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A B S T R A C T

Understanding the interaction between dendritic nanostructures and plasma proteins is critical for optimizing 
their in vivo behavior and biocompatibility. In this study, we investigate the binding of human serum albumin 
(HSA) to a set of amphiphilic poly(amidoamine) dendrimers, both as individual monomers and as self-assembled 
charged nanomicelles (1@-A, 1@-TA, and 1@-COOH). A comprehensive set of techniques, including fluores
cence spectroscopy, circular dichroism, isothermal titration calorimetry, dynamic light scattering, and atomistic 
molecular dynamics simulations, was employed to assess binding affinity, conformational effects, and complex 
stoichiometry resulting from the interactions between the serum protein and the dendritic nanostructures. 
Isothermal titration calorimetry quantified stronger HSA binding for nanomicelles (Kd = 1.15 ± 0.64 μM for 1@- 
A; 4.29 ± 0.57 μM for 1@-COOH; 8.10 ± 0.11 μM for 1@-TA) relative to monomers (Kd = 112 ± 11, 89 ± 21, 
and 104 ± 18 μM for 1-A, 1-TA, and 1-COOH, respectively). The thermodynamic signatures differed markedly: 
nanomicelles exhibited favorable enthalpy (ΔH = − 4.07 ± 0.05 to − 6.53 ± 0.04 kcal/mol) with modest entropic 
contributions (− TΔS = − 4.09 ± 0.40 to − 0.80 ± 0.04 kcal/mol), whereas monomers were entropy-driven (ΔH 
= +2.88 ± 0.14 to +3.12 ± 0.10 kcal/mol; − TΔS = − 8.51 ± 0.21 to − 8.41 ± 0.23). Spectroscopic analyses 
indicated that HSA retained its secondary and tertiary structures upon interaction and confirmed the formation 
of stable protein–nanomicelle complexes. Computational modeling revealed distinct interaction patterns at the 
HSA–nanomicelle interface. Together, these findings demonstrate how the structural and surface properties of 
dendritic nanomicelles can modulate their interaction with proteins, offering valuable insights for future design 
strategies. Given that the formation of a soft protein corona, especially around micelles, plays a pivotal role in 
protein–nanomaterial interactions, the results presented here may constitute a key step toward the rational 
design of next-generation nanomedicine platforms.

1. Introduction

With the increasing incidence of hard-to-treat infections, bacterial 
resistance to antibiotics has become a major global health concern [1]. 
In this context, the development of novel antibacterial agents is imper
ative. Amphiphilic antibacterial detergents and compounds that mimic 
naturally occurring antimicrobial peptides represent particularly 
promising candidates. Among these, poly(amidoamine) (PAMAM) 
dendrimers have attracted considerable interest due to their exceptional 
biocompatibility - conferred by their peptide-mimetic nature due to 
peptide mimicry, and their resistance to enzymatic degradation, which 

is afforded by their dendritic architecture. In addition, they can be easily 
obtained through robust synthetic protocols and commercial sources. 
Building on our previous work, we have shown that amphiphilic den
drimers (AD) composed of a small hydrophilic PAMAM dendron bearing 
a charged terminal group – such as primary amine, tertiary amine, 
carboxylate, or guanidinium - and a long hydrophobic alkyl tail exhibit 
potent antibacterial action [2,3]. Notably, the amine-terminated den
drimer demonstrated a broad spectrum of antibacterial activity against 
drug-resistant strains including both Gram-positive and Gram-negative 
bacteria, as well as in biofilm eradication [2,3], whereas the tertiary 
amine-terminated dendrimer exhibited a selective antibacterial activity 
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against certain drug-resistant Gram-negative bacteria, and the carbox
ylate- and guanidine-terminated dendrimers had no notable antibacte
rial activity. In addition, the antibacterial activity of both tertiary amine- 
and amine-terminated amphiphilic dendrimers was validated in animal 
models of various bacterial infections [3,4].

Considering the potential for future translation of these ADs, 
particular attention has been devoted to investigating their interactions 
with serum proteins and the resulting protein corona, with a focus on 
one of the most abundant components, human serum albumin (HSA). 
Upon exposure to biological environments, nanoscale materials spon
taneously acquire a protein corona on their surface, which can alter their 
physiochemical properties and, consequently, their interactions with 
biological systems, biodistribution and toxicity etc. [5]. The effects of 
proteins adsorption onto nanomaterials can vary substantially in terms 
of structural and biological responses, as reflected by the diverse path
ways and compositions of the resulting coronas. In the context of ther
apeutic nanomedicine, such variability poses a significant challenge, as 
unpredictable profiles can critically influence key outcomes including 
nanostructure (NS) function, cellular uptake, biodistribution, immune 
responses, and toxicity [5]. The composition and behavior of the protein 
corona are closely linked to the physicochemical properties of nano
materials and the complexity of the surrounding biological matrices. 
Numerous factors influence the nature and abundance of proteins 
adsorbed onto NSs, including size, surface charge, hydrophobicity, ri
gidity, and the specific biological milieu. Protein coronas are generally 
classified into two main types - soft and hard -, based the strength and 

dynamics of protein binding [5,6]. The soft corona consists of loosely 
bound proteins that interact reversibly and dynamically with the NS 
surface [5,6]. In contrast, the hard corona is composed of proteins more 
firmly and persistently adsorbed onto the nanomaterials, forming a more 
stable, tightly bound layer [5,6]. Discriminating between soft and hard 
protein corona formation is essential for the rational design and devel
opment of NSs intended for biomedical applications. Actually, the pro
tein corona may act as a protective barrier, modulating the interface 
between a nanomaterial and its biological environment. This duality 
may eventually lead to opposite outcomes: on one hand, the protein 
corona may shield the NS from, e.g., enzymatic degradation and 
improving target affinity, thereby enhancing biological performance. On 
the other hand, however, it might sequester the NS and hinder effective 
interactions with the intended target [5,6].

As a first step, in this study we focused on the formation of the 
protein corona by HSA, the most abundant protein in human plasma. 
Owing to its high concentration in the bloodstream, HSA plays a pivotal 
role in the pharmacokinetics of many drugs, influencing their efficacy, 
delivery rate, biodistribution, and toxicity profiles [7]. In this context, 
we investigated the binding behavior of HSA with a set of structurally 
related amphiphilic dendrons, examined in both their monomeric and 
self-assembled nanomicellar forms. Specifically, we explored and char
acterized the interactions between HSA and three ADs bearing either 
positively charged head groups, i.e., primary (1-A) or tertiary (1-TA) 
amines, or a negatively charged group (carboxylic acid 1-COOH) 
(Fig. 1). Both primary (1-A) or tertiary (1-TA) amine-terminated 

Fig. 1. Chemical structures of AD-PAMAM dendrimers 1-A, 1-TA and 1-COOH bearing different terminal groups.
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dendrimers have previously shown good performance as drug delivery 
nanovectors [8–11] as well as promising antibacterial activity [2–4]. To 
this end, we combined multiple experimental techniques including 
fluorescence spectroscopy (FS), isothermal titration calorimetry (ITC), 
circular dichroism (CD) spectroscopy and dynamic light scattering 
(DLS), with atomistic molecular dynamics (MD) simulations to (i) 
quantify binding affinities and elucidate thermodynamic driving forces, 
(ii) identify interaction hotspots, and (iii) assess structural and confor
mational changes upon complex formation. This integrated approach 
offers valuable insight into the mechanisms of dendrimer–protein 
recognition and supports the rational design of next generation nano
carriers with enhanced biological performance.

2. Materials and methods

2.1. Reagents and chemicals

Globulin and fatty acid-free HSA (A1887) was purchased from Signa 
Aldrich Inc. (Saint Louis, MO, USA). The dendrimers 1-A, 1-TA, and 1- 
COOH were synthesized according to previously reported procedures 
[2,12]. All other reagents and solvents used (analytical grade) were also 
obtained from Sigma Aldrich.

2.2. Sample preparation and analytical procedures

A stock solution of HSA was prepared by dissolving an appropriate 
amount of protein in phosphate-buffered saline 1× (PBS, pH = 7.4). The 
protein concentration was determined by UV spectroscopy using a molar 
extinction coefficient (ε) value of 35,700 M− 1 cm− 1 at a wavelength (λ) 
of 280 nm [13,14]. Stock solutions of the 1-A, 1-TA, and 1-COOH 
dendrimers were prepared in PBS buffer at final concentration of 2.0 
mM.

2.3. Steady-state fluorescence spectroscopy and three-dimensional 
fluorescence spectroscopy

All steady-state fluorescence spectroscopy (SSFS) measurements 
were carried using a FP-8350 spectrofluorometer (Jasco, Japan) 
equipped with a thermostatic cell holder and a 1 cm pathlength quartz 
cuvette. The excitation wavelength (λexc) was set at 280 nm and emis
sion spectra were recorded in the 300–400 nm range at three tempera
tures (298 K, 304 K, and 310 K), using 5 nm excitation and 10 nm 
emission bandwidths. For fluorescence quenching titrations, the HSA 
concentration was kept constant at 2.0 μM, while the concentrations of 
dendrimers (1-A, 1-TA, and 1-COOH) and their nanomicellar forms 
(1@-A, 1@-TA, and 1@-COOH) were varied according to their respec
tive critical micellar concentrations (CMCs; see Figure captions for 
specific values). Each sample was incubated for 2 h at the target tem
perature prior to the acquisition of the corresponding fluorescence 
spectra. All FS data were corrected for inner filter effects according to 
the following Equation. [15]: 

Fcorr = Fobs ×10(Aexc+Aem)/2 (1) 

in which Fcorr and Fobs represent the corrected and observed fluores
cence intensities, respectively, while Aexc and Aem are the absorbances of 
the sample at the excitation (280 nm) and the emission (343 nm) 
wavelengths, respectively. The resulting inner-filter correction was 
modest in all cases (<10 %), with monomeric datasets typically <3 % 
and micellar datasets ≤8 %. Three-dimensional fluorescent spectroscopy 
(3D-FS) spectra were acquired under the same conditions described 
above by scanning λexc from 220 to 350 nm and recording emission 
spectra in the 220–500 nm range at 298 K. To validate the computa
tional docking predictions for HSA/monomer systems, competitive as
says were performed using Warfarin (canonical Sudlow’s site I / FA7 
marker) and stearic acid (fatty-acid site marker consistent with FA 

pockets, including FA5). Fluorescence quenching data were collected as 
described above. Briefly, HSA (2 μM) was pre-incubated with either 
warfarin (2 μM) or stearic acid (2 μM) under the same settings used in 
the main quenching experiments; monomer solutions were then added 
stepwise and emission spectra recorded.

All fluorescence spectroscopy experiments were performed in trip
licate (n = 3). Reported values are mean ± Standard Deviation (SD) 
across the three independent repetitions.

2.4. Ultraviolet–visible (UV–Vis) spectroscopy

UV–Vis absorption spectra were recorded on a Jasco (Japan) V-730 
spectrophotometer at 298 K, using quartz cuvettes (1 cm pathlength). 
Spectra were acquired under the same buffer and concentration condi
tions used for fluorescence assays. Spectra were collected over 240–400 
nm and the experiments were carried out in triplicate (n = 3).

2.5. Isothermal titration calorimetry studies

The thermodynamics of HSA-dendrimer complex formation was 
investigated by isothermal titration calorimetry (ITC) using a MicroCal 
PEAQ-ITC calorimeter (Malvern, UK) at 298 K (cell volume = 208 μL). 
Two types of titration experiments were performed, corresponding to 
the monomeric and micellar forms of the amphiphilic dendrimers. In the 
first series of experiments, the interaction between monomeric den
drimers and HSA was studied under dilute conditions to ensure con
centrations remained below the CMC. For 1-A and 1-TA systems, the 
sample cell was filled with a 5 μM PBS solution of dendrimer, and the 
syringe was loaded with a 50 μM PBS solution of HSA. For 1-COOH, the 
dendrimer and protein concentrations were reduced to 2.5 μM and 25 
μM, respectively. Each titration consisted of 12 sequential injections of 3 
μL of HSA into the dendrimer-containing cell, under constant stirring at 
600 rpm.

In the second set of experiments, HSA was titrated with dendrimeric 
micelles at concentrations well above the CMC as described in our 
previous works [16,17]. The sample cell contained a PBS solution of 
HSA at 30 μM, and the injection syringe was filled with a 900 μM so
lution of each AD system. A total of 18 injections (2.0 μL) were carried 
out under identical stirring conditions (600 rpm). To determine the 
concentration of micellized AD in the sample cell during titration, the 
total dendrimer concentration ([ADtot]) was expressed as the sum of free 
monomers ([ADmon]) and micelles ([ADmic]), according to the following 
relation employing the mass conservation principle [18,19]: 

[ADtot] = [ADmon] +Nagg × [ADmic] (2) 

where Nagg is the micellar aggregation number. This approach allowed 
accurate modeling of the titration curves, which were analyzed using a 
“one set of sites” binding model. The resulting fits were plotted as 
thermograms, providing key thermodynamic parameters including 
binding constant (Kd), enthalpy (ΔH) and entropy (-TΔS) change, and 
Gibbs free energy (ΔG).

Control experiments (not shown) were conducted to account for 
unspecific heats, which were subtracted from the experimental datasets 
to yield the corrected integrated heat values. All measurements were 
carried out in triplicate and results are presented as mean ± SD. Data 
acquisition and analysis were performed using GraphPad Prism 10.2.3 
for Mac (GraphPad Software, San Diego, California USA, www.graphpa 
d.com).

2.6. Far-UV circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra were recorded in the 
200–260 nm range at 298 K using a J-1500 spectropolarimeter (Jasco, 
Japan) equipped with a thermostated cell holder and a PML-534 FDCD 
detector. Measurements were carried out at a scan rate of 20 nm min− 1 
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with a pathlength of 0.2 cm, a step size of 0.5 nm, and a bandwidth of 1 
nm. Spectra were baseline-corrected using the corresponding pure 
buffer spectrum, and each final CD trace represents the average of three 
accumulations. Data were visualized and analyzed using the Jasco 
Spectra Manager software. The secondary structure content of HSA, both 
in the absence and presence of dendrimers (at 2.0 μM, below their CMC) 
and their nanomicellar systems (at 50 μM), was calculated from the 
mean residue ellipticity (MRE) values at 208 nm using the following 
equation: 

MRE208 =
observed CD (mdeg)

10 × Cp × n × l
(3) 

α − helix (%) =

[
( − MRE208 − 4000
(33000 − 4000

]

× 100 (4) 

in which MRE208 is the mean residue ellipticity at λ = 208 nm (expressed 
in deg. cm2 dmol− 1), Cp is the molar concentration of HSA (2.0 μM), n is 
the number of amino acid residues in the protein primary sequence 
(585), and l is the pathlength of the CD cuvette (0.2 cm). The constants 
while 33,000 and 4000 (deg cm2 dmol− 1) represent the characteristic 
MRE208 values of a fully α-helical and a β-sheet/random coil structure, 
respectively. CD spectra were obtained in triplicate (n = 3) and the 
relevant data are reported as mean ± SD.

2.7. Dynamic light scattering and zeta potential measurements

Measurements of nanomicelle hydrodynamic diameter and zeta 
(ζ)-potential were carried out by dynamic light scattering (DLS) on a 
Zetasizer Nano-ZS (Malvern, U.K.) at 298 K. Amphiphilic dendrimers 
and HSA were dissolved in PBS, and measurements were performed 
using a 5.0 mV He–Ne laser (λ = 633 nm) at a backscattering angle θ of 
173◦.

2.8. Computational details

The structural characterization of the monomeric forms of the den
drimers and the self-assembly of the corresponding nanomicelles were 
carried out following the established protocol described in our previous 
studies [2,3,17,20]. The initial configuration of each HSA–AD monomer 
complexes was guided by structural and electrostatic considerations. In 
particular, each monomer features a long hydrophobic C18 tail, 
mimicking the architecture of natural fatty acids (FAs), and a polar head 
group bearing distinct electrostatic signatures. Binding site selection 
was informed by canonical FA-binding regions in HSA [21], further 
refined using electrostatic potential maps computed with Delphi 8.5 
(Fig. S1) [17,22]. Molecular docking was performed with AutoDock 
Vina [23], restricting the search space to selected FA pockets. The top- 
scoring pose for each monomer was used to initialize MD simulations. 
Atomistic models of the HSA/nanomicelle complexes were constructed 
based on electrostatic surface potential analysis of the protein. Although 
HSA is mildly acidic overall, its surface charge distribution is highly 
heterogeneous, with distinct patches of positive and negative potential. 
A large contiguous anionic region, involving domains IA, IIA, and IIB, 
was identified (Fig. S1, left panel) and selected as the interaction site for 
the cationic nanomicelles 1@-A and 1@-TA. Based on the ITC and the 
DLS results, four HSA molecules were arranged around the nanomicelle 
to interface with this negatively charged region. A comparably extended 
cationic region is not evident on the protein surface. However, a posi
tively charged area becomes accessible upon reorientation of HSA to 
expose subdomains IB, IIB, and IIIB (Fig. S1, right panel). This config
uration was used to model the complex with the anionic nanomicelle 
1@-COOH, positioning three HSA molecules near the carboxylate- 
terminated dendrimer surface, according to the experimental evi
dence. All systems were energy-minimized and equilibrated prior to 
production MD runs. Atom types were assigned according to the GAFF2 

force field [24], and partial atomic charges were derived using the RESP 
method via the RED server [25]. The crystal structure of HSA was 
retrieved from the Protein Data Bank (PDB ID: 4K2C) [26] and param
eterized using the AMBER ff14SB force field [27]. To compute the 
electrostatic potential distribution around the HSA surface - required for 
proper positioning of the protein with respect to the charged nano
micelles - we employed the Delphi v8.5 program [22], using the 
following parameters: internal dielectric constant = 4, SCALE = 2.0, 
PERFIL = 70.0, and ionic strength = 0.15 M. Similar parameters were 
adopted to estimate the zeta potential, with explicit ions included and 
the SURFPOT parameter set to 4.0 Å [28].

All systems (monomers, nanomicelles, HSA, and their complexes) 
were solvated in a box of TIP3P water molecules [29], extending at least 
15 Å beyond the solute in all directions. Sodium and chloride ions were 
added to achieve a physiological ionic strength of 0.15 M. Full simula
tion protocols are detailed in our earlier work [2,17,20]. Briefly, each 
system underwent energy minimization, followed by staged equilibra
tion: (i) gradual heating to 298 K and 1.0 atm, and (ii) progressive 
release of positional restraints on solute heavy atoms. Subsequently, 1.0 
μs of unrestrained molecular dynamics (MD) simulations were per
formed in the NPT ensemble. Unless otherwise specified, data for 
structural and energetic analyses were collected from the final 100 ns of 
each trajectory, during which all systems had reached a stable state. 
Binding free energy calculations were performed using the MM/GBSA 
method [30] as implemented in the MMPBSA.py module of AmberTools 
[31], with the internal dielectric constant set to 16 to account for the 
highly charged interface environment. Structural analyses were con
ducted using CPPTRAJ [32] (AMBER22) and custom in-house Python 
scripts. All simulations were performed using AMBER 22 [33] on our 
local hybrid GPU/CPU cluster and on the Marconi-100 high-perfor
mance computing system (CINECA, Italy).

3. Results

3.1. Analysis of fluorescence quenching

Intrinsic fluorescence spectroscopy of HSA – dominated by its single 
tryptophan residue (Trp214) - is a well-established tool for investigating 
conformational changes and protein-ligand interactions [34]. In this 
study, fluorescence quenching experiments were employed to assess the 
binding interactions between HSA and both monomeric and nano
micellar forms of the ADs. However, the quantitative interpretation of 
quenching data, particularly in terms of binding constants (e.g., Ka or n) 
has been increasingly questioned. In particular, van de Weert and col
leagues [35] critically noted that the underlying assumptions of 
Stern–Volmer-based analysis are frequently violated in complex systems 
like HSA/drug ensembles. This is particularly relevant when ligands 
exhibit heterogeneous binding modes, induce local environmental per
turbations near the fluorophore, or promote protein conformation 
changes upon association. As a result, affinity constants derived from 
fluorescence data differ significantly from thermodynamic measure
ments and can even be misleading when interpreted mechanistically.

In light of these considerations, fluorescence data in this study were 
not used to extract thermodynamic binding parameters. Instead, fluo
rescence quenching was employed qualitatively and semi-quantitatively 
to confirm the occurrence of binding events and to compare the relative 
quenching efficiency among the various AD derivatives. The Stern- 
Volmer constant (KSV), obtained by linear fitting of the fluorescence 
intensity ratio (F0/F) versus quencher concentration, is used here as an 
empirical indicator of interaction strength, enabling a comparative 
ranking of the systems. These findings are subsequently interpreted 
alongside calorimetric data, which offer a more rigorous thermody
namic characterization.

Accordingly, changes in the intrinsic fluorescence intensity of HSA 
were monitored upon addition of 1-A, 1-TA, and 1-COOH at concen
trations both below and above their respective CMCs. The corresponding 
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results are showed in Fig. 2 and Fig. S2. A gradual decrease in fluo
rescence intensity was observed with increasing concentrations of both 
the monomeric and nanomicellar forms of each amphiphilic system, 
consistent with binding interactions between the ADs and HSA.

Fluorescence quenching may arise from a variety of mechanisms, 
including dynamic quenching (via molecular collisions), static quench
ing (via complex formation), energy transfer, or conformational changes 
in the protein [36]. As such, the observed quenching of HSA fluores
cence by the different amphiphilic systems provides valuable insights 
into the nature of the binding events. The extent of quenching can be 
quantitatively described using the Stern-Volmer Eq. [15]: 

F0

F
= 1+KSV[AD] (5) 

where F0 is the intrinsic fluorescence intensity of HSA in the absence of 
quencher, F is the protein fluorescence intensity in presence of a given 
concentration of the quencher, KSV is the Stern-Volmer quenching con
stant, and [AD] is the concentration of the amphiphilic dendrimer.

For each amphiphilic derivative, two Stern–Volmer constants (KSV) 
are reported in Table 1: one for the monomeric state (1-A/1-TA/1- 
COOH) and one for the nanomicellar state (1@-A/1@-TA/1@-COOH), 
reflecting the different physical organizations of the analytes. The 
calculated KSV values indicate that the three monomeric amphiphilic 
dendrimers induce only modest quenching of HSA intrinsic fluores
cence, with values in the range of (1.5–1.8) × 104 M− 1. This relatively 
low quenching efficiency suggests that the monomeric species interact 
weakly with HSA, likely establishing limited physical contacts and 
inducing minimal perturbations to the protein structure. In such con
ditions, only subtle conformational changes are expected, resulting in 
minor alterations to the local environment surrounding Trp214 and thus 
a relatively small decrease in fluorescence intensity. In contrast, a 
marked increase in fluorescence quenching is observed for the nano
micellar systems (Fig. 2 and Table 1), with KSV values reaching 
approximately 3.7–4.0 × 104 M− 1. This enhancement can be attributed 
to the multivalent nature of nanomicellar aggregates, which may offer 
larger space and/or simultaneously engage multiple interaction sites on 
the HSA surface and/or induce more extensive structural rearrange
ments. Furthermore, the higher local density of terminal functional 

groups at the nanomicelle surface likely promotes more sustained in
teractions with regions in close proximity to Trp214, thereby amplifying 
the quenching effect.

UV–Vis measurements were acquired under the same conditions as 
the fluorescence experiments to corroborate the quenching observa
tions. For the monomeric systems, spectra closely matched that of HSA 
with no appreciable spectral changes, consistent with weak ground-state 
contacts. In contrast, the nanomicellar systems exhibited a reproducible 
increase of the HSA band around 280 nm (Fig. S3), consistent with 
modest-to-moderate ground-state contacts at the protein–micelle inter
face. This qualitative contrast mirrors the fluorescence results, where 
KSV values are comparatively lower for monomers and higher for mi
celles, aligning with a scenario in which ground-state interactions are 
minimal for monomers and appreciable for micelles.

Moreover, Temperature-dependent fluorescence quenching was 
evaluated at 304 K and 310 K (Table S1). For the monomeric forms, KSV 
increased with temperature, a trend consistent with entropically favored 
association in line with prior reports on protein–ligand and pro
tein–nanomaterial systems where higher T promotes hydrophobic des
olvation and configurational sampling [37,38]. Conversely, for the 
nanomicellar forms KSV decreased with temperature, a behavior 
consistent with enthalpically driven association in which complex for
mation becomes less favored as T increases, in agreement with prior 
observations on protein binding to multivalent/clustered ligands and 
soft coronas reported in the literature [17].

Although, as previously discussed, fluorescence quenching might not 
yield reliable quantitative binding constants in complex environments, 
the observed differences in KSV among the tested systems still offer 

Fig. 2. (Top panels) Fluorescence emission spectra of HSA (2.0 μM) in the presence of increasing concentrations of 1@-A (left), 1@-TA (center), and 1@-COOH 
(right) nanomicelles. Spectra include free HSA and HSA incubated with nanomicelles at the following concentrations: 20, 30, 40, 50, 80 and 100 μM for 1@-A and 
1@-TA, and 10, 20, 40, 50, 60 and 80 μM for 1@-COOH. (Bottom panels) Stern-Volmer plot depicting the fluorescence quenching of HSA induced by the three AD 
nanomicelles. Data are shown as mean ± SD (n = 3).

Table 1 
Stern-Volmer constants (KSV) for HSA fluorescence quenching in the presence of 
different AD-PAMAM derivatives at 298 K. Reported values represent the mean 
± standard deviation from three independent experiments.

Monomeric state HSA/1-A HSA/1-TA HSA/1-COOH

KSV [104 M− 1] 1.61 ± 0.23 1.82 ± 0.15 1.52 ± 0.31
Micellar state HSA/1@-A HSA/1@-TA HSA/1@-COOH
KSV [104 M− 1] 4.01 ± 0.27 3.88 ± 0.39 3.76 ± 0.33
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meaningful qualitative insight into their interaction strength. These 
findings support the notion that self-assembled aggregates interact more 
extensively with HSA than their monomeric counterparts - a hypothesis 
that will be further examined through ITC in the next section. Within its 
qualitative scope, the Stern-Volmer analysis thus provides valuable 
preliminary insight into the binding behavior of amphiphilic AD- 
PAMAM derivatives toward HSA, confirming the occurrence of in
teractions and highlighting differences in interaction propensity among 
formulations.

3.2. Binding of monomeric and nanomicellar ADs to HSA assessed using 
isothermal titration calorimetry

Understanding the formation of a protein corona formation is 
essential for predicting the behavior of nanostructures in biological 
environments. Isothermal Titration Calorimetry (ITC) offers a powerful 
approach to probe the thermodynamics of protein-nanomaterial in
teractions, providing direct insight into the molecular driving forces 
involved [39,40]. By measuring the heat exchanged upon binding in 
solution, ITC yields key thermodynamic parameters - including enthalpy 
(ΔH), entropy (ΔS), and dissociation constant (Kd) - thereby elucidating 
both the strength and nature of the interaction [40,41]. To quantita
tively characterize the interaction between HSA and ADs, ITC experi
ments were performed under physiological conditions (pH 7.4). The 
resulting thermodynamic profiles reveal the affinity and driving forces 
for each system, highlighting differences between monomeric and 
nanomicellar forms. The corresponding data are summarized in Table 2, 
in Fig. 3 and Fig. S4.

For the monomeric forms (1-A, 1-TA, and 1-COOH), the binding 
thermodynamics indicate spontaneous interaction with HSA, as re
flected by negative Gibbs free energy values (ΔG). All three amphiphiles 
exhibit dissociation constants in the mid-micromolar range (89–112 
μM), along with positive enthalpy changes (ΔH = +2.88 ± 0.14 to 
+3.12 ± 0.10 kcal/mol). This endothermic signature, combined with 
strongly favorable entropy contributions (-TΔS = − 8.41 ± 0.23 to 
− 8.51 ± 0.21 kcal/mol), suggests that binding is predominantly 
entropy-driven. Such thermodynamic behavior is characteristic of in
teractions mediated by hydrophobic effects, where apolar groups insert 
into hydrophobic pockets of the protein, displacing structured water 
molecules. In these systems, the gain in entropy from desolvation and 
conformational freedom offsets the enthalpic penalty, overall resulting 
in favorable free energy of binding. In contrast, the nanomicellar sys
tems (1@-A, 1@-TA, and 1@-COOH) display a markedly different 
thermodynamic profile. Titration curves for these self-assembled ag
gregates show clear exothermicity, with negative enthalpy values 
ranging from − 4.07 ± 0.05 to − 6.53 ± 0.04 kcal/mol. The magnitude of 
the enthalpic contribution increases from 1@-A to 1@-COOH, sug
gesting progressively stronger non-covalent interactions between the 
nanomicelle terminal groups and the protein surface. Concurrently, the 
entropy contributions (–TΔS) become less favorable (from − 4.09 ±

0.40 kcal/mol for 1@-A to − 0.80 ± 0.04 kcal/mol for 1@-COOH), 
likely reflecting entropic penalties associated with interfacial water 
ordering or conformational constraints upon complex formation. 
Nevertheless, the resulting free energy values (ΔG = − 6.95 ± 0.01 to 
− 8.16 ± 0.35 kcal/mol) confirm spontaneous binding, with signifi
cantly enhanced affinity compared to the monomeric forms (Kd =

1.15–8.10 μM). Overall, the ITC data reveal that the binding mechanism 
is strongly influenced by the aggregation state of the ADs. Monomeric 
interactions are entropy-driven and dominated by hydrophobic des
olvation, whereas nanomicelle binding is primarily enthalpy-driven, 
involving electrostatic interactions, hydrogen bonding, and milder 
entropic contributions. This shift is consistent with the supramolecular 
organization of the nanomicelles, where peripheral charged groups are 
solvent-exposed and available for interaction with complementary sites 
on the HSA surface. Additional contributions likely arise from weak 
hydrophobic contacts and interfacial water rearrangement. The clear 
transition from entropy- to enthalpy-driven binding upon micellization 
highlights the impact of nanoscale self-assembly on protein recognition, 
with important implications for the design of functional nanocarriers.

3.3. Structural and thermal perturbation of HSA upon nanomicelle 
binding

3.3.1. Determination of the HSA secondary structure and thermal stability 
by circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a well-established technique 
for probing protein secondary structures and monitoring conformational 
upon interaction with small molecules [42]. In this study, far-UV CD 
measurements were performed to assess possible structural alterations 
in HSA upon interaction with the amphiphilic dendrimers. The CD 
spectrum of native HSA exhibited the characteristic negative ellipticity 
bands at 208 and 222 nm, consistent with a predominantly α-helical 
secondary structure (Fig. 4 and Table 3).

Deconvolution of the CD spectra confirmed an α-helical content of 
approximately 62.6 % for native HSA, in good agreement with literature 
values [17,43]. Upon addition of the monomeric forms of the den
drimers no significant changes in secondary structure were observed. 
The α-helix content remained essentially unchanged, ranging from 62.8 
% to 63.4 %, indicating that these compounds do not appreciably per
turb the native conformation of the protein. A similar trend was 
observed for the nanomicellar forms. Slight increases in α-helix content 
were noted for 1@-A (63.6 %) and 1@-TA (63.9 %), while 1@-COOH 
induced a negligible decrease (62.5 %). Overall, these results suggest 
that neither the monomeric nor the self-assembled forms of the three 
dendrimers promote significant structural destabilization or unfolding 
of HSA. Thermal denaturation experiments were performed by moni
toring ellipticity at 222 nm over a temperature range of 298–393 K, in 
order to determine the melting temperature (Tm) of HSA in the presence 
of the various dendrimers. Native HSA exhibited a Tm of 338.30 K. Upon 
addition of both monomeric and nanomicellar AD-PAMAM derivatives, 
only minor shifts in Tm were observed, generally within ±1 K. The most 
pronounced decrease was recorded for 1-TA, lowering Tm to 336.52 K. 
Conversely, 1@-COOH slightly increased protein stability, with a Tm of 
338.46 ± 0.31 K. These results indicate that both monomeric and self- 
assembled ADs exert minimal impact on the thermal stability of HSA, 
supporting the formation of stable protein–dendrimer complexes 
without significant disruption of the native protein fold.

3.3.2. Conformation stability through three-dimensional fluorescence 
spectroscopy

Three-dimensional fluorescence spectroscopy (3D-FS) is a sensitive 
technique for detecting subtle changes in the local environment of ar
omatic residues, particularly tryptophan, providing insights into protein 
conformational stability. This approach enables simultaneous acquisi
tion of excitation-emission matrices while distinguishing intrinsic fluo
rescence from light scattering phenomena, and is widely used to study 

Table 2 
Thermodynamic parameters of HSA interactions with monomeric and nano
micellar AD-PAMAM derivatives obtained by ITC at 298 K.

HSA/1-A HSA/1-TA HSA/1-COOH

Kd [μM] 112 ± 11 89 ± 21 104 ± 18
ΔH [kcal/mol] 3.12 ± 0.10 2.88 ± 0.14 3.03 ± 0.07
− TΔS [kcal/mol] − 8.51 ± 0.21 − 8.41 ± 0.23 − 8.46 ± 0.25
ΔS [kcal/mol K] 28.5 ± 0.7 28.2 ± 0.8 28.4 ± 0.8
ΔG [kcal/mol] − 5.39 ± 0.27 − 5.52 ± 0.31 − 5.43 ± 0.32

HSA/1@-A HSA/1@-TA HSA/1@-COOH
Kd [μM] 1.15 ± 0.64 8.10 ± 0.11 4.29 ± 0.57
ΔH [kcal/mol] − 4.07 ± 0.05 − 4.45 ± 0.07 − 6.53 ± 0.04
− TΔS [kcal/mol] − 4.09 ± 0.40 − 2.50 ± 0.08 − 0.80 ± 0.04
ΔS [kcal/mol K] 13.7 ± 1.3 8.4 ± 0.3 2.7 ± 0.1
ΔG [kcal/mol] − 8.16 ± 0.35 − 6.95 ± 0.01 − 7.33 ± 0.08
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protein folding, ligand binding, and protein–nanostructure interactions 
[44,45]. In this study, 3D-FS spectra were recorded for HSA alone and in 
the presence of all AD-PAMAM derivatives, both in their monomeric and 
nanomicellar forms. As a representative example, Fig. 5 shows the 
fluorescence landscapes of HSA in the absence and in the presence of 1-A 
(monomeric) and 1@-A (nanomicellar). The characteristic fluorescence 
peak (λex/λem = 280/343 nm), attributed to Trp214 - located in the 
hydrophobic core of the protein - serves as a sensitive probe for tertiary 
structure and local polarity [45,46].

As seen in Fig. 5, no substantial shifts in peak position or changes in 
intensity were observed upon complexation with either 1-A or 1@-A. 
Similar results were obtained for the other ADs (see Fig. S5), indicating 
that none of the derivatives induce significant perturbations in the 
microenvironment of Trp214. These findings suggest that the interac
tion with HSA does not result in appreciable conformational rear
rangements, in agreement with the CD spectroscopy data discussed 
above and molecular dynamics analyses, which will be presented in §
3.4.

3.3.3. Size and ζ-potential analysis of HSA–nanomicelle complexes via 
dynamic light scattering

Dynamic Light Scattering (DLS) is a widely employed technique for 
characterizing the size and surface charge of nanoscale colloidal systems 
in solution. It provides key parameters such as hydrodynamic diameter 
and ζ-potential, offering valuable insights into colloidal stability, surface 
interactions, and complexation behavior of soft nanomaterials, 
including protein-nanoparticle assemblies [47]. Here, the hydrody
namic size and surface charge of the HSA/nanomicelle complexes were 
assessed by DLS under aqueous buffered conditions. The recorded di
ameters were 15.9 ± 0.3 nm for HSA/1@-A, 15.6 ± 0.4 nm for HSA/ 
1@-TA, and 14.2 ± 0.6 nm for HSA/1@-COOH (Fig. 6), consistent with 
compact supramolecular architectures. These values closely match the 
estimated protein-to-nanomicelle stoichiometry derived from thermo
dynamics and computational analyses (see § 3.4).

ζ-potential measurements revealed distinct electrostatic profiles for 
the three dendrimer-based/HSA nanoassemblies. Indeed, the complexes 
formed by HSA with 1@-A and 1@-TA exhibited ζ-potential values of 
1@-A and 1@-TA nanomicelles to +6.1 and + 4.3 mV, respectively, 
suggesting partial masking of the dendrimeric charge by negatively 
charged residues HSA surface. In contrast, the complex with 1@-COOH 
displayed a ζ-potential of − 17.9 mV, consistent with a reversed surface 
polarity and indicative of strong electrostatic interactions with basic 
protein domains. Together, these data support a stoichiometry of four 
HSA molecules per nanomicelle in the 1@-A and 1@-TA systems, and 
three in the case of 1@-COOH. This composition aligns with previously 
determined aggregation numbers (Nagg) [11], and is further supported 
by the molar ratio from calorimetric experiment (§ 3.2), molecular dy
namics, and comparative experimental data from similar pro
tein–nanoparticle complexes [17,39].

3.4. Computational analysis

3.4.1. Computational characterization of HSA/monomer binding
Molecular dynamics (MD) simulations were firstly employed to 

investigate the binding interactions between the AD monomers and 

Fig. 3. Integrated heat curves and corresponding raw thermogram (insets) from ITC experiments of HSA titrated with 1@-A, 1@-TA, and 1@-COOH.

Fig. 4. UV CD spectra of HSA in the absence (blue) and in the presence of: 1-A (2 μM, orange) and 1@-A (50 μM, dark orange) (left); 1-TA (2 μM, light green) and 
1@-TA (50 μM, forest green) (middle); 1-COOH (2 μM, magenta) and 1@-COOH (50 μM, purple) (right). Measurements were performed at 298 K in PBS buffer (pH 
7.4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3 
Percentage of α-helical content and melting temperature (Tm) of HSA in the 
absence and presence of monomeric and nanomicellar AD-PAMAM derivatives, 
as determined by CD spectroscopy. Data are reported as mean ± SD from 3 in
dependent experiments.

Sample % α-helix Tm [K]

HSA 62.6 ± 0.2 338.30 ± 0.49
HSA + 1-A 63.2 ± 0.3 338.87 ± 0.26
HSA + 1@-A 63.6 ± 0.6 337.31 ± 0.32
HSA + 1-TA 63.4 ± 0.3 336.52 ± 0.48
HSA + 1@-TA 63.9 ± 0.4 337.27 ± 0.28
HSA + 1-COOH 62.8 ± 0.7 337.48 ± 0.36
HSA + 1@-COOH 62.5 ± 0.1 338.46 ± 0.31
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Fig. 5. Three-dimensional fluorescence spectra (left panels) and corresponding two-dimensional contour maps (right panels) of 2 μM HSA in the absence (top row) 
and presence of the amphiphilic AD-PAMAM derivative, shown in its monomeric (1-A, 2 μM, middle row) and nanomicellar (1@-A, 50 μM, bottom row) forms.
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HSA, as well as their potential structural consequences. The results 
revealed distinct binding features for the AD monomers toward specific 
fatty acid (FA) pockets in HSA. Specifically, the cationic derivatives 1-A 
and 1-TA preferentially occupied the FA7 pocket, which overlaps 
structurally with Sudlow’s site I [21], while the anionic monomer 1- 
COOH engaged the FA5 site, located in a basic residue-rich region [21]. 
Competitive fluorescence assays were carried out to validate the 
docking/MD-predicted binding sites. HSA quenching was monitored in 
the presence of canonical site markers. Warfarin (FA7) reduced the 
apparent KSV for 1-A and 1-TA, whereas stearic acid (FA5) reduced KSV 
for 1-COOH and produced no appreciable effect on 1-A/1-TA. This 
reciprocal pattern supports the site-selective engagement inferred from 
docking/MD (1-A/1-TA at FA7/ and 1-COOH at FA5). Detailed values of 
KSV are provided in Table S2. All three binding modes were stable over 
200 ns of MD simulation, as evidenced by backbone RMSD plateaus and 
the plot of the radius of gyration (Rg) over the production window 

(Fig. S6 and Fig. 7). As shown in Fig. 7 (upper panels), the ligands 
remained consistently anchored within the selected pockets throughout 
the trajectory. In each case, the hydrophobic C18 tail was deeply 
embedded in the protein cleft, minimizing solvent exposure and 
contributing significantly to complex stabilization through persistent 
hydrophobic interactions. The polar head groups of 1-A and 1-TA 
remained exposed to the solvent and formed only transient contacts with 
the protein surface (Fig. 7, upper left and center). In contrast, the 
negatively charged head group of 1-COOH penetrated deeper into the 
binding cleft, in line with the distribution of internal basic residues 
(Fig. 7, upper right). Despite these localized interactions, none of the 
trajectories showed persistent hydrogen bonds or stable salt bridges, 
indicating that hydrophobic burial of the alkyl chain constitutes the 
primary stabilizing force. Critically, the binding modes observed in sil
ico align with the thermodynamic signatures obtained by ITC (§3.2), 
corroborating both the identity of the binding pockets and the relative 

Fig. 6. Hydrodynamic diameter (d) of HSA in complex with 1@-A (left), 1@-TA (middle), and 1@-COOH (right) at 298 K as measured by DLS.

Fig. 7. (Upper panels) Final MD snapshots of 1-A (left), 1-TA (center), and 1-COOH (right) bound to HSA within the fatty acid binding region. The AD monomers are 
shown in ball-and-stick representation (O: red; N: blue; C: orange, green and purple, respectively). The HSA is rendered in blue. Hydrogen atoms, water molecules, 
and ions are omitted for clarity. (Lower left panel) Radius of gyration of HSA over time during the MD simulations in complex with each dendrimer monomer. (Lower 
right panel) Secondary structure content of HSA, averaged over the last 100 ns of simulation, for both free and bound protein systems.
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affinities of the three monomers.
To evaluate potential structural effects of monomer binding, global 

metrics such as Rg and secondary structure content were monitored 
throughout the simulations (Fig. 7, lower panels). The Rg of unbound 
HSA remained stable at 27.27 ± 0.18 Å, consistent with reported values 
[48,49]. Complexation with 1-A, 1-TA, and 1-COOH resulted in com
parable Rg values (26.99 ± 0.14, 26.89 ± 0.19, and 27.24 ± 0.24 Å, 
respectively), indicating no loss of compactness (Fig. 7, lower left 
panel). Secondary structure profiles were likewise preserved across all 
systems (Fig. 7, lower right panel), confirming that the overall protein 
fold remains unaffected. These observations align closely with the CD 
spectroscopy data (§3.3.1), reinforcing the conclusion that AD-PAMAM 
monomer binding does not compromise the structural integrity of HSA.

3.4.2. Computational analysis of structural properties of HSA/AD-PAMAM 
nanomicelle complexes

The structural integrity of the nanomicelles in complex with HSA was 
also assessed through all-atom MD simulations. Rg and asphericity an
alyses indicated that both size and overall shape were largely preserved 
upon protein binding. As shown in Fig. 8 (upper panel), Rg values 
increased modestly – by approximately 1 Å - following complexation, 
consistent across all three systems. In detail, for the free nanomicelles 
average Rg values were 22.56 ± 0.40 Å (1@-A), 24.06 ± 0.55 Å (1@- 
TA), and 15.43 ± 0.19 Å (1@-COOH). Upon binding to HSA, the values 
shifted to 23.47 ± 0.33 Å, 24.63 ± 0.21 Å, and 16.51 ± 0.15 Å, 
respectively. These minimal variations support the retention of nano
micelle compactness in the presence of the protein.

Asphericity values, calculated from the principal moments of the 
gyration tensor, remained low and comparable between free and HSA- 
bound nanomicelles, confirming that the overall spherical morphology 
is retained upon complexation. Average values of 0.11 ± 0.04, 0.07 ±
0.04, and 0.06 ± 0.03 for the free 1@-A, 1@-TA, and 1@-COOH 
nanomicelles increased only slightly in the corresponding complexes 
(0.14 ± 0.03, 0.09 ± 0.02, and 0.06 ± 0.02, respectively). These results 
indicate that nanomicelle architecture remains robust in the presence of 
a protein corona, likely due to uniform surface coverage and isotropic 
interactions involving the dendrimer termini, which prevent the asym
metric deformations often observed in protein–nanoparticle systems. 
From the protein’s perspective, nanomicelle binding has no discernible 
impact on overall size or compactness, as evidenced by stable backbone 
RMSD plateaus and an essentially invariant Rg over the equilibrated 
window (Fig. S7 and Fig. 8). Indeed, the Rg of HSA in the complexes 

ranged from 26.53 to 27.20 Å (with standard deviation ≤0.16 Å), closely 
matching that of the unbound protein (27.01 ± 0.18 Å) and previously 
reported values under comparable conditions [48,49]. To assess possible 
conformational changes, secondary structure profiles of HSA were 
analyzed using the DSSP algorithm [50]. In the unbound state, the 
protein exhibited 68.0 % α-helix and 11.5 % turns, with no detectable 
β-sheet content, consistent with established structural data [51]. Upon 
nanomicelle binding, the α-helical content remained within 65.5–69.4 
%, and turn content varied between 8.8 % and 10.6 %, again without 
β-sheet formation. These results (Fig. 8, lower panel) confirm that the 
native fold of HSA is preserved in all complexes, with no evidence of 
structural destabilization.

To characterize the structural and electrostatic properties of the 
HSA-nanomicelle complexes at atomistic resolution, their size, surface 
potential, and internal organization were systematically analyzed. The 
Rg of the complexes revealed similar values for the positively charged 
nanomicelles: 50.64 ± 0.62 Å for HSA/1@-A and 48.97 ± 0.70 Å for 
HSA/1@-TA, indicating comparable degrees of compaction. In contrast, 
the HSA/1@-COOH complex exhibited a smaller Rg (42.64 ± 0.56 Å), 
consistent with the reduced number of HSA molecules forming its 
corona. To further assess electrostatic behavior, surface-averaged elec
trostatic potentials (SAEP) were computed and used to estimate effective 
zeta potentials. HSA alone was predicted to carry a ζ-potential of 
approximately − 11.5 mV, in line with experimental reports [17,52]. 
Upon HSA complexation, 1@-A and 1@-TA retained net positive po
tentials (+5.94 mV and + 6.00 mV, respectively), reflecting partial 
charge neutralization by HSA while preserving a cationic surface. This 
behavior is consistent with a binding mode in which negatively charged 
HSA regions face the dendrimer core, leaving cationic domains exposed 
to the solvent. In contrast, the 1@-COOH complex displayed a ζ-po
tential of − 14.4 mV, suggesting preferential interaction of the den
drimer’s terminal carboxylates with localized basic patches on HSA, 
while exposing anionic protein surfaces. The internal structure of the 
nanomicelles and their interfacial organization were also examined by 
radial distribution function (RDF) analysis, calculated relative to both 
the nanomicelle center of mass. As shown in Fig. S8 the micellar core 
remained stable in all systems, particularly for the cationic dendrimers. 
In the HSA/1@-COOH complex, a slight expansion of the nanomicelle 
surface was observed, attributed to outward extension of the flexible 
anionic branches toward nearby cationic domains on the protein.

Fig. 8. (Upper panels) Radius of gyration (Rg) for each system: free HSA, free nanomicelle, full complex, and individual HSA chains within the complex. Left to right: 
1@-A (four HSA chains), 1@-TA (four HSA chains), and 1@-COOH (three HSA chains). (Lower panels) Secondary structure content of free HSA and of the individual 
HSA chains in the corresponding nanomicellar complexes.
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3.4.3. Computational characterization of HSA/nanomicelles binding
Protein–nanomicelle interfaces were analyzed by quantifying atomic 

contacts between individual HSA residues and nanomicelle atoms along 
the MD trajectories. For each frame, the minimum distance between 
every residue and any nanomicelle atom was calculated (Fig. S9). 
Contact analysis revealed consistent interaction profiles among the HSA 
molecules within a given corona, and across complexes formed with 
nanomicelles of similar charge. Contact frequency maps were generated 
by defining a contact as any interatomic distance ≤ 6.5 Å (Fig. 9). These 
maps provided residue-level interaction fingerprints, which, while 
generally non-specific, exhibited clear differences depending on nano
micelle charge. Binding free energy decompositions using MM-GBSA 
were performed to evaluate the energetic contributions of individual 
HSA residues (Fig. S10). A strong correlation was observed between 
contact frequency and binding energy profiles across all systems, rein
forcing the reliability of the interaction maps. Electrostatic interactions 
were identified as the dominant driving force in all complexes.

Stable salt bridges and polar contacts between nanomicelle branches 
and HSA residues were analyzed to further characterize the nature of the 
interaction. Approximately 80 % of the charged dendrimer terminals in 
1@-A and 1@-TA formed salt bridges persisting for more than 50 % of 
the trajectory, whereas only 40 % of branches in 1@-COOH engaged in 
such interactions. This lower frequency reflects the limited availability 
of basic residues on the HSA surface. In contrast, polar contacts 
involving oxygen and nitrogen atoms were more common in 1@-COOH 
(25 %) than in 1@-TA (10 %) and 1@-A (6 %). The broader charge 
distribution of 1@-TA likely reduces salt bridge persistence, favoring 

alternative polar interactions. Notably, 1@-A exhibited the most stable 
salt bridges, with ~50 % persisting for over 95 % of the simulation, 
compared to ~33 % in 1@-TA. These results indicate that both charge 
localization and dendrimer flexibility modulate the dynamic nature of 
AD nanomicelle–protein binding. In addition to electrostatic and polar 
interactions, extensive van der Waals contacts contributed to complex 
stabilization. Overall, binding appears to occur through a flexible, non- 
specific interface driven by a combination of electrostatic, polar, and 
hydrophobic forces, rather than by defined docking sites. At the residue 
level, interaction profiles of the cationic nanomicelles showed a pref
erence for surface-exposed, negatively charged helices on HSA, partic
ularly those spanning residues E252–D259 and E266–D269 (Fig. 10).

In contrast, the negatively charged 1@-COOH nanomicelle pene
trated more deeply into the protein, establishing stable contacts with 
internal residues such as K195. Radial distribution analyses (Fig. S11) 
supported this observation, showing that charged atoms of 1@-COOH 
approached the HSA center of mass to within ~11 Å, whereas those of 
1@-A and 1@-TA remained beyond 20 Å. Visualization of contact fre
quencies (Fig. 9, left panels) confirmed this trend: while positively 
charged nanomicelles primarily engaged surface residues, 1@-COOH 
accessed more buried regions of the protein. This deeper insertion likely 
accounts for the reduced number of HSA molecules in the 1@-COOH 
corona. Internal binding limits the availability of dendrimer branches 
for additional interactions, favoring the formation of compact, three- 
protein complexes despite a comparable nanomicelle surface area.

Fig. 9. (Left panel) Residue-level contact frequency maps for the HSA–nanomicelle complexes, computed along the MD trajectories. Darker bars indicate higher 
contact persistence (defined as interatomic distance ≤ 6.5 Å). Rows correspond to individual HSA chains within each complex. (Right panel) Solvent-accessible 
surface representations of one representative HSA molecule per complex, colored by residue contact frequency with the nanomicelle. Residues not involved in 
interactions are shown in pink; residues with persistent contacts are highlighted in cyan. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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4. Conclusion

This study provides a comprehensive molecular-level characteriza
tion of the interaction between human serum albumin and PAMAM- 
based amphiphilic dendrimers, examined in both monomeric and self- 
assembled nanomicellar forms. Through an integrated experimental 
and computational approach, binding affinity, thermodynamic signa
tures, structural effects, and interfacial organization were systematically 
evaluated. Micellization was found to markedly enhance HSA binding 
affinity, primarily via multivalent electrostatic interactions. Isothermal 
titration calorimetry revealed dissociation constants in the low micro
molar range for nanomicelle–HSA complexes, in contrast to the signifi
cantly weaker interactions observed for monomeric dendrons. 
Thermodynamic profiling indicated distinct binding modes: entropy- 
driven in monomers, and enthalpically stabilized in nanomicelles, 
consistent with the formation of extended interfacial contacts. Spec
troscopic data, including fluorescence quenching, circular dichroism, 
and 3D fluorescence spectroscopy, confirmed that binding occurs 
without significant perturbation of the secondary or tertiary structure of 
the serum protein, supporting a non-disruptive, surface-localized inter
action. Atomistic molecular dynamics simulations further reinforced 
these observations, detailing the organization of protein coronas and 
identifying the residues most involved in complex stabilization. More 
specifically, converging evidence from spectroscopy, calorimetry, and 
MD indicates weak association for monomers and modest–moderate 
association for nanomicelles, consistent with a soft, reversible corona 
and limited structural perturbation of HSA. Under the conditions tested, 
no major impact on HSA functional competence is anticipated. Future 
studies will implement dedicated functional assays (e.g., ligand- 
transport/displacement and esterase-like readouts) to quantify any 
subtle effects.

Speaking about the plausible formation of the protein corona in this 
system, the protein–nanoparticle interface is best described as a soft 
rather than hard corona. The measured dissociation constants indicate 
moderate and reversible association, which is not compatible with the 
strong, quasi-irreversible adsorption typical of hard coronas but is 
consistent with transient, dynamic contacts [53]. In addition, the 
nanoparticles display a small hydrodynamic diameter (~15 nm), com
parable to that of many serum proteins; as reported in the literature, 
when nanoparticle size approaches that of the protein, the resulting high 
surface curvature limits the number of simultaneous contact points and 
reduces adsorption energy, favoring weak, reversible interactions and 
heteroaggregation-like behavior rather than the formation of a stable, 
hard corona [54]. Taken together, these elements support a soft, dy
namic corona, with proteins exchanging rapidly with those in the sur
rounding medium.

Collectively, the results highlight the key role of supramolecular 
architecture and surface charge distribution in modulating protein 
recognition. Positively charged nanomicelles engaged up to four HSA 
molecules, while negatively charged systems favored three-HSA co
ronas, underscoring the impact of nanoscale presentation on binding 
stoichiometry and dynamics.

These insights provide a robust foundation for the rational design of 
dendritic nanocarriers with tunable interfacial properties. Future in
vestigations should explore the behavior of such systems under biolog
ically relevant conditions, including competitive protein adsorption and 
complex media. Extending this framework to in vivo studies may clarify 
how protein corona formation influences circulation, immune recogni
tion, and the overall therapeutic profile of dendritic nanostructures.

Fig. 10. (Top panel) Representative MD snapshots of the HSA–nanomicelle complexes. HSA is shown in cartoon representation, with individual chains colored in in 
different shades of blue. Nanomicelles are depicted as sticks and balls, with dendrimer branches colored in orange (1@-A, left), green (1@-TA, center), and purple 
(1@-COOH, right). (Bottom panel) Zoomed-in views highlighting representative polar and electrostatic interactions between nanomicelle branches and selected HSA 
residues. Key residues involved in persistent salt bridges or hydrogen bonding are shown as dotted lines. All images omit water molecules, ions and counterions 
for clarity.
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