranging from 3.380 ×

103 to 1.4667 × 104 M−1, which declined with increasing
temperature. Comparative assessment with other di-
hydropyridine calcium channel blockers highlights both simi-
larities in their Hb-binding characteristics. Nilvadipine
exhibited a moderate binding affinity, comparable to levamlo-
dipine (∼1× 104 M−1).28 Such comparisons underscore that Hb-
binding is not merely an in vitro artifact but a potential deter-
minant of pharmacokinetic behavior (Table 6).

From a pharmacokinetic standpoint, these molecular
differences likely inuence drug distribution and systemic
exposure. Nilvadipine's moderate Hb affinity suggests that
erythrocytes may act as a temporary reservoir, sequestering drug
without dramatically lowering the free plasma fraction. In
contrast, levamlodipine's stronger Hb association may prolong
circulation time but reduce immediate availability, consistent
with its long half-life. These mechanistic insights align with in
RSC Adv., 2025, 15, 44007–44023 | 44017
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Fig. 9 Synchronous fluorescence of Hb in the presence of Nilvadipine. (A) D15 (for microenvironment of Tyr residues), and (B) D60 (for
microenvironment of Trp residues). Concentration of Hbwas set at 5 mM, and the concentration of Nilvadipine was varied in 0–25 mM range in 1 :
0, 1 : 1 and 1 : 5 molar ratio. Emission scans for tyrosine and tryptophan were collected from 260–340 nm and 280–400 nm range respectively.
The experiments were conducted in 0.05 M phosphate buffer, pH 7.4 at 298 K.
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vivo pharmacokinetic data, where levamlodipine is character-
ized by high bioavailability and a prolonged half-life.28

Estimation of the binding constant further predicts that
∼93.7% of the free Nilvadipine in the erythrocyte environment
would associate with Hb. While this indicates strong seques-
tration in vitro, the in vivo relevance is moderated by the fact
that Nilvadipine is already >97% bound to plasma proteins,
mainly albumin and lipoproteins.33 Thus, only a small fraction
of the total circulating drug is free to enter erythrocytes and
interact with Hb, meaning the systemic contribution of Hb
binding is secondary to plasma protein binding. Nevertheless,
Hb binding could still serve as an ancillary reservoir, buffering
drug levels and inuencing whole blood versus plasma drug
concentrations. Clinical factors such as anemia, hemolysis, or
polycythemia may alter this balance, thereby modulating the
pharmacological impact of Hb binding in specic patient
populations.
44018 | RSC Adv., 2025, 15, 44007–44023
4.2. Thermodynamics of Hb–nilvadipine interaction

Molecular-level insights reveal that Nilvadipine associates with
Hb primarily through hydrophobic stabilization within
a dened pocket, reinforced by hydrogen bonds with ASN68 and
ASP64 and alkyl contacts with residues such as ALA82, LEU83,
and LEU86, along with favorable interactions with the heme
moiety. Thermodynamic analysis further supports this mecha-
nism, as positive DH° and DS° values indicate a hydrophobic,
entropy-driven interaction, while negative DG° conrms spon-
taneity. These thermodynamic signatures are consistent with
reported dihydropyridine–protein interactions, where hydro-
phobic contacts dominate. For instance, Wani et al. demon-
strated similar positive enthalpy and entropy changes across
several protein–drug systems, attributing binding to the release
of structured water molecules from hydrophobic surfaces.34

Likewise, clonazepam–tau protein binding exhibited
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 3D fluorescence spectra of Hb at different Hb : Nilvadipine molar ratios. (A) 1 : 0, (B) 1 : 1, and (C) 1 : 5. Concentration of Hb was set at 5
mM, and the concentration of Nilvadipine was varied in 0–25 mM range in 1 : 0, 1 : 1 and 1 : 5 molar ratio. The excitation wavelengths were scanned
from 200 to 400 nm in 10 nm increments and emission spectra were recorded from 200 to 500 nm with the same step size (10 nm). Peak 1
indicated the fluorescence signal arising from tryptophan/tyrosine side chains, while Peak 2 corresponded to the peptide backbone. The
experiments were conducted in 0.05 M phosphate buffer, pH 7.4 at 298 K.
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comparable proles, with static quenching, positive DS°, and
hydrophobic interactions inferred from temperature-dependent
KSV trends.35 In contrast, other dihydropyridines show distinct
Table 5 3D-fluorescence parameters for the interaction between Hb an

Condition Peak no. Peak position [le

Hb only 1 280/334
2 230/326

Hb + nilvadipine (1 : 1) 1 280/332
2 230/326

Hb + nilvadipine (1 : 5) 1 280/331
2 230/326

© 2025 The Author(s). Published by the Royal Society of Chemistry
binding modes: levamlodipine primarily interacts via hydrogen
bonding and van der Waals interactions (DH° < 0, DS° < 0)
(Table 6). These distinctions suggest that while Nilvadipine, and
d Nilvadipine

x/lem (nm nm−1)] Peak intensity Percentage (%)

1046 100
523 100
994 95.0
266 50.9
791 75.6
74 14.2
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levamlodipine form stable Hb complexes, the underlying
physicochemical forces differ, potentially inuencing their
sensitivity to physiological variables such as pH, temperature,
and the presence of competing ligands.

4.3. Binding of nilvadipine to Hb through molecular
docking

Computational docking produced a binding energy of
−5.50 kcal mol−1, matching the −5.27 kcal mol−1 derived from
quenching data. Our docking-predicted binding energy is in close
agreement with the thermodynamically derived value, mirroring
trends seen in other drug–Hb studies. For example, levamlodi-
pine docking reported binding energies around−5.4 kcal mol−1,
with similar hydrogen-bond and hydrophobic networks stabi-
lizing the complex.28 More generally, structure-based docking
across diverse targets frequently yields binding energies in the−5
to −8 kcal mol−1 range for moderate-affinity ligands.36,37 The
concurrence of our computational and experimental energies
strengthens condence in the proposed binding mode.

4.4. Molecular dynamics (MD) simulation analysis of
nilvadipine to Hb interaction

Molecular dynamics (MD) simulation results provided insights
into the structural and functional implications of Nilvadipine
binding to Hb. The RMSD analysis revealed that the Hb–Nilva-
dipine complex remained highly stable throughout the trajectory,
with uctuations consistently below 0.20 nm. Such low RMSD
values indicate that Nilvadipine binding does not perturb the
overall structural framework of Hb, suggesting that the protein
preserves its native conformation required for physiological
activity. Similar results are reported in previous study wherein
MD studies of levamlodipine–Hb complexes documented equi-
librium RMSD values under 0.20 nm and stable hydrogen-
bonding networks throughout 100 ns simulations.28 The RMSF
analysis showed limited residue-level exibility (<0.30 nm for
most residues), with only minor increases around loop regions.
Importantly, residues near the heme pocket and key secondary
structures (a-helices) exhibited minimal uctuations, conrming
that the structural integrity of Hb's oxygen-binding regions
remained intact. These ndings imply that Nilvadipine binding
does not interfere with the dynamic motions required for coop-
erative oxygen binding and release. Moreover, Rg of the Hb–Nil-
vadipine complex demonstrated a slight increase compared with
free Hb, indicative of marginal relaxation of the globin fold.
However, this relaxation was within physiologically acceptable
limits and did not distort the heme-binding pocket or alter
subunit packing, both of which are critical for Hb's oxygen
transport function. Similarly, SASA analysis revealed minimal
changes upon ligand binding, suggesting that Nilvadipine does
not signicantly alter solvent exposure of functional residues or
disrupt Hb's interactions with physiological ligands such as
oxygen, and carbon dioxide. Instead, Nilvadipine appears to
occupy a hydrophobic binding pocket without hindering Hb's
allosteric regulation or gas exchange capacity. The limited SASA
changes in our study further conrm that Nilvadipine remains
buried within Hb's hydrophobic pockets, a pattern echoed in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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both spectroscopic–computational investigations.34 From a func-
tional perspective, these ndings suggest that Nilvadipine's
association with Hb does not compromise its primary physio-
logical role in oxygen transport. Instead, Hb may act as a tran-
sient reservoir that sequesters the drug without impairing ligand
accessibility to heme iron. This stabilization effect aligns with our
thermodynamic data, which indicated hydrophobic and sponta-
neous binding. Taken together, the MD simulations not only
conrm the stable binding of Nilvadipine to Hb but also provide
mechanistic insight into how this interaction may inuence drug
distribution in circulation without adversely affecting Hb's
essential biological function. Similar pharmacokinetic effects
have been described for other dihydropyridines, where Hb
interactions modulate free-drug equilibrium and tissue uptake.28

5. Limitations of the study

This study is specically focused on the characterization of
Nilvadipine–Hb interactions, and while the results provide
valuable mechanistic insights, broader generalizations to other
drug–Hb systems would require validation with additional
compounds and statistical comparisons. The spectroscopic
signatures obtained consistently support a static quenching
mechanism, even though uorescence lifetime data are not
included. We acknowledge that uorescence lifetime analysis is
the gold standard for conrming static quenching, as it directly
probes changes in excited-state decay kinetics. However, due to
instrumental constraints, such measurements could not be
performed in the present study. Nevertheless, the combination
of temperature-dependent quenching constants, thermody-
namic parameters, and docking analyses provides converging
evidence for static quenching and a hydrophobic-driven
binding mechanism. The absence of lifetime data is thus
recognized as a limitation but does not undermine the reli-
ability of the mechanistic conclusions drawn in this study.

6. Conclusion

Overall, this study provides a comprehensive molecular-level
understanding of Hb–Nilvadipine interactions, revealing that
the drug forms a stable, hydrophobically driven 1 : 1 complex
within a dened binding pocket without altering Hb's structural
integrity. The integration of spectroscopic, thermodynamic,
docking, and molecular dynamics approaches not only vali-
dates the binding mode but also demonstrates Hb's role as
a potential transient reservoir that may modulate Nilvadipine's
pharmacokinetic behavior. These ndings underscore the
utility of Hb as a versatile model for probing drug–protein
interactions and offer valuable insights that can inform rational
drug design, delivery strategies, and safety evaluation for
pharmacologically active small molecules.
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