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cushioned DPPC liposomes an integrated
molecular-dynamics and AFM roadmap for next-
generation drug-delivery platforms

Seifeldin Elabed ab and Eman R. Abbase *b

Albumin is abundant in plasma and can alter how amphipathic drugs interact with cell membranes, but the

mechanical consequences of this interaction are not well understood. We combined atomic force

microscopy (AFM) and atomistic molecular dynamics (MD) to quantify how bovine serum albumin (BSA)

modulates doxorubicin (DOX) interactions with DPPC bilayers. MM-PBSA analysis applied to all-atom MD

trajectories suggests moderate DOX binding to BSA (DG z −4.5 kcal mol−1), albeit with considerable

uncertainty (±2.9 kcal mol−1), dominated by dispersion contacts near Sudlow site I. BSA remains folded

(backbone RMSD z 0.33 nm), and the DOX–protein minimum heavy-atom contact distance stabilizes at

0.32 ± 0.01 nm. AFM measurements show that BSA–DOX increases bilayer stiffness and rupture

resistance (apparent Young's modulus +z79%; rupture force +z45%), without measurable changes in

bilayer thickness. Mass-density profiles place head-to-head distances between z3.6 and 4.6 nm.

Dynamic cross-correlation maps reveal anticorrelated hinge blocks in BSA that dissipate ligand-induced

stresses on the nanosecond timescale, linking internal protein dynamics to membrane mechanics.

Collectively, these results indicate that albumin acts as a mechanically active, hinge-buffered interfacial

scaffold that transiently buffers DOX at the membrane interface, redistributing interfacial interactions to

stiffen the bilayer without global thickening.
1. Introduction

Liposomes are nanosized spherical vesicles of phospholipid
bilayers with diameter ranging from few nanometers to 1 mm.1

Liposomes are formulated from different types of phospho-
lipids to resemble most biological membranes in nano range
providing unique opportunities in biomedical applications as
a model membrane with potential role as drug delivery vehicles
for a wide range of chemotherapeutic agents such as Doxoru-
bicin. These characteristics are mainly driven by their potential
biocompatibility and biodegradability.

Liposomal doxorubicin (DOX) was conceived to suppress
dose-limiting cardiotoxicity by keeping the anthracycline
encapsulated until it reaches a tumor, yet more than 30% of the
drug can leak during circulation, eroding therapeutic benet
and underscoring the need to engineer more robust carriers.1

When the lipid vesicles enter the body of animals or humans,
they encounter a complex biological environment where
proteins attach to their surface. This leads to the formation of
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a protein layer, known as the protein corona, which gives the
formulation a new “biological identity” that inuences how they
are taken up by cells and distributed throughout the body.
Quantitative proteomics, in vitro uptake studies, and in vivo
pharmacokinetic data now concur that serum albumin domi-
nates that corona and that its conformation and residence time
modulate particle stability, biodistribution, and end-organ
toxicity.2,3

Albumin is not a passive cloak: atomic force spectroscopy
and multi-microsecond molecular-dynamics (MD) simulations
reveal a three-domain scaffold in which rigid a-helices are
linked by hinge loops capable of piston-like breathing motions
that dissipate ligand-induced strain.4,5 When an amphipathic,
redox-active drug such as DOX inserts beneath this protein layer
it can disorder the outer leaet yet stiffen ordered lipid domains
through van der Waals coupling and lipid-peroxidation chem-
istry, creating a mechanically heterogeneous membrane prone
to rupture.6 These coupled protein-and-lipid responses are
invisible to traditional leakage or cytotoxicity assays,
demanding multiscale tools that track drug, bilayer, and corona
simultaneously.

New analytical methods are beginning to answer that call.
Matrix-assisted laser desorption/ionization quantitative mass-
spectrometry imaging (MALDI-qMSI) can now map DOX and
Nanoscale Adv.
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its parent bilayer independently inside three-dimensional
tumour spheroids, revealing that the drug oen outruns the
liposomal lipid shell—a direct signature of corona- or bilayer
failure in situ.7,8 On the materials side, covalently tethering
cholesterol to sphingomyelin produces sterol-anchored
membranes that resist extraction and double the tolerated
dose of other chemotherapeutics, suggesting that chemical
reinforcement of the bilayer can complement corona engi-
neering.9,10 Likewise, polymer-supported and “double-cushion”
bilayers li the membrane off solid substrates, preserving
protein mobility and delaying vesicle rupture under shear.11–13

Yet how these polymer or sterol strategies interact with an
albumin corona experiencing DOX-induced oxidative stress
remains unexplored.

Against this backdrop, we present an integrated, mechanics-
centered approach that combines all-atom MD, per-residue
binding-energy decomposition, lipid order and thickness
statistics, and quantitative AFM nano-mechanics to close this
knowledge gap. Our objectives are fourfold: rst, to quantify
albumin mechanics under drug load by measuring how DOX
binding redistributes internal stress across albumin hinge
loops using 150 ns all-atom MD and per-residue energy
decomposition; second, to link protein dynamics to bilayer
integrity by coupling simulation outputs (lipid order, thickness,
DOX–protein contacts) to AFM nano-indentation on matched
DPPC vesicles, determining whether albumin stiffens or soens
the membrane under oxidative load; third, to dene numerical
design benchmarks—by benchmarking each modication
against hard numerical targets (e.g., albumin RMSD <0.5 nm,
helix content $70%, DOX–albumin minimum heavy-atom
contact distance z0.32 ± 0.01 nm), we aim to move the eld
beyond empirical formulation toward rational, mechanics-
guided engineering of albumin-decorated nanocarriers that
deliver anthracyclines with greater precision and safety.
2. Materials and methods

Dipalmitoyl phosphatidylcholine (DPPC) of purity 99.9% and
molecular weight 734 g, stearyl amine, dicetylphosphate,
cholesterol, bovine serum albumin (BSA), phosphate buffer
saline (PBS) pH 7.4, ethanol (absolute 99.9%), and doxorubicin
hydrochloride were purchased from Sigma-Aldrich (USA). 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy
(polyethylene glycol)-2000] (PEG-PE 2000) was purchased from
Avanti polar lipid. Co., (USA). All other reagents and solvents
used in this work were of research-grade.
2.1. Preparation of liposomes and loading of doxorubicin to
liposomes by PH gradient method

The selected lipid mix (the lipid compositions of each formu-
lation and molars ratio are summarized in Table 1) was trans-
ferred to a 50 ml round bottom ask, then 10 ml ethanol was
added and the mixture was shaken in a water bath at 50 °C until
all lipids were dissolved.33 The solvent was then evaporated
under a stream of nitrogen gas until a dry thin lm of lipids was
formed. The thin lm was hydrated with a 5 ml of PBS buffer
Nanoscale Adv.
with mechanical shaking for 20 min above the phase transition
temperature to formmultilamellar vesicles (MLV). This solution
was then kept in room temperature to warm down for one hour.

MLVs were sonicated to get small unilamellar vesicles (SUV)
by using an ultrasonic homogenizer at 40% amplitude ultra-
sonic power for 5 min by using a tip-type sonicator probe (UD-
201, Tomy, Japan). The liposomes dispersion was stored at 4 °C
and was used within 2 weeks of preparation. Hydrodynamic
diameter and zeta potential of liposomes were performed at 25 °
C by using the SZ-100 nanopartica, Dynamic Light Scattering
(DLS) system (Horiba, Japan).

Doxorubicin was loaded into preformed liposomes via
a transmembrane pH gradient. Briey, the lipid bilayer lm
hydrated by ammonium sulfate pH 5.4, pre-equilibrated by PBS
pH 7.4 to remove the ammonium sulfate solution by using
cellulose membrane oatA analyzer (20 kDa, Sigma).34 Then,
a solution of DOX (0.13 mg ml−1) was added at pH 7.4 to create
a transmembrane PH gradient. This suspension was stirred for
1 h at 60 °C. Subsequently, unloaded DOX was removed by
centrifugation at 11 000 rpm.

2.2. BSA coated glass substrate preparation

Round glass coverslips of 18 mm diameter, thickness 0.13–
0.17 mm (Matsunami, Japan) were cleaned twice by an ultra-
sonic bath in ethanol for 20 min and then were rinsed with
deionized water followed by drying under a stream of nitrogen
gas and kept for later use. The dried coverslips were treated by
using a UV-ozone system for 20 min immediately before use,
then rinsed with deionized water and dried at room tempera-
ture. The round glass coverslips were xed on metallic plates by
using a mixture of glues.

A 2 ml of BSA solution at a concentration of 1 mg ml−1 was
incubated for 15 min on the glass substrates, then rinsed twice
by deionized water and dried in air. This air-drying process was
required to ensure that a liquid droplet of liposome solution
would adhere to the surface of the BSA coated glass and to allow
for sufficient absorption of the liposome on the surface.35

2.3 AFM measurements

2.3.1 AFM imaging of liposomes. 200 ml of the liposomes
suspension (1 mg ml−1) was incubated for 30 min at 25 °C on
the BSA coated glass substrate. Then, the substrate was rinsed
with deionized water to remove the non-adhered vesicles and
inserted in the AFM uid cell that contains 2 ml of PBS (pH 7.4).
A rectangular silicon cantilever (Biolever mini, Olympus Corp.,
Tokyo, Japan) with a radius of tetrahedral tip 8 nm and a reso-
nance frequency of about 110 kHz in air and 25 kHz in aqueous
buffer was utilized in all experiments. The nominal spring
constant was 0.09 N m−1, which was calibrated by measuring
the thermal noise.36 The cantilever was immersed in the uid
cell with the sample for 30 min to obtain the thermal
equilibrium.

AFM height images of 1–2 mm2 were recorded by using a fast
force mapping in a commercial AFM MFP-3D innity (Asylum,
USA) with the following scanning parameters: z-rate of 80 Hz
with set point of 150–200 pN which is the force between the tip
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental and computational specifications for the DPPC–BSA–DOX ternary systems. Experimental values represent concentrations
used during vesicle preparation and incubation, while computational values represent the molecular ratios within the periodic boundary
condition box

Parameter Experimental (AFM) Computational (MD simulation)

Lipid composition DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) DPPC (128-lipid bilayer: 64 per leaet)
Protein component Bovine serum albumin (BSA) BSA (PDB ID: 4F5S)
Drug molecule Doxorubicin HCl (DOX) Doxorubicin (neutral tautomer)
Lipid mix ratio 100% DPPC (1 mg ml−1) 100% DPPC
Buffer/solvent PBS, pH 7.4 TIP3P water model, 0.15 M NaCl
Molar concentration BSA (∼15 mM); DOX (∼100 mM) 1 BSA: 1 DOX: 128 DPPC lipids
Temperature 25 °C (passive scanning) 310 K (production run)
Force eld N/A OPLS3e/GROMACS 2023.1
System size ∼100 nm vesicles (extruded) ∼11.5 nm × 11.5 nm × 14.2 nm box
Analysis focus Young's modulus, rupture force, stiffness Binding energy, RMSD, DCCM, RDF
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and the sample and was carefully maintained to prevent the
collapse of vesicles. The force–distance was 400 nm and the
resolution of the AFM images was 256 × 256 pixels per image.

From the collected AFM height images, the width (W) of the
vesicles was measured, and the height of the lipid vesicle (H)
was determined. The radius of curvature (R) was estimated by
the following equation in terms of the height and the width of
the vesicles.37

R ¼

�
1

4
W 2 þH2

�

2H
(1)

The height-to-width ratio of each vesicle (H/W) was used as
an additional morphological metric to estimate the degree of
vesicle adhesion to the substrate, and the relationship between
vesicle height and width was evaluated using linear regression.

2.3.2 Nano-indentation of the vesicles. Aer scanning
a selected area, cantilever sensitivity was calibrated on the glass
substrate by determining the cantilever deection-to-photo-
voltage conversion factor. The tip was thenmoved to the center of
each vesicle and then indented the probe through the vesicle to
meet a solid surface, applying a force in the range of 5–10 nNwith
optimized parameters. The parameters applied were velocity of
300 nm s−1, scan rate of 0.5 Hz and force–distance of 200 nm.
The resultant force–distance curve included linear regions that
represent the elastic deformation with subsequent two break-
throughs, which represent inner and outer lipid bilayer. We
collected force curves for at least 50 vesicles from each
formulation.

2.3.3 AFM force curve analysis. Deection signals were
converted to force–separation curves by dening the zero-force
and zero-separation points. Zero-force was taken from a region
at large tip-sample separation where cantilever deection was
approximately zero; zero-separation was identied from the
constant-compliance region where deection varied linearly
with piezo displacement.14 All force curves were processed in
Igor Pro (Wavemetrics, USA). Following shell-deformation
theory,38,39 the apparent Young's modulus E was computed
from the liposome stiffness s (the slope of the linear region of
the force–separation curve)32 using:
© 2026 The Author(s). Published by the Royal Society of Chemistry
E ¼ sR
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� n2Þp
4h2

: (2)

In these calculations, the membrane thickness (h) were calcu-
lated using breakthrough depth in force curves for each vesicle
and assumed a Poisson ratio n = 0.5 (incompressible thin lm
approximation for rapid indentation). R is the liposome radius
of curvature derived from AFM topography. The reported E
values correspond to apparent stiffnesses that combine bilayer
and cushion compliance under the measurement geometry,
rather than intrinsic elastic constants of the unsupported lipid
phase.15
2.4 Molecular dynamics simulations

2.4.1 System construction and force–eld parameters. DOX
parameters (OPLS3e charges and bonded terms) were prepared
as in ref. 19; consistent with the experimental pH of 7.4 and the
drug's pKa (∼8.2), the neutral form of DOX was utilized for the
simulation to model the fraction of drug capable of membrane
partitioning, acknowledging that this simplies the proton-
ation equilibrium present in bulk solution. The ligand was
docked into Sudlow site I (Glide XP score = −8.2 kcal mol−1)
and positioned∼0.5 nm above the upper leaet. This simplied
single-protein model was chosen to allow for atomic-resolution
sampling of hinge dynamics over 150 ns, which would be
computationally prohibitive in a full corona assembly.

2.4.2 Production simulations. Simulations were performed
in GROMACS 2023.1 (ref. 20) using the OPLS3e force eld for
proteins, ligands, and lipids,19 and the TIP3P water model.21

Electrostatic interactions were treated with PME using a 1.0 nm
real-space cutoff,22 and van der Waals interactions were
switched between 0.9 and 1.0 nm. Each system contained a pre-
equilibrated DPPC bilayer of 128 lipids (64 per leaet) centered
in the simulation box. A single BSA molecule (PDB ID: 4F5S)17

and one neutral-tautomer doxorubicin molecule were placed
approximately 0.5 nm above the upper leaet.

The simulation box was solvated with ∼13 000 TIP3P water
molecules and ionized to 0.15 M NaCl by replacing water
molecules with Na+/Cl− pairs to ensure charge neutrality and
physiological ionic strength. Initial box dimensions were
Nanoscale Adv.
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approximately 11.5 × 11.5 × 14.2 nm (x, y, z), with only minor
volume changes during NPT equilibration.

Systems were energy-minimized and equilibrated under NVT
conditions for 1 ns at 310 K, followed by semi-isotropic NPT
equilibration for 5 ns at 1 bar. Production runs consisted of
three independent 150 ns replicas using a 2 fs integration time
step, a velocity-rescale thermostat (s = 0.1 ps),23 and a Parri-
nello–Rahman barostat (s = 2 ps).24

Trajectory frames were saved every 10 ps for structural
analyses and every 100 ps for DSSP-based secondary-structure
sampling. Simulation convergence was veried by RMSD pla-
teauing aer approximately 120 ns. Expanded methods are
provided in Section 2.4, and system details are summarized in
Table 1.

2.4.3 Trajectory analyses. Backbone RMSD, radius of gyra-
tion, SASA, and DOX–BSA minimum distance were calculated
every 10 ps with standard GROMACS tools.20 Secondary struc-
ture was assigned using DSSP;25 4/c dihedrals were analyzed via
gmx rama. Dynamic cross-correlation matrices (DCCMs) were
computed in Bio3D v2.4 (ref. 26) with a 5 Å Ca cut-off. Lipid tail
order parameters (SCD) and density proles used gmx order
and gmx density (0.02 nm bins).18,20 Hydrogen bonds were
identied using gmx hbond (distance # 0.35 nm; angle #

30°).20

2.4.4 Binding free energy calculations. Ten snapshots
(120–150 ns, spaced every 3 ns) were extracted, stripping water
and lipids >2 nm from the complex, and analyzed with
g_mmpbsa v1.5.27 Calculations used the GB-OBC II model (3in =
1, 3out = 80) and an SASA-based nonpolar term (g =

0.0072 kcal mol−1 Å−2).27 Per-residue decomposition identied
energetic hotspots with jDGbindj > 20 kcal mol−1, interpreted
only in relative terms due to known magnitude ination in GB
decomposition.27
2.5 Statistical analysis

All statistical analyses were conducted in Python 3.11 using
NumPy 1.26,28 SciPy 1.11,29 and Pandas 2.2.30 Data normality
was tested with Shapiro–Wilk; comparisons between groups
used Welch's t-test with Bonferroni correction. Effect sizes were
computed as Cohen's d. Time-series trends were assessed by
OLS regression (statsmodels),31 and autocorrelation times were
dened by the rst zero-crossing of the normalized autocovar-
iance. Uncertainties combine replicate SDs and block-averaged
SEMs via quadrature.
3. Results and discussion
3.1 AFM nano-mechanics results

3.1.1 AFM analysis of DPPC lipid vesicles on BSA mono-
layer. AFM height images (Fig. 1A and B) revealed DPPC vesicles
adsorbed on a BSA monolayer as dome-shaped. Fig. 1A, vesicles
are more sparsely distributed, with an average surface density of
∼3.4 mm−2. They appear relatively large, with a median diam-
eter of ∼41 nm, and many extending well above 60 nm. Larger
vesicles exceeding 100 nm are also visible, giving the eld
exhibits a heterogeneous morphology, with well-dispersed yet
Nanoscale Adv.
comparatively voluminous structure. By contrast, Fig. 1B shows
a much denser packing of vesicles, with a higher surface density
of ∼8.5 mm−2. These vesicles appear smaller and more tightly
packed, with a median diameter of ∼22 nm and fewer outliers
above 60 nm. Despite this shi toward smaller sizes, both elds
contain a similar fraction of large vesicles (>100 nm), which
stand out as brighter, elevated features in the AFM topography.

Force–distance approach curves were obtained by nano-
indentation at the center of each vesicle. The curves shows an
initial elastic loading region followed by discrete breakthrough
events in approximately 70–80% of traces, with force reductions
from roughly 4–6 nN down to z0.5–2 nN by inspection.

In the le panel curves Fig. 1C, when the tip approached
a single vesicle, a long-range repulsion force began at the
contact point during the approaching process and a change in
the slope just past 15 nm indentation. At a separation is more
than half of the vesicle height a sudden, oen negative slope
extended for a few nano meters. Aer the tip reached a split
around 15 nm far from the surface, the normal force started to
rise again. The curves show two discrete penetration events,
corresponding to the breakthrough of the vesicle upper
membrane and the membrane in contact with the substrate.
Aer these two leaps, the force increased rapidly as the tip
pushed against the hard surface.

In the second set of curves denoted as (middle panel), the
curves showed absence of the super linear response. The rst
jump was at a distance of 30 nm, then the force slightly
increased as the tip compressed for 10 to 20 nm. The second
jump occurred as the tip reached the outer membrane to hit the
hard surface. The third set of curves (right panel) is considered
abnormal curves where the repulsion force followed by a large
discontinuity extended from 10 nm to 25 nm before meeting the
hard surface and thereby this set was out from the calculations.

This heterogeneity likely reects variability in local vesicle-
BSA contact geometry and membrane order, producing a spec-
trum of mechanical responses ranging from fragile single-event
collapse to staged yielding with stronger interfacial anchoring.

3.1.2 AFM analysis of DPPC liposomes on BSA monolayer
obtained aer loading doxorubicin (DOX). Aer doxorubicin
(DOX) loading, high-resolution atomic-force-microscopy (AFM)
imaging of the BSA-cushioned DPPC liposome revealed
a batches of lipid bilayer were formed and lipid vesicles with
lower height to width ratio compared to plain DPPC vesicles.
Counting protrusions in three independent 9 × 9 mm scans
yielded a surface number-density of 2.45 ± 0.22 mm−2, con-
rming that most vesicles survive adsorption intact. The domes
rose 10.2 ± 2.6 nm above the surrounding layer, consistent with
moderate attening of ∼100 nm vesicles on a hydrophilic
support. These morphological features are displayed in Fig. 2A–
C. The contiguous background's RMS roughness (Rq) increased
to 1.64± 0.31 nm, roughly twice the value for unloaded controls
(0.82 ± 0.17 nm). This is far above the 0.32–0.35 nm roughness
reported for homogeneous albumin monolayers on mica.40

Force–distance curves were collected from n= 50 vesicles per
condition (DPPC control and DPPC + DOX) for quantitative
analysis of AFM-derived mechanical parameters. For visualiza-
tion clarity, 20 representative force–distance curves from each
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 AFM height images of DPPC liposomes on BSA monolayers: (A) 5.6 × 4.9 mm field, number density 3.42 mm−2, median diameter 40.9 nm;
(B) 2.5 × 2.2 mm field, 8.46 mm−2, 21.7 nm; (C) force–distance traces show single-step, multi-step, and sustained rupture behaviors.
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condition are displayed in Fig. 2D. A single, sharp breakthrough
event was observed in 94% of traces. The rst rupture force
(mean ± SD; n = 50 per condition) increased from 1.32 ± 0.20
nN (DPPC control) to 1.91 ± 0.27 nN (DPPC + DOX), repre-
senting a 45% increase. One-way ANOVA conrmed this
difference was statistically signicant (F= 52.3, p < 0.001; n= 50
per group). Breakthrough depth at rupture (4.4 ± 0.3 nm; n =

50) did not differ signicantly between conditions (p = 0.72)
and matches neutron-reectometry estimates for DPPC bilayer
thickness (z4.3–4.6 nm).41 Apparent Young's modulus (mean±

SD; n = 50) increased from 24 ± 6 MPa (DPPC) to 43 ± 9 MPa
(DPPC + DOX), representing a 79% stiffening (Welch's t-test, p <
0.01). All statistical measures derive from the complete dataset
of n = 50 vesicles per condition; these values lie within the 10–
100 MPa range reported for supported bilayers,42 but must be
interpreted as effective moduli because the Hertz model
assumes a semi-innite half-space while supported bilayers are
thin lms. Collectively, surface coverage, Rq, Fb, db, and E
indicate that DOX does not induce mass lysis of the vesicle
population but does make individual bilayers mechanically
stiffer and their BSA support rougher. The simplest explanation
is DOX intercalation into the outer leaet, increasing van der
Waals coupling across the mid-plane without global swelling;
this behavior is supported by MD where DOX inserts between
acyl chains, raising local order and stiffening the membrane.43

While anthracyclines are known to catalyze lipid peroxidation
under certain conditions,44,45 our current experimental setup
did not explicitly probe for oxidative derivatives. Therefore, the
observed stiffening is most parsimoniously attributed to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
demonstrated increase in van der Waals contacts and head-
group packing density rather than chemical modication of the
lipid tails.

3.2.1 Supramolecular rearrangement with retained protein
fold. Aer 150 ns of explicit-solvent all-atom molecular
dynamics simulation, the Dox–BSA–DPPC assembly displays
a striking dichotomy between a dynamically responsive drug–
lipid mantle and a mechanically steadfast albumin core. The
supramolecular backbone RMSD of the entire complex
increases sigmoidally from an initial value of 0.33 nm to
a plateau of 4.49± 0.28 nm during the nal 30 ns (Fig. 3A, black
trace), with a segmented linear t revealing an early growth rate
of 0.071 nm ns−1 (0–50 ns, R2= 0.91, p= 2× 10−11), followed by
a slope indistinguishable from zero beyond 120 ns (p= 0.63). In
stark contrast, the backbone RMSD of albumin alone remains
tightly conned to 0.33 ± 0.04 nm (maximum excursion equals
0.44 nm, coefficient of variation equals 12 percent), and a Lev-
ene test comparing its variance against the initial 5 ns conrms
statistical indistinguishability (p equals 0.28). A one-sample t-
test against the 1 nm crystallographic unfolding threshold
yields t = −163, p < 10−300, establishing the protein's fold as
conformationally invariant throughout.

The global architecture of the assembly undergoes marked
expansion, with the radius of gyration increasing from 3.53 nm
to 4.51 ± 0.21 nm (D = +0.98 ± 0.08 nm; Fig. 3B), representing
a 28 ± 2% growth that is statistically signicant (p = 1.7 ×

10−64, Welch's test; Fig. 3B). The Rg of albumin alone remains
nearly static at 2.74 ± 0.03 nm, further conrming that the
dimensional expansion stems from rearrangements in the
Nanoscale Adv.
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Fig. 2 Atomic-force-microscopy characterization of BSA-cushioned DPPC liposomes after doxorubicin loading. (A) Large-area height map (9×

9 mm; Z-scale −10 to +15 nm) showing a carpet-like distribution of intact vesicles. (B) Intermediate zoom (2 × 2 mm) emphasizes the dome-
shaped morphology of single liposomes. (C) High-resolution scan (1 × 1 mm) reveals the roughened background attributed to lipid–protein
debris. (D) Representative force–separation curves collected on vesicles (bold traces) and on the supporting film (thin traces); arrows mark the
first breakthrough event, which shifts fromz1.3 nN in unloaded controls toz1.9 nN after drug loading, highlighting the DOX-induced stiffening
phenomenon.
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lipid–ligand envelope rather than the protein core. Autocorre-
lation analysis of the complex's Rg yields a characteristic relax-
ation time of 7.6 ns, reecting the timescale of structural
equilibration. Concomitantly, albumin's solvent-accessible
surface area (SASA) remains remarkably consistent across the
simulation window (Fig. 3C), uctuating narrowly between 283
and 303 nm2, with a mean of 292 ± 4 nm2 and a non-signicant
linear slope of 0.018 nm2 ns−1 (R2 = 0.04, p = 0.12; Fig. 3C).
These minor variations, representing less than 4% dri,
conrm that the protein does not undergo surface unfolding or
domain separation.

The DOX–BSA minimum heavy-atom contact distance
stabilizes at 0.32 ± 0.01 nm aer approximately 50 ns of
simulation, with greater than 90 percent of frames maintaining
distances below 0.35 nm within the nal 30 ns of each trajec-
tory. The center-of-geometry separation between DOX and BSA
equilibrates at 1.58 ± 0.06 nm, consistent with the drug occu-
pying a partially buried pocket near the protein surface rather
than complete membrane insertion, with ∼90% of frames
Nanoscale Adv.
<1.70 nm within 12 ns (Fig. 3C). Hydrogen-bond analysis (Fig.
3E), using a 0.35 nm cutoff and 30° angular constraint, reveals
an average of 2.9 ± 0.6 DOX–BSA hydrogen bonds per frame,
with >50% occupancy for Lys431 NH3

+–DOX carbonyl interac-
tions. These observations highlight a tightly maintained drug–
protein interface. Radial distribution function (RDF) analysis
further supports this interaction delity. The Dox–BSA RDF
exhibits a sharp rst-shell peak at 1.01 ± 0.02 nm with
a maximum gmax of 15.5 ± 0.8, and a coordination number of
4.7 ± 0.3 integrated to the rst minimum (1.45 nm), signifying
strong and specic binding (Fig. 3F). In contrast, the Dox–lipid
RDF is nearly at within 2 nm (g z 0.04) and only modestly
increases to ∼1.6 ± 0.2 beyond 6.3 nm, statistically validating
BSA as both the kinetic and thermodynamic sink for DOX
molecules (KS test D = 0.91, p < 10−50).

Residue-wise root mean square uctuation (RMSF) mapping
provides insight into the spatially localized exibility of the
protein scaffold (Fig. 3D). The global mean uctuation is
0.087 nm, with 17 residues surpassing the m + 3s threshold of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural evolution of the DOX–BSA–DPPC system from MD simulations. (A) RMSD shows supramolecular rearrangement plateauing at
4.49 ± 0.28 nm, while BSA alone remains stable at 0.33 ± 0.04 nm. (B) Radius of gyration increases from approximately 3.53 nm to 4.51 ± 0.21
nm, consistent with expansion and reorganization of the supramolecular assembly. (C) SASA stays narrowly between 283–303 nm2 (mean 292±

4 nm2). (D) RMSF shows global mean 0.087 nm with peaks at flexible loops (residues 78–86, 113–117, 494–511, 556–566). (E) Time-resolved
DOX–BSA hydrogen-bond analysis shows intermittent hydrogen-bond formation throughout the trajectory, supporting a dynamic rather than
permanently locked binding interface. (F) RDF reveals a sharp DOX–BSA peak at 1.01 ± 0.02 nm (g = 15.5 ± 0.8) versus a flat DOX–lipid profile,
indicating BSA as the primary binding sink.
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0.18 nm. The most dynamic segment spans residues 556–566,
peaking at 0.388 nm. Additional labile regions are observed at
residues 78–86, 113–117, and 494–511, all corresponding to
loop regions between helical domains. An ANOVA across
domains yields F(2,576)= 49.3, p= 1.4× 10−19, conrming that
the enhanced mobility is concentrated within the domain II/III
hinge. These results suggest a functionally adaptive hinge
architecture, enabling conformational accommodation of DOX
binding without perturbing the core tertiary structure—
a dynamic behavior corroborated by previous crystallographic
and MD analyses of serum albumin–ligand complexes.46

Importantly, this internal hinge exibility has mechanical
consequences at the membrane interface. The protein's supra-
molecular expansion correlates with atomic force microscopy
(AFM) nano-indentation data on matched samples, where the
Young's modulus of the DPPC bilayer increases by 79 ± 12%,
and the root-mean-square surface roughness (R_q) doubles
from 0.8 to 1.6 nm. Pearson correlation between condition-wise
© 2026 The Author(s). Published by the Royal Society of Chemistry
mean complex R_g (averaged over n = 3 independent MD
replicas per condition) and condition-wise mean AFM stiffness
(averaged over vesicle force curves per condition; n = 50 vesi-
cles, with 20 representative curves shown in Fig. 2D) across ve
experimental conditions yields r = 0.77, p = 0.003. These
ndings support a piston-and-damper model in which albu-
min's rigid a-helical core acts as a mechanical transducer,
transmitting compressive stress via mobile loops into the outer
lipid leaet. The result is local membrane stiffening without
global delamination—consistent with observed SASA constancy
(Fig. 3C) and prior neutron reectometry data placing uid
DPPC bilayer thickness between 4.1–4.6 nm.47

Overall, these multi-modal structural observations converge
on a unied mechanism: BSA retains a rigid core while strate-
gically mobilizing surface-exposed loops to accommodate DOX
and redistribute mechanical stress. The tight DOX–protein
proximity (0.32 ± 0.01 nm; Fig. 3C), strong RDF peak (gmax =

15.5; Fig. 3F), and limited hydrogen bonding suggest that van
Nanoscale Adv.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00987a


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

5:
09

:4
0 

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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
der Waals and p–cation interactions dominate the energy
landscape. The hinge-driven expansion generates functional
consequences for membrane mechanics and drug retention.
Notably, the derived quantitative thresholds (e.g., maximum
tolerated RMSD of 0.44 nm, loop autocorrelation s = 1.1 ns,
complex Rg expansion limit of ∼35%) provide concrete design
constraints for future drug-carrier systems. Engineering strate-
gies such as hinge-mutation screening, PEGylation within the
∼1–2 nm lubrication gap, and ROS-scavenging lipid formula-
tions could all be rationally tuned using these biophysical
benchmarks.

3.2.2 Albumin-mediated remodeling of membrane order
and topology. To validate our DPPC parameterization and
contextualize our results, we compared key bilayer metrics with
established simulation and scattering benchmarks. The
phosphate-to-phosphate headgroup separation ofz3.6–4.6 nm
falls within the range reported for atomistic DPPC bilayers and
neutron reectometry studies, including recent CHARMM36-
based simulations and experimental measurements50 indi-
cating values near 3.8–4.5 nm under comparable hydration and
temperature conditions. The area per lipid (APL) obtained from
our OPLS3e simulations exhibits a modest contraction relative
to canonical uid-phase DPPC values (z0.62–0.64 nm2 at
physiological temperature). This offset is consistent with
previous reports showing that several all-atom force elds,
particularly OPLS variants, slightly underestimate lateral area
while accurately reproducing bilayer thickness and order
parameters.

Importantly, despite this minor APL contraction, bilayer
thickness remains within experimental uncertainty. This indi-
cates that the observed DOX- and BSA-induced mechanical
effects—manifested as increased local packing and apparent
modulus—do not arise from gross bilayer distortion but rather
reect genuine redistribution of headgroup packing and local
order. Consequently, the AFM-observed stiffening is interpreted
as a bona de interfacial effect rather than an artifact of base-
line membrane geometry.

Bovine serum albumin (BSA) exerts a profound yet non-
destructive inuence on lipid membrane architecture, as
demonstrated through combined analyses of lipid order, bilayer
thickness, and protein–lipid proximity.

In Fig. 4A, the time-resolved lipid acyl-chain order parameter
(SCD) reveals a signicant reduction in tail alignment upon BSA
binding. Specically, the mean SCD value declines from 0.188±
0.072 (control) to 0.159 ± 0.063 (BSA-treated), reecting
a ∼15.0% decrease (pz 9.13 × 10−33; Cohen's dz 0.42). All 16
carbon positions along the DPPC tails show statistically signif-
icant reductions (t-tests, p < 10−28), with the largest differences
observed at proximal carbons (C1–C4), where van der Waals
constraints are most sensitive to protein surface interaction.
Notably, this disordering effect does not propagate deeply—the
DSCD tapers toward the terminal carbons (C15–C16)—consis-
tent with shallow insertion or lateral gliding of the protein
rather than full bilayer penetration.

Fig. 4B presents the membrane mass-density prole along
the bilayer normal (z-axis). Two pronounced peaks at 2.2 ±

0.1 nm and 10.3 ± 0.1 nm dene the bilayer leaets, separated
Nanoscale Adv.
by a trough at ∼6.3 nm, yielding a hydrophobic core thickness
of 8.1 ± 0.2 nm. This measurement aligns closely with neutron
reectivity values reported for POPC and DPPC membranes
(8.0–8.3 nm).41 Importantly, the order–thickness decoupling is
evident: despite a measurable reduction in acyl order, the
bilayer span remains unchanged, indicating that outer-leaet
disorder is compensated by inner-tail compression. This
phenomenon explains why atomic force microscopy (AFM)
studies detect a ∼79% modulus increase in BSA-laden vesi-
cles—structural integrity is preserved, while lateral packing is
selectively perturbed.

In Fig. 4C, the minimum heavy-atom contact distance
between BSA and lipid headgroups stabilizes at 0.32 ± 0.01 nm
(sc z 2.2 ns) aer ∼50 ns. The contact autocorrelation time (sc)
is approximately 2.2 ns, suggesting rapid stick-and-slip inter-
actions typical of dynamic interfacial anchoring. This tight
contact—well within the range of hydrogen bonding and p–

cation stacking—implies persistent, non-covalent adhesion
mediated by lysine–phosphate or arginine–carbonyl interac-
tions, and by DOX's planar rings engaging lipid headgroups.
This model is consistent with the sharp rst-shell peak in the
radial distribution function of DOX around BSA (gmax z 15.5,
Fig. 3F), reinforcing BSA's role as a drug-retaining interfacial
cushion.

Statistically, the lipid disordering trend is robust across all
tested metrics. Shapiro–Wilk tests conrmed slight non-
normality (p < 0.05), yet both parametric (t-test) and non-
parametric (Mann–Whitney U, Kolmogorov–Smirnov) tests
yielded highly signicant p-values (<10−250). These ndings are
strengthened by effect sizes at the per-carbon level, with the
greatest structural perturbations localized to early tail
segments—a pattern characteristic of surface-gliding ligands,
as previously observed for a-tocopherol and amphipathic
peptides.48

Taken together, the data show that BSA engages the
membrane through tight interfacial anchoring and local uid-
ization, without compromising bilayer thickness or integrity.
This behavior aligns with known amphipathic binding mecha-
nisms and extends earlier ndings on DOX–BSA interactions.
The conserved bilayer span, despite substantial local disorder,
suggests a mechanically tuned membrane–protein interaction
regime, capable of tolerating strain while supporting functional
cargo retention and pH-sensitive drug release.

3.2.3 Hinge-like elasticity and allosteric damping in
albumin. The conformational behavior of bovine serum
albumin (BSA) during membrane engagement reveals a nely
tuned balance between structural rigidity and local exibility,
critical for its role as a transport scaffold. As shown in Fig. 5A,
the dihedral-angle density map for 361 backbone 4/c pairs
sampled throughout the 150 ns trajectory identies four
dominant modes centered at approximately −155° (28% of
observations), −60° (39%), +60° (11%), and +150° (22%). These
distributions reect two fundamental structural motifs:
canonical a-helices (−60°) and turn/bend regions (±150°),
which act as conformational joints between helices. Notably,
the full-width at half-maximum (FWHM) for these peaks varies:
the −60° a-helix peak is relatively narrow (FWHM z 12°),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 BSA-induced lipid membrane remodeling. (A) Lipid acyl-chain deuterium order parameter (SCD) averaged across 16 carbons shows
a reduction from 0.188 ± 0.072 to 0.159 ± 0.063 (15% decrease, p < 10−32), with greatest change at carbons C1–C4. (B) Mass-density profile
along the bilayer normal displays phosphate peaks at 2.2 ± 0.1 nm and 10.3 ± 0.1 nm, defining an 8.1 ± 0.2 nm thickness unchanged by BSA
binding. (C) Minimum heavy-atom distance between BSA and lipid headgroups stabilizes at 0.32± 0.01 nmwith an autocorrelation decay time of
∼2.2 ns, indicating persistent anchoring via hydrogen bonds, electrostatics, and aromatic interactions that modulate headgroup packing.
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indicating mechanical rigidity, while the broader ±150° lobes
(FWHM z 28°) underscore the dynamic exibility inherent to
loop and hinge regions.

These local torsional preferences are further contextualized
by the dynamic cross-correlation matrix (DCCM) shown in
Fig. 5B. Calculated over a 600 × 600 residue matrix with
a threshold jCj > 0.25, the DCCM reveals that 57% of residue
pairs are positively correlated, 40% are negatively correlated,
and only 3% are uncorrelated. Three pronounced anticorrelated
regions dominate the map: residues 50–120 versus 200–280,
corresponding to domain I versus II interactions; residues 240–
320 versus 380–460, encompassing the hinge-loop region and
the Sudlow-site I oor; and residues 500–579 versus 1–80, link-
ing the C-terminal loop to the N-terminal helix bundle. These
domains collectively demonstrate that local conformational
uctuations, particularly in loop-rich zones, propagate long-
range compensatory motions across the molecule—support-
ing the concept of concerted domain breathing.

Such internal damping mechanisms have direct functional
implications. For instance, localized exing in the Sudlow-site
cavity, where residues such as ARG458, GLU424, and LYS431
are situated, is counterbalanced by coordinated piston-like
movements in distal helical domains. These long-range nega-
tive correlations stabilize the global fold even during ligand-
induced stress such as doxorubicin (DOX) insertion. This
behavior mirrors analogous patterns previously observed in
ligand-bound human serum albumin (HSA) through multi-
microsecond molecular dynamics simulations, further
© 2026 The Author(s). Published by the Royal Society of Chemistry
supporting the conserved nature of albumin's allosteric damp-
ing mechanisms as documented in earlier reports.49

In parallel, the secondary structure census presented in
Fig. 5C conrms the a-helical dominance of the protein archi-
tecture. DSSP analysis over 1501 snapshots, sampled every 100
ps, yields 622 949 helical assignments (71.68%), with coils and
turns accounting for 245 633 instances (28.26%) and b-sheets
contributing a negligible 497 instances (0.06%). This composi-
tional prole reects a rigid helical scaffold that is super-
imposed with exible coils—an architectural duality that
facilitates both mechanical integrity and adaptive deformation.
Although helix-to-coil transitions are present (estimated at ∼5
× 104 events over the 150 ns trajectory), they are largely conned
to local torsional adjustments within the ±150° basins and do
not involve domain-spanning rearrangements.

Frame-to-frame uctuations in secondary structure content
are minimal, with the standard deviation of the helical fraction
(SDHelix) measured at 3.1% and that of the coil fraction (SDCoil)
at 2.7%. These modest variances, coupled with the persistently
low protein backbone RMSD (∼0.33 ± 0.04 nm) and a stable
solvent-accessible surface area (292 ± 4 nm2), reinforce that
DOX binding does not induce unfolding or melting, but rather
promotes hinge-bending exion localized at looped regions.
This mechanical exibility allows albumin to adjust its domain
orientations dynamically while maintaining continuous contact
with the surrounding lipid membrane, a behavior consistent
with prior AFM-based studies where liposomal constructs
Nanoscale Adv.
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Fig. 5 Conformational dynamics of BSA. (A) Dihedral-angle density map: four persistent torsional basins identified at −155° (28%), −60° (39%),
+60° (11%), and +150° (22%), corresponding to a-helical and turn/bendmotifs. The−60° peak (FWHMz 12°) reflects rigid helices, while broader
±150° peaks (FWHMz 28°) indicate dynamic loops. (B) Dynamic cross-correlation matrix (DCCM): 600 × 600 grid of residue–pair correlations
reveals three dominant anticorrelated blocks, with jCj values up to −0.52, supporting compensatory domain breathing during ligand-induced
stress. (C) DSSP analysis across 1501 snapshots showing a-helices (71.68%, 622 949 instances), coils/turns (28.26%, 245 633 instances), and b-
sheets (0.06%, 497 instances). High helix-to-coil ratio supports membrane-anchoring rigidity and hinge-mediated flexibility.
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incorporating albumin exhibited a 79% increase in Young's
modulus without evidence of membrane rupture.

The complete absence of b-sheet content in BSA further
distinguishes its mechanism of membrane interaction from
other proteins such as amyloid peptides, which typically rely on
b-rich architectures to penetrate or destabilize lipid bilayers.
Instead, BSA's helical amphipathicity facilitates so insertion
into the outer leaet of DPPCmembranes without causing lysis,
contributing to bilayer stiffening rather than rupture. These
features underscore albumin's unique functional duality—not
only as a high-capacity transport protein, but also as a biome-
chanical buffer that conforms in real-time to variable
membrane geometries and ligand-induced perturbations.

Quantitatively, the data provide a coherent picture of how
BSA's mechanical properties are partitioned: the narrow a-
helical 4/c peak and high helical prevalence supply load-
bearing struts, while the broad ±150° torsion basins and
three anticorrelated loop blocks (mean C z −0.50 ± 0.05)
furnish elastic joints that redistribute ligand-induced strain.
Despite the 28% radius-of-gyration ination associated with
DOX and lipid interactions, the albumin backbone remains
below 0.44 nm RMSD, with loop hotspots reaching up to
0.388 nm RMSF. Autocorrelation analysis of helix fraction
Nanoscale Adv.
decays to 1/e within 1.1 ns, dening the damping constant of
this hinge-mediated adaptation network. These values establish
performance limits for future nanocarrier design strategies.
Mutating hinge residues, PEGylating coil loops, or introducing
polymer tethers must preserve these metrics within ±15% to
ensure retention of BSA's native damping capacity—thereby
guiding the rational development of albumin-based delivery
platforms.

3.2.4 Energetic landscape: per-residue MM-PBSA decom-
position. Energy decomposition of the DOX–BSA complex (MM-
PBSA, 10 evenly spaced frames; 298.15 K) shows that doxoru-
bicin binds to albumin with a moderate but reproducible
affinity (Fig. 6A–C). The ensemble-averaged binding free energy
is DTOTAL = −4.47 ± 2.85 kcal mol−1 (SD; SEM = 0.90; 95% CI
= ± 2.04), indicating a stable binding mode across the sampled
conformations. Component analysis reveals that van der Waals
interactions dominate stabilization (VDWAALS = −15.97 ±

1.45; SEM = 0.46; 95% CI = ± 1.04), followed by smaller elec-
trostatic contributions (EEL = −5.70 ± 5.53; SEM = 1.75; 95%
CI = ± 3.96) and non-polar solvation (ESURF = −2.66 ± 0.30;
SEM = 0.09; 95% CI = ± 0.20). These are partially offset by
a positive polar solvation penalty (EGB = +19.86 ± 4.40; SEM =

1.39; 95% CI=± 3.14), yielding the modest but negative net DG
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 MM-PBSA energy component contributions (kcal mol−1; n =
10)

Frames VDWAALS EEL EGB ESURF GGAS GSOLV TOTAL

Average −15.97 −5.70 +19.86 −2.66 −21.67 +17.20 −4.47
SD 1.45 5.53 4.40 0.30 5.99 4.21 2.85
SEM 0.46 1.75 1.39 0.09 1.89 1.33 0.90
95% CI �1.04 �3.96 �3.14 �0.20 �4.28 �3.01 �2.04
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(Table 2). In proportional terms, van der Waals forces account
for ∼65.6% of the total stabilizing energy, with electrostatics
and non-polar surface work contributing ∼23.4% and ∼10.9%,
respectively. The high variance in EGB reects sensitivity of the
local dielectric environment to microrearrangements in the
binding pocket, whereas VDWAALS shows tight dispersion,
consistent with hydrophobic/dispersion locking of the ligand
once bound.

Residue-wise decomposition (Fig. 6A) identies a triad of
energetic hotspots: ARG458 (DGres = −247.75 kcal mol−1),
GLU424 (−74.81), and LYS431 (−31.35). The absolute magni-
tudes of these per-residue contributions are inated by known
Generalized Born decomposition artefacts and should therefore
be interpreted strictly as relative interaction scores for hotspot
identication rather than physical free energies. The relatively
large standard deviation of the total binding free energy reects
the dynamic, surface-exposed binding mode and inherent
limitations of the implicit solvent model. Mechanistically,
ARG458 furnishes dominant electrostatic attraction (EEL =

−284.24; offset by EGB = +12.08), GLU424 shows a balanced
electrostatic–desolvation prole (−43.78 vs. −49.07), and
LYS431 provides mixed electrostatic/dispersion stabilization
Fig. 6 Thermodynamic and energetic profiling of doxorubicin–BSA bind
LYS431 as dominant stabilizers. (B) Component averages (VDWAALS, EE
stabilization opposed by polar desolvation. (C) Mean ± SD of DTOTAL a

© 2026 The Author(s). Published by the Royal Society of Chemistry
(EEL=−15.79; VDW=−5.14). Hydrophobic neighbors LEU454
and ILE455 contribute dispersion reinforcement (VDW = −7.82
and −7.06) but are net destabilizing aer solvation.

Temporal statistics across the 10-frame window conrm
stable energetics (Fig. 6C): DTOTAL uctuates narrowly, and
SEMs for dominant non-polar terms are low (e.g., VDWAALS =

0.46; ESURF = 0.09). Combined with our structural metrics
(complex RMSD plateau 4.49 ± 0.28 nm; protein-only RMSD =

0.33 ± 0.04 nm; SASA = 292 ± 4 nm2), these results support
a binding mode in which DOX occupies a partially buried
pocket, stabilized primarily by dispersion and short-range
ing. (A) Per-residue DG (TOTALAvg) highlighting ARG458, GLU424, and
L, EGB, ESURF, GGAS, GSOLV, TOTAL) showing dispersion-dominated
cross 10 frames, indicating stable energetics.
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electrostatics, with solvent reorganization around charged
groups contributing the polar penalty.

Together, our AFM and MD results converge on a single
mechanism: albumin buffers DOX at themembrane interface to
increase interfacial cohesion without changing bilayer geom-
etry. AFM shows that BSA–DOX stiffens and toughens DPPC—
Eapp rises by ∼79% and rupture force by ∼45%—while
thickness-sensitive readouts stay constant. MD independently
conrms unchanged head-to-head thickness (∼3.6–4.6 nm) yet
reveals the “clue” behind the mechanical shi: denser head-
group packing on the albumin-facing leaet, a slight local
hydration decit, and higher drug/protein–lipid contact
density, with acyl-chain core positions unaltered. MM-PBSA
calculations indicate modest DOX binding to BSA (DG z −4.5
± 2.9 kcal mol−1) and stable albumin fold (backbone RMSD
∼0.33 nm), while dynamic cross-correlations expose anti-
correlated hinge blocks that dissipate ligand-induced stress on
the nanosecond scale. Mapping AFM observables to MD
descriptors (interfacial packing, hydration decit, and contact
density) quantitatively explains the stiffer, tougher bilayers at
constant thickness. In short, BSA–DOX redistributes interac-
tions at the headgroup–water boundary—hardening the
membrane without global thickening—completing a consistent
AFM–MD narrative from molecule to mechanics.
4. Limitations and future directions

First, our molecular dynamics simulations employ a single BSA
molecule and single DOX molecule interacting with a 128-lipid
bilayer patch. This simplied architecture cannot capture
protein–protein cooperativity, lateral crowding effects, or the
collective mechanical response of a dense albumin corona
observed experimentally. While computationally necessary for
atomic-resolution trajectories, this design limits direct quanti-
tative comparison to AFM measurements that probe thousands
of protein–lipid contacts simultaneously. The 150 ns simulation
timescale, though sufficient to observe RMSD plateau and
identify dominant binding modes, may not sample rare
conformational transitions or long-timescale reorganization
events that occur on microsecond timescales. Extended simu-
lations or enhanced sampling methods such as replica
exchange molecular dynamics would strengthen condence in
the thermodynamic convergence of our reported metrics.

Second, our force-eld selection (OPLS3e for protein, lipid,
and ligand with TIP3P water) deviates from the more commonly
validated CHARMM36 lipid force eld. While OPLS3e has
demonstrated accuracy for protein–ligand binding in aqueous
environments, its parameterization for zwitterionic phospho-
lipids has received less extensive validation against experi-
mental bilayer properties. We did not perform benchmark
simulations of pure DPPC bilayers to conrm that OPLS3e
reproduces experimental area per lipid (approximately 0.64 nm2

at 323 K) or deuterium order parameters. This omission intro-
duces uncertainty into our absolute SCD values, though relative
comparisons between BSA-containing and control systems
remain internally consistent.
Nanoscale Adv.
Third, the MM-PBSA binding free energy calculation yields
a modest affinity (−4.47 ± 2.85 kcal mol−1) with high variance
(standard deviation exceeding 60% of the mean). This uncer-
tainty reects inherent limitations of implicit solvation models,
which approximate the complex electrostatic environment of
a protein–membrane interface using dielectric continuum
theory. The astronomically high per-residue energy values (e.g.,
ARG458=−247.75 kcal mol−1) are well-documented artifacts of
the GB decomposition scheme that arise from incomplete
cancellation of intramolecular terms. These values are useful
only for identifying binding hotspots in relative ranking but
cannot be interpreted as physically meaningful energies. A
more rigorous estimate of DOX–BSA binding affinity would
require MM-PBSA calculations or free-energy perturbation
along a well-dened reaction coordinate, methods that were
beyond the scope of this study.

Fourth, our AFM analysis applies Hertzian contact
mechanics and thin-shell deformation theory to supported
vesicles on a protein cushion. These models assume homoge-
neous, isotropic elastic properties and semi-innite substrate
geometry, approximations that break down for nanoscale lipid
bilayers with asymmetric protein coatings and heterogeneous
mechanical domains. The apparent Young's moduli we report
(24–43 MPa) represent effective stiffness values that convolve
intrinsic bilayer elasticity with protein-cushion compliance and
tip-sample adhesion effects. Quantitative interpretation of these
values as material constants would require nite-element
modeling or direct comparison to micropipette aspiration
measurements under controlled geometries.

Fih, we establish a statistical correlation (r = 0.77, p =

0.003) between the complex radius of gyration from MD simu-
lations and AFM-measured stiffness. While suggestive of
a mechanistic link, this correlation is based on only ve inde-
pendent data points (three MD replicates paired with two AFM
sample sets) and does not constitute proof of causation. The
physical basis for this relationship—how expansion of a single
protein–lipid–drug complex translates to macroscopic vesicle
stiffening—requires more direct validation, such as coarse-
grained simulations of full liposomes with multiple BSA mole-
cules or combined AFM-uorescence measurements tracking
protein density and mechanical response simultaneously.

Sixth, we invoke DOX-driven lipid peroxidation as a potential
mechanism for membrane stiffening but provide no direct
evidence for reactive oxygen species generation or oxidized lipid
products in our experimental or computational systems. The
simulations were performed under reducing conditions without
explicit parameterization of radical chemistry, and AFM
measurements were conducted in oxygen-saturated buffer
without antioxidants, introducing ambiguity about the contri-
bution of oxidative damage versus direct van der Waals inter-
actions to the observed mechanics.

We modelled DOX in its neutral form at pH 7.4 (pKa z 8.2) to
represent the fraction of molecules that partition into hydro-
phobic environments.16 This approximation ignores the coexis-
tence of protonated species (an estimated ∼15–25% positive
fraction at pH 7.4), andmay therefore underestimate electrostatic
interactions with BSA and lipid headgroups. Future studies
© 2026 The Author(s). Published by the Royal Society of Chemistry
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should explicitly address protonation equilibria (for example,
constant-pH MD or parallel simulations of neutral and proton-
ated DOX) to quantify the inuence of charge state on binding
and membrane partitioning. Additionally, the MM-PBSA
approach used here provides useful relative rankings but
carries known limitations (implicit solvent, dielectric sensitivity
and per-residue ination); rigorous alchemical or path-sampling
free-energy methods are needed for absolute affinities.

Despite these limitations, our integrated AFM-MD approach
provides the rst atomic-resolution structural explanation for
albumin-mediated membrane stiffening and establishes quan-
titative benchmarks (maximum protein RMSD <0.44 nm, hinge
autocorrelation time ∼2 ns, drug–protein contact gap 0.32 ±

0.01 nm) that can guide rational design of next-generation
liposomal carriers. Addressing the limitations outlined above
through multi-protein simulations, enhanced sampling, direct
force-eld benchmarking, and oxidative stress modeling will
strengthen these design principles and facilitate translation to
clinical formulations.
5. Conclusion

Our results support a model in which serum albumin acts as
a mechanically active, hinge-buffered scaffold at the liposome–
blood interface, capable of modulating membrane mechanics
when loaded with DOX. Combining corona-aware surface
chemistries with bilayer reinforcement and quantitative spatial
analytics offers a rational route to improve anthracycline carriers.
Specically, the quantitative benchmarks identied here (e.g.,
protein RMSD ceiling <0.45 nm; DOX–protein minimum heavy-
atom contact distance 0.32 ± 0.01 nm; hinge autocorrelation
times on the order of 1–2 ns; bilayer modulus shis z79%)
provide design targets for engineering strategies such as hinge-
directed mutagenesis, site-selective PEGylation, sterol tethering,
or inclusion of ROS-scavenging lipids. Translational imple-
mentation should be guided by orthogonal validation (multi-
protein coronas, coarse-grained liposome simulations, oxidative
stress assays, and in vitro pharmacokinetics) to ensure that
mechanical optimisations do not compromise biological perfor-
mance. By anchoring formulation choices to measurable
biophysical constraints, albumin-cushioned nanocarriers can be
shied from empirically tuned systems toward mechanically
guided, hypothesis-driven designs.
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