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Abstract: The protein - nanoparticle corona structure directly determines nanoparticle
stability, cellular uptake, and therapeutic outcome in biological media. In this study, we prepared a
bovine serum albumin-gold nanoparticle hard corona (BSA-GNP HC) to examine the effects of pH
on colloidal stability and curcumin binding. Dynamic light scattering and zeta potential
measurements showed pH-dependent behavior governed by protein protonation at the nanoparticle
surface. The corona remained stable at pH 7,6, and 2, with zeta potentials of —12.3 mV (pH 7) and
+10.5 mV (pH 2), and a hydrodynamic diameter of about ~42 nm. At pH 4, near the BSA isoelectric
point, the zeta potential was nearly zero (-1.04 mV), which produced strong aggregation and a
particle size of ~846 nm; at pH 5, the size was about 69 nm, indicating partial destabilization.
UV-Visible and fluorescence spectroscopy confirmed reversible structural changes between
dispersed and aggregated states. Curcumin binding, quantified by fluorescence quenching, was
measurable at pH 7 and 6, higher at pH 2, and not detectable at pH 4, where aggregation likely
blocked binding sites. These data show that the BSA-GNP HC operates as a reversible
supramolecular assembly controlled by protonation-dependent surface charge, suitable for
pH-sensitive drug delivery in acidic environments.

Key words: Gold nanoparticles, protein corona, bovine serum albumin, hard corona,
pH-responsive behavior, curcumin binding, drug delivery.

INTRODUCTION

In recent years, nanotechnology has emerged as a transformative field within
biomedical research, largely due to the unique physicochemical properties exhibited
by nanoparticles compared to their bulk material counterparts. When introduced
into biological environments, nanoparticles readily interact with surrounding
biomolecules such as proteins and lipids, leading to the spontaneous formation of
an adsorbed biomolecular layer known as the protein corona [7, 36]. This corona
can be broadly categorized into two components: a hard corona (HC), consisting of
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proteins tightly bound to the nanoparticle surface, and a soft corona (SC), formed
by additional, more loosely associated protein layers [8, 24]. The presence of a
protein corona alters the biological identity, stability, and cellular interactions of
nanoparticles, often making their behavior markedly different from that of the
uncoated particles.

These corona-mediated changes have been strategically utilized in targeted
drug delivery, an approach designed to enhance therapeutic efficacy while
minimizing off-target effects. Targeted delivery is particularly advantageous for
drugs with poor solubility, limited stability, high systemic toxicity, or insufficient
specificity [11]. Delivery strategies generally follow either passive or active
targeting principles [9]. Passive targeting relies on the enhanced permeability and
retention effect observed in tumor vasculature, which allows nanoparticles to
accumulate preferentially in tumor tissues. In contrast, active targeting involves
functionalizing the nanoparticle or corona with ligands that recognize and bind to
receptors overexpressed on diseased cells, thereby promoting selective
internalization [11, 38].

Metallic nanoparticles, particularly gold nanoparticles (GNPs), have gained
considerable attention in this context. Their biocompatibility, tunable size, surface
chemistry, and optical properties make them suitable for drug delivery and imaging
applications [23]. Gold nanoparticles have been explored as drug delivery platforms
in pancreatic cancer research, with growing interest in their therapeutic potential
[50], while PEG functionalization is routinely used to enhance nanoparticle
stability, extend blood circulation, and control cellular interactions [10].
Additionally, nanoparticle protein corona formation has been shown to modulate
cytotoxicity and facilitate membrane transport [27, 32, 46]. In this study, gold
nanoparticles (GNPs) were chosen because of their well-known optical stability and
distinctive plasmonic properties [30]. Bovine serum albumin (BSA) was selected as
a model protein due to its structural robustness and its well-documented ability to
bind a wide range of molecules [39].

Nanoparticle protein corona systems intended for targeted drug delivery must
navigate multiple biological environments, including the bloodstream, tumor
microenvironment, intracellular compartments, and lysosomes [6]. Each of these
environments presents distinct pH conditions: blood maintains a physiological pH
of ~7.4, tumor tissues often exhibit a mildly acidic pH due to hypoxia and altered
metabolism [44, 48], and lysosomes are strongly acidic. These variations can
influence the structural integrity and functional behavior of the hard corona.

Therefore, in this study, we examined the stability and conformational state
of the BSA-gold nanoparticle hard corona (BSA-GNP HC) under a range of pH
conditions. In addition, we investigated the interaction of this corona with curcumin
(CUR), a bioactive polyphenolic compound derived from Curcuma longa. The
chemical structure of curcumin is shown in Fig. 1.
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Fig. 1. Chemical structure of CUR. Adapted from Zhai et al. [51].

Curcumin (CUR) is widely recognized for its anticancer, antioxidant, anti-
inflammatory, and anti-angiogenic activities. It has been shown to suppress tumor
progression by down regulating anti-apoptotic pathways and enhancing the
expression of tumor-suppressor genes such as p53 [1, 2, 15]. CUR also inhibits
cancer cell proliferation by blocking NF-kappa B activation, reducing pro-
inflammatory signaling, modulating STAT3 pathways, and promoting
mitochondrial-mediated apoptosis through Bax activation and cytochrome-c release
[31, 37, 45]. Numerous studies report the incorporation of CUR into nanocarrier
systems to improve its stability and therapeutic efficacy, including CUR-
functionalized silica nanoparticles [13] and polymeric or composite
nanoformulations [29]. Based on this context, the present study examines the
interaction of CUR with nanoengineered BSA-GNP hard corona across different pH
conditions to assess pH-dependent binding behavior.

Although many studies have focused on identifying the composition of the
protein corona, far fewer have examined how changes in environmental pH alter the
structural arrangement of the hard corona and, in turn, influence its ability to bind
therapeutic molecules. Understanding this relationship is crucial for the rational
design of nanocarriers that can load and release drugs in a controlled, site-specific
manner, particularly within physiological environments where pH varies
significantly.

To address this gap, the present work explores how pH regulates the structural
organization of a bovine serum albumin-gold nanoparticle hard corona and how
these structural shifts affect the binding of curcumin. By integrating dynamic light
scattering, zeta potential measurements, UV-Visible spectroscopy, and fluorescence
guenching analysis, we demonstrate that changes in surface charge lead to reversible
assembly and disassembly of the corona, which in turn determines the accessibility
of ligand-binding sites.

These findings provide a clear mechanistic link between protonation-driven
charge modulation, corona architecture, and drug binding efficiency. By
demonstrating that the hard corona behaves as a dynamic and reversible structural
entity, rather than a static coating, this work offers a conceptual foundation for
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designing pH-responsive nanocarriers capable of tuning drug loading and release in
accordance with local physiological conditions.

MATERIALS AND METHODS

Bovine serum albumin (BSA; Himedia), chloroauric acid (HAuCls;
Molychem), trisodium citrate (Thomas Baker), and curcumin (Sigma-Aldrich) were
used in this study. Buffer solutions of pH 2-7.4 were prepared using sodium
phosphate monobasic (NaH.PQ.), sodium phosphate dibasic (Na;HPO4-2H,0), and
orthophosphoric acid (HsPO.). All chemicals and reagents were of analytical grade.

SYNTHESIS AND CHARACTERIZATION OF GOLD NANOPARTICLES (GNP)

Gold nanoparticles were synthesized using a standard chemical reduction
approach following the procedure described by Pramanik et al. [41]. An aqueous
solution of HAUCI,4 (0.25 mM) was heated to 95 °C under continuous stirring, after
which trisodium citrate was added dropwise as the reducing and stabilizing agent.
The gradual color transition of the solution served as a visual indicator of
nanoparticle formation. The synthesized colloidal GNPs were characterized using
UV-Visible spectroscopy to confirm their surface plasmon resonance, while
scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy
(EDS) was employed to assess their morphology and elemental composition.
Dynamic light scattering (DLS) and zeta potential measurements were further used
to determine the hydrodynamic diameter and surface charge of the nanoparticles,
respectively.

The nanoparticle concentration was calculated using Equation 1, as described
previously (16).

NTotal
= VUNa (1)
where Nt is the total number of gold atoms added to the reaction mixture, N is the
number of gold atoms present in each GNP (N = 30.86xd 2, d is the size of the GNP
in nm), V is the volume of the solution in dm?, and Na is Avogadro’s constant.

PREPARATION OF BSA-GNP HARD CORONA

Gold nanoparticles (0.074 nM) were incubated with increasing concentrations
of BSA (0—45 uM) for 30 minutes to facilitate hard corona formation. Dynamic light
scattering (DLS) was used to assess monolayer adsorption of BSA onto the
nanoparticle surface, with all measurements performed in triplicate. Following
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incubation, the mixture contained both BSA-GNP HC and unbound BSA. The hard
corona complexes were isolated by centrifugation at 15,000 rpm for 10 minutes.
The supernatant was carefully discarded, and the pellet was washed and
resuspended in 10 mM buffer (pH 7.4). The purified BSA-GNP HC was then used
for subsequent analyses.

CHARACTERIZATION TECHNIQUES

Dynamic light scattering (DLS) measurements

Dynamic light scattering was employed to determine the hydrodynamic
diameter of BSA, GNP, and BSA-GNP hard corona (HC) samples under different
pH conditions. Measurements were performed using a Zetasizer Nano ZS90
(Malvern Instruments) equipped with a 632.8 nm He-Ne laser, with scattered light
detected at a fixed angle of 90 °. Refractive index of 1.33 and dispersant viscosity
of 0.89 cP was set. Samples were equilibrated at 298 K in a 10 mm quartz cuvette,
and each data point represents the average of three consecutive scans. DLS analysis
was used to evaluate both the formation of the hard corona and the pH-dependent
aggregation or dispersion behavior of the complexes. Changes in hydrodynamic size
served as indicators of protein adsorption, corona restructuring, and nanoparticle
assembly among varying pH environments.

Zeta potential measurements

Zeta potential analysis was conducted to assess surface charge and colloidal
stability of BSA, GNP, and BSA-GNP HC across the pH range using the same
instrument under identical environmental conditions. Measurements were
performed in disposable folded capillary cells (DTS1070) to ensure reproducibility
and minimize sample contamination. The zeta potential values were recorded in
phosphate buffers of pH 2—7 to monitor protonation- and deprotonation-driven
changes in charge distribution on the protein corona. These measurements provided
insight into electrostatic repulsion or attraction between nanoparticles, helping to
explain the observed transitions between stable dispersion, partial destabilization,
and aggregation at specific pH values.

UV-Visible measurements

UV-Visible absorption measurements were performed to monitor the optical
properties of BSA, GNP, and BSA-GNP hard corona (HC) under varying pH
conditions. Spectra were recorded using a nanophotometer (Implen) in the
wavelength range of 200-700 nm. BSA solutions (15 uM) and BSA-GNP HC
samples were prepared in phosphate buffers adjusted to pH 2, 3, 4, 5, 6, and 7. All
samples were analyzed in 10 mm pathlength quartz cuvettes at room temperature. For
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GNP characterization, the characteristic surface plasmon resonance (SPR) band was
used to confirm nanoparticle formation and assess any spectral shifts associated with
protein adsorption. Changes in the absorbance profile of BSA across different pH
conditions were used to evaluate possible pH-induced conformational variations in
the protein. Similarly, shifts in the SPR band position or intensity in BSA-GNP HC
samples were interpreted as indicators of corona formation, structural rearrangement,
and pH-dependent aggregation state. All measurements were performed in triplicate,
and representative spectra were used for comparative analysis.

Scanning electron microscope and energy dispersive spectroscopy

The morphology and elemental composition of the synthesized gold
nanoparticles (GNPs) were characterized using a Nova NanoSEM (Model
NPEP303). SEM imaging was conducted under high vacuum at an accelerating
voltage of 15.00 kV, with a chamber pressure of 1.45 x 10* Pa. Images were
acquired using a through-lens-detector (TLD) at a working distance of 5.3 mm and
a spot size of 3.5, providing high-resolution surface topography at magnifications
up to 100,000x% (resolution ~500 nm; HEW = 4.14 um). The SEM micrographs were
used to assess particle morphology and uniformity. EDS analysis was performed to
confirm the elemental composition of the nanoparticles and to exclude the presence
of any unintended contaminants, such as residual chloride ions, trace metal
contaminants from glassware or the reaction vessel, environmental metal particles,
or instrumental artifacts. The spectrum showed only characteristic Au peaks, along
with C and O signals from the citrate capping layer and Cu from the SEM chamber.
Together, SEM and EDS data provided structural and compositional validation of
the synthesized GNPs prior to protein corona formation.

Fluorescence spectroscopy measurements

Fluorescence measurements were carried out using a Varian Cary Eclipse
spectrofluorometer to evaluate the conformational behavior of BSA and BSA-GNP
HC across different pH conditions. Intrinsic fluorescence of BSA (1 mg/mL) was
recorded at an excitation wavelength of 295 nm, and emission spectra were
collected from 310-500 nm for samples prepared in buffers of pH 2—7. The
excitation and emission slit widths were set to 10 nm. To assess the influence of
nanoparticle binding on the protein microenvironment, fluorescence spectra of the
BSA-GNP HC were recorded under the same pH conditions. The photomultiplier
tube (PMT) voltage was adjusted (450 V for free BSA and 700 V for BSA-GNP
HC) to account for scattering effects associated with nanoparticle presence.

Binding characteristic of BS-GNP HC with curcumin

The binding interaction between curcumin and the BSA-GNP hard corona was
examined in selected buffer conditions (pH 7, 6, 4, and 2). Fluorescence
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spectroscopy, due to its high sensitivity to microenvironmental changes around
aromatic amino acids, was used to quantify the interaction. Fluorescence quenching
data were analyzed to determine the Stern-Volmer quenching constant (Ks) and the
bimolecular quenching rate constant (Kg), providing insight into the quenching
mechanism. Furthermore, the binding association constant (K.) and the number of
binding sites (n) were calculated to evaluate the strength and stoichiometry of CUR
binding to the corona. For fluorescence measurements, intrinsic tryptophan residues
of BSA within the corona were selectively excited at 295 nm, and emission spectra
were recorded from 310-500 nm. The excitation and emission slit widths were
maintained at 10 nm, and the photomultiplier tube (PMT) voltage was set to 700 V
to ensure optimal signal detection in nanoparticle-containing samples.

RESULT AND DISCUSSION

The formation of gold nanoparticles (GNPs) was initially indicated by a
distinct color change of the reaction mixture from pale yellow to ruby red,
characteristic of nanoparticle formation. UV-Visible spectroscopy confirmed this
observation, showing a prominent surface plasmon resonance (SPR) peak at
approximately 520 nm (Fig. 2b), which reflects the collective oscillation of
conduction electrons at the nanoparticle solvent interface. The position and shape
of this SPR band are sensitive to changes in the surrounding dielectric environment.
Therefore, adsorption of bovine serum albumin onto the GNP surface is expected
to induce a measurable red shift in the absorption peak due to alterations in local
refractive index. In Fig. 2a, the dynamic light scattering measurements revealed that
the synthesized GNPs had an average hydrodynamic diameter of 28.87 + 1 nm.
Using established calculations (Eq. 1), the nanoparticle concentration was
determined to be 0.37 nM.

To determine the saturation point of protein adsorption on the nanoparticle
surface, GNPs (0.074 nM) were incubated with increasing concentrations of BSA
ranging from 0 to 45 uM. Dynamic light scattering analysis showed a progressive
increase in hydrodynamic diameter with rising BSA concentration, indicating the
stepwise formation of the protein corona (Fig. 2c). After centrifugation to isolate
the hard corona, a further slight increase in particle size was observed, confirming
the formation of a stably bound protein layer.

At a BSA concentration of 15 uM, the BSA-GNP corona measured
35.9 £ 1 nm, while the corresponding hard corona exhibited a hydrodynamic
diameter of 38.32 £ 2 nm. Considering the molecular dimensions of BSA, an
increase of approximately 10 nm in particle size is consistent with monolayer
adsorption of BSA molecules onto the GNP surface, likely in an end-on orientation
[47]. Assuming an end-on orientation of BSA, based on its reported molecular
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dimensions (~4 x 4 x 14 nm) [39], the corresponding molecular footprint is
approximately 16 nmz2 Using a geometric monolayer coverage approach as
described by Rocker et al. [43], the estimated maximum surface coverage
corresponds to approximately 144 BSA molecules per nanoparticle.
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Fig. 2. a) UV-Visible spectrum (top right) and b) DLS (top left) of synthesized GNP, c) is DLS (bottom
left) and d) is zeta potential (bottom right) of corona before centrifugation (corona BC) and HC.

The zeta potential of the synthesized GNPs was measured to evaluate their
surface charge and colloidal stability. The nanoparticles exhibited a zeta potential
of —31.9 mV, indicating a relatively high negative surface charge. Zeta potential
reflects the electrostatic potential at the slipping plane of particles in suspension and
is widely used to predict nanoparticle stability in aqueous media. In general,
nanoparticles with zeta potential values greater than +30 mV are considered
electrostatically stable due to sufficient repulsive forces that prevent aggregation
[12]. Following the adsorption of BSA onto the GNP surface, a decrease in the
magnitude of the zeta potential was observed. This reduction is consistent with
partial charge neutralization upon protein adsorption, confirming successful corona
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formation. Similar trends have been reported previously, where protein binding to
GNPs results in decreased zeta potential values [12, 18]. The zeta potential profiles
of the BSA-GNP hard corona (HC) complexes are shown in Fig. 2d. Based on the
size and charge behavior, the HC prepared using 15 uM BSA and 0.074 nM GNP
corresponding to monolayer coverage was selected for subsequent experiments.

Fig. 3. Scanning electron microscope (SEM) image of GNP.

SEM image in Fig. 3 revealed that the synthesized gold nanoparticles were
predominantly spherical and well dispersed, with no evidence of large-scale
aggregation. The particle surfaces appeared smooth and uniform, indicating stable
citrate capping during synthesis. The size of particles seen were in range of
18-45 nm as shown in Fig. 3.

To obtain a statistically reliable representation of the particle size distribution,
SEM micrographs were quantitatively analyzed using a custom Python-based
image-processing workflow. A total of 1065 individual nanoparticles were
measured, providing a robust dataset for statistical evaluation. The extracted particle
diameters yielded a mean size of 34.41 nm with a standard deviation of 17.55 nm.
Based on these values, the nanoparticle polydispersity index (PDI = o/u) was
calculated to be 0.51, indicating a broad size distribution within the synthesized
sample.

Most particles were distributed within the 18-50 nm range, with the highest
frequency observed in the 18.2-21.5 nm bin (279 particles), suggesting a
predominance of smaller nanoparticles. However, the distribution was not
symmetric and exhibited a noticeable tail toward larger diameters. To better
describe this asymmetry, the probability density data were fitted using a log-normal
model, which provided an excellent fit (R? = 0.97), confirming that the size
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distribution follows a positively skewed pattern rather than a symmetric Gaussian
profile.

Such log-normal behavior is consistent with size-dependent growth kinetics
in citrate-mediated gold nanoparticle synthesis. SEM images further confirm that
the nanoparticles are predominantly spherical, with the observed polydispersity
arising mainly from growth heterogeneity.
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Fig. 4. Particle distribution analysis of the SEM image of spherical particles.

Figure 5 EDS spectrum exhibited a strong characteristic Au M, peak at
approximately 2.12 keV, confirming the presence of metallic gold. A weaker Au L,
peak near 9.7 keV was also observed, consistent with the expected emission profile
for gold nanoparticles at an accelerating voltage of 15 kV.

The spectrum showed a predominant signal for gold (Au), contributing
57.89 % of the normalized elemental weight composition, confirming the presence
of metallic gold as the major constituent. In addition, signals corresponding to
carbon (31.08 %) and oxygen (9.81 %) were detected. These elements are
commonly observed in citrate-stabilized nanoparticles and may also arise from the
carbon-based SEM sample support and adsorbed atmospheric species. The low-
intensity peaks at ~4.8, ~5.3, and ~5.7 keV arise from Ka emissions of transition-
metal components (primarily Cr, V, and Mn) in the SEM chamber and stage
hardware, and not from the Au nanoparticles themselves. The Au M-lines were
observed at ~2.12-2.20 keV as expected. Overall, the strong Au peak and
characteristic elemental profile confirm successful synthesis of gold nanoparticles
with citrate-based surface stabilization.
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Fig. 5. Energy dispersive spectroscopy of GNP.

EFFECT OF PH ON BSA AND BSA-GNP HC

UV-Visible spectroscopy study

Studies have shown that the net charge of BSA is strongly dependent on the
pH of the surrounding medium [39]. When the zeta potential approaches zero, the
protein attains a near-neutral net charge, corresponding to conditions close to its
isoelectric point [12, 49]. As the pH approaches the isoelectric point, the
electrostatic repulsion between BSA molecules decreases, which may reduce the
stability of their adsorption on the nanoparticle surface [39]. In addition, the surface
chemistry of gold nanoparticles is known to be influenced by changes in pH;
therefore, direct interaction between the buffer components and the exposed GNP
surface could promote particle-particle association, contributing to aggregation
[28].

The UV-Visible spectra in Fig. 6 and Fig. 7 showed a clear pH-dependent
structural response for both BSA and the BSA-GNP hard corona (HC). Native BSA
exhibited characteristic absorption peaks at approximately 230 nm and 280 nm at
pH 7, which correspond to peptide bond transitions and the presence of aromatic
amino acids such as tryptophan and tyrosine, respectively. These absorptions arise
from n-m* electronic transitions within the aromatic rings [4,40]. When the pH was
lowered to 6 and 5, these peaks remained visible but displayed a hyperchromic shift,
suggesting minor conformational rearrangements in the protein due to partial
protonation of surface residues. At a more acidic pH (<4), BSA showed an increased
absorbance at 280 nm, indicating partial unfolding and increased exposure of
aromatic residues to the solvent environment [42].
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The relative absorbance values at 280 nm and 520 nm provide clear evidence
of the pH-dependent stability of the BSA-GNP hard corona system. Changes were
observed not only in intensity but also in the position of the SPR band. At pH 7 and
6, the SPR maximum remained centered at 520 nm with moderate intensity
(0.19895 a.u.), indicating a stable and well-dispersed corona-coated nanoparticle
system.

As the pH decreased to 5, the SPR band shifted to 546 nm and showed
increased intensity (0.38953 a.u.), reflecting changes in the surrounding dielectric
environment and enhanced interparticle interactions. At pH 4, the SPR peak shifted
slightly to 537 nm, but its intensity dropped markedly (0.12815 a.u.), signaling
pronounced aggregation near the isoelectric region of BSA, where electrostatic
stabilization is weakest.

Further lowering the pH to 3 resulted in the SPR band reappearing at 546 nm
with intermediate intensity (0.38953 a.u.), suggesting partial stabilization. At pH 2,
however, the peak shifted back toward 521 nm and displayed the highest intensity
(0.61838 a.u.), indicating redispersion of the nanoparticles under strongly acidic
conditions. This shift back toward shorter wavelengths supports restoration of
electrostatic repulsion due to increased positive surface charge.

A similar pH-dependent pattern was observed at 280 nm, corresponding to
absorption by aromatic residues of BSA. The lowest intensity again occurred at pH
4 (0.18431 a.u.), while higher values were recorded at pH 2 (0.60722 a.u.) and
intermediate values at pH 3 and 5 (0.33044 a.u.), with moderate intensities at pH 6
and 7 (0.22 a.u.). Also, the spectral changes were reflected visually, as the
dispersion shifted from ruby red at neutral pH 7 to pale or whitish near pH 4, before
returning toward red at pH 2.
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Fig. 6. UV-Visible spectra of BSA in different pH.
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Such visual behavior and simultaneous decrease at both wavelengths around
pH 4 likely results from aggregation and temporary destabilization of the hard
corona near the isoelectric point, potentially exposing portions of the nanoparticle
surface to the surrounding medium.
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Fig. 7. UV-Visible spectra of BSA-GNP HC in different pH.

At pH 2, BSA carries a net positive charge, which reintroduces electrostatic
repulsion between individual BSA-GNP HC complexes. Consequently, the
dispersion regains stability, restoring both the solution color and the SPR signal
intensity at 520 nm (Fig. 6). This re-stabilization is consistent with trends observed
in the DLS and zeta potential measurements presented in the following section.

Collectively, these observations indicate that the hard corona effectively
protects the gold nanoparticle core at pH 7, 6, 5, and 2. However, at pH 4, where
the zeta potential approaches neutrality, the system becomes destabilized, resulting
in pronounced aggregation. A similar behavior is also evident at pH 3, supporting
the central role of electrostatic charge in maintaining corona integrity (Fig. 7).
Overall, the results underscore the crucial role of pH-driven surface charge
modulation in maintaining protein corona integrity and nanoparticle stability.

Dynamic light scattering study

To further evaluate the aggregation state of the BSA-GNP HC under varying
pH conditions, DLS measurements were conducted using the same instrumental
parameters applied during initial nanoparticle characterization. The hydrodynamic
size data are summarized in Table no 1 and represented in Fig. 8.
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At pH 7 and pH 6, the BSA-GNP HC displayed average diameters of
42.02 £ 2 nmand 41.66 + 2 nm, respectively, indicating a compact and stable corona
structure. A similar stability was observed at pH 2, where the average diameter was
43.69 = 2 nm.

In these conditions, the complexes maintain sufficient surface charge negative
at pH 7 and 6, and positive at pH 2 leading to effective electrostatic repulsion that
prevents aggregation. At pH 5, the hydrodynamic diameter increased to 68.73 nm,
suggesting the onset of partial clustering due to a decrease in net surface charge.
This trend became much more pronounced near the isoelectric region of BSA.
At pH 4 and pH 3, a dramatic increase in particle size was recorded, with the most
substantial aggregation observed at pH 4, where the hydrodynamic diameter
reached 846 + 5 nm.
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Fig. 8. Dynamic light scattering of BSA-GNP HC in different pH.

This coincided with the zeta potential approaching zero, a condition under
which electrostatic repulsion is minimized and attractive forces dominate. The
visible color change to a pale purple at pH 4 further corroborates the formation of
large aggregated assemblies.

These findings are in strong agreement with the UV-Visible spectral trends
and confirm that the aggregation observed near pH 4 results from charge
neutralization and structural rearrangement within the BSA corona, rather than
instability of the gold core itself. In contrast, at very low pH (pH 2), the positive
charge acquired by BSA restores repulsive interactions, enabling the disassembly
of aggregates and re-establishing a stable, dispersed HC structure.
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Tableno 1
Z average size of the BSA-GNP HC at various pH
pH ‘ Average size (d) (nm)

43.69 2

204 +3

8465

68.73+2

41.66 £2

~N| o gf B~ o wl N

42.02+2

Zeta potential study

Zeta potential provides information about the electrical potential at the
slipping plane between a particle’s surface and the surrounding medium and is
therefore a useful indicator of both colloidal stability and surface charge
characteristics [12]. In the present study, zeta potential measurements were recorded
for BSA and BSA-GNP HC across a pH range of 2-7 (Fig. 9). As expected, the
surface charge of BSA shifted systematically with pH. At higher pH values, BSA
carried a net negative charge due to deprotonation of acidic residues. When the pH
approached the isoelectric point, the net charge decreased, and at pH 4 the zeta
potential approached 0 mV. At lower pH values, protonation of ionizable amino
acid side chains resulted in a net positive charge [12, 19, 39]. Specifically, BSA
exhibited a zeta potential of —9.9 mV at pH 7, indicating negatively charged,
moderately stable protein dispersions. At pH 2, the zeta potential shifted to
+9.21 mV, reflecting a reversal of surface charge and re-establishment of
electrostatic repulsion, which helps maintain dispersion stability. In contrast, at
intermediate pH values (pH 3, 5, and 6), reduced magnitude of surface charge
corresponded with decreased stability. Extrapolation of the zeta potential profile
indicated that the isoelectric point occurs near pH 4.

A similar pH-dependent trend was observed for the BSA-GNP hard corona.
At pH 7 and pH 2, the BSA-GNP HC displayed zeta potential values of —12.3 mV
and +10.5 mV, respectively, consistent with stable, dispersed complexes. However,
at pH 4, the zeta potential of the BSA-GNP HC decreased to —1.04 mV, effectively
close to zero and approaching charge neutrality. Extrapolation placed the effective
isoelectric point of the HC near pH 3.8. This significant shift in the charge profile
compared to free BSA reflects the adsorption of BSA onto the GNP surface and
subsequent rearrangement of surface-exposed ionizable groups [32, 46]. Because
electrostatic repulsion is minimized at this condition, aggregation is supported by
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the increase in hydrodynamic diameter observed in DLS and by the notable
reduction in intensity and broadening of the SPR band at ~520 nm in the UV-Visible
spectra. Taken together, the zeta potential results confirm that surface charge
modulation is the key regulator of BSA-GNP HC stability, with aggregation
occurring specifically when the system approaches charge neutrality.

10 4 —a— BSA
—eo—BSAGNP HC

Zeta potential (mV)
N
w

-10 4

-15 4

Fig. 9. Zeta potential of BSA and BSA-GNP corona in pH 2-7.

Fluorescence spectroscopy study

Fluorescence spectroscopy was employed to examine pH-dependent
conformational changes in BSA and to understand how these structural changes are
altered when BSA is adsorbed onto the gold nanoparticle surface. Since excitation
at 295 nm selectively excites tryptophan residues, the resulting emission spectra
provide a sensitive probe of the microenvironment surrounding tryptophan and, in
turn, reflect the conformational state of the protein. At physiological pH, native
BSA displayed a characteristic emission maximum at approximately 344 nm
(Fig. 10), which corresponds to tryptophan residing in a moderate polar
environment within the protein core [25]. A similar emission wavelength was
observed at pH 7, indicating that the tertiary structure of BSA remains largely intact.

As the pH decreased to 6 and 5, an increase in fluorescence intensity was
observed, accompanied by a blue shift of approximately 2—-3 nm relative to pH 7.
These spectral changes suggest a subtle tightening of the tertiary structure or
reduced solvent exposure of tryptophan residues. Such effects are consistent with
small conformational rearrangements driven by partial protonation of surface
residues. At pH 4, however, the fluorescence intensity decreased relative to values
at pH 5, 6, and 7, while the emission maximum was recorded near 343 nm. This
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decrease in intensity indicates that BSA undergoes partial unfolding or loosening of
its tertiary structure when approaching its isoelectric point, where reduced
electrostatic repulsion promotes conformational rearrangements [5].

Below the isoelectric region, more substantial spectral changes were
observed. At pH 3, the fluorescence intensity increased markedly, and the emission
maximum shifted by ~9 nm toward the blue region compared to pH 7. This indicates
significant rearrangement within the protein, potentially involving exposure of
hydrophobic residues or repositioning of tryptophan into a less polar
microenvironment. At pH 2, fluorescence was highly quenched and the emission
maximum remained ~9 nm blue shifted. Strong quenching at low pH may result
from large-scale unfolding, increased solvent exposure, and enhanced non-radiative
decay processes [14, 26]. These findings are consistent with earlier reports showing
that pH-dependent protonation and deprotonation of amino acid residues influence
protein structural stability, the spatial arrangement of aromatic residues, and their
fluorescent behavior [5]. Moreover, changes in electrostatic interactions and the
local charge environment also contributed to fluorescence quenching and decreased
emission intensity [3].

800 - pH =2
——pH=3
700 it =i
600 - =—pH =5
‘pH=6
500 4 pH=7
>
D 400 4
5
£ 300 1
200 -
100 4
i .
350 400 450 500

Wavelength (nm)

Fig. 10. Fluorescence Spectra of BSA in different pH.

The fluorescence spectra of the BSA-GNP hard corona showed pH-dependent
behavior similar to free BSA, with distinct differences upon nanoparticle binding.
At pH 7, the emission maximum shifted to ~328 nm (Fig. 11), indicating a blue shift
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relative to native BSA. This shift suggests reduced solvent exposure and a more
hydrophobic microenvironment around tryptophan residues following adsorption
[21, 34]. The fluorescence intensity decreased, indicating nanoparticle-induced
guenching caused by close proximity to the gold surface, independent of the blue
shift. Across pH 6 and 5, the fluorescence intensity increased (similar to free BSA),
suggesting tighter packing or reduced solvent access around tryptophan. When the
pH was reduced to 4, 3, and 2, the fluorescence intensity gradually decreased again.
Previous studies have shown that protonation near the isoelectric point of BSA leads
to partial conformational loosening and increased hydrophobic residue exposure,
which correlates with the decreased emission intensity observed [22]. Additionally,
pH fluctuations are known to disrupt and reform hydrogen bonding networks within
proteins, affecting tertiary stabilization and fluorophore quencher distances [3, 14,
25].

However, the fluorescence spectra did not provide clear evidence for BSA
desorption from the GNP surface near the isoelectric point. While aggregation and
corona restructuring were evident from UV-Visible and DLS analyses, the
fluorescence behavior remained consistent with BSA largely remaining associated
with the gold surface. Thus, fluorescence results support that pH primarily affects
the conformation and packing of adsorbed BSA, rather than causing complete
desorption.

500 ~ —-pH7
450 - ——pH®6

—pH 5
400 - pH 4

T T T 1
350 400 450 500
Wavelength (nm)

Fig. 11. Fluorescence spectra of BSA-GNP HC in different pH.
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INTERACTION OF BSA-GNP HARD CORONA WITH CURCUMIN

Fluorescence spectroscopy study

The fluorescence spectra of BSA-GNP HC and CUR interaction is shown in
Fig. 12. a decrease in fluorescence intensity was observed upon CUR addition,
indicating quenching of BSA-GNP HC fluorescence. Similar quenching behavior
of BSA upon interaction with CUR has been reported previously [17, 35].
Fluorescence quenching is the process in which the fluorescence intensity of a given
fluorophore decreases. Molecular interactions between the BSA and CUR generate
the quenching effect. Quenching phenomenon could be the result of collisional
guenching (dynamic quenching) or non-fluorescent ground state complex formation
(static quenching). Dynamic (collisional) quenching is a process where fluorophore
in its excited state collides with the quencher molecule; whereas in static quenching
non-fluorescent conjugate between the fluorophore and the quencher is formed in
the ground state [25].

Stern-Volmer equation (equation 2) was used to calculate the Stern-Volmer
constant Ks, which represent the efficiency of the quenching, i.e., it indicates the
accessibility of the quencher to the excited fluorophore.

0 =1+ keTolQ] = 1+ Ksy[Q] )
Ksy = k479 (3)

where [Q] is the concentration of quencher. Fo and F are the fluorescence intensities
of BSA in absence and presence of quencher, respectively. kq is the biomolecular
quenching rate constant and 1o is the lifetime of biopolymer (10-8 s) without
guencher [25].

Binding constant (K) of CUR and BSA-GNP HC interaction and number of
binding site (binding number, n) of CUR on BSA was calculated using double
logarithmic equation (Eqg. 4).

logFOF—_F = logK + nlog[Q] 4

The fluorescence emission spectra illustrating the interaction between the
BSA-GNP hard corona (HC) and curcumin (CUR) at pH 7, 6, 4, and 2 are shown in
Fig. 12. The BSA-GNP HC displays an emission maximum at approximately
322 nm, consistent with quenching of tryptophan fluorescence in the presence of
the gold nanoparticle surface.

Upon titration with increasing concentrations of CUR, a progressive decrease
in fluorescence intensity was observed, indicating that CUR interacts with the
protein corona in a manner that alters the microenvironment surrounding the
fluorophore. This quenching behavior aligns with our previous observations on
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CUR interacting with nanoparticle-protein corona complexes [20]. To further
understand the quenching mechanism and binding strength, Stern-Volmer and
double logarithmic analyses were performed. The calculated Stern-Volmer
quenching constants (Ks), bimolecular quenching constants (Kg), association
constants (Kz), and number of binding sites (n) are summarized in Table 2.

At pH 7, the BSA-GNP HC displayed a K value of 1.99 x 10* M* and a
Kq value of 3.98 x 102 M1s™1, At pH 6, the K and Kq values were 1.81 x 10* M
and 3.62 x 1012 M-1s1, respectively. These K, values are significantly higher than
the typical diffusion-controlled limit (~10° M-1s™?), indicating that the quenching
arises from static quenching, which reflects ground-state complex formation rather
than collisional interactions [25, 33]. The association constants (K,) at pH 7 and 6
(1.81 x 10> Mt and 1.019 x 10% M1, respectively), along with n values below 1
(0.58 at pH 7 and 0.54 at pH 6), suggest that CUR interacts with a single dominant
binding site on the BSA-GNP HC under these conditions.
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Fig. 12. Fluorescence spectra of interaction between BSA-GNP HC and CUR for pH 7, 6, 4, and 2.

Stern-Volmer plot and double logarithmic plots for pH 7, 6, and 2 are shown in inset.

Notably, at pH 2, the binding affinity increased substantially. The Ks, rose to
4.13 x 10* M1, K4 t0 8.26 x 102 M1s—1, and K, to 6.51 x 10° M1, with n = 0.83.
The enhanced binding at pH 2 corresponds to the positively charged and



21 BSA-GNP HC-pH modulation of curcumin binding 91

re-stabilized state of the corona, which likely increases the accessibility of CUR-
binding residues.

In contrast, at pH 4, no appreciable quenching was observed, and no binding
parameters could be calculated. This absence of interaction correlates directly with
the extensive aggregation observed in DLS and UV-Visible analyses at pH 4, where
the corona collapses due to charge neutralization near the isoelectric point. In this
aggregated state, binding sites are sterically shielded and unavailable for CUR
interaction.

Table 2

Stern-Volmer constant (Ksv), quenching constant (Kg), association constant (Ka) and number of
bindings sites (n) of BSA-GNP HC conjugate at various pH 2, 4,6, and 7

P NOfP o KM | Ko (MY
pH 7 199x10° | 398x10% | 058 | 1.81x 107
pH 6 181x10° | 362x10%2 | 054 | 1.019x 102
pH 4 — — - -
pH 2 413x10° | 826x10% | 083 | 6.51x10°

Taken together, these data demonstrate that CUR binding to the BSA-GNP
HC is strongly governed by the pH-dependent structural state of the corona. When
the corona is dispersed (pH 7, 6, and 2), CUR can associate effectively; however,
when the corona aggregates (pH 4), ligand binding is inhibited. This confirms that
corona assembly-disassembly dynamics directly control drug accessibility,
highlighting the relevance of pH-responsive nanostructures in drug delivery
applications.

CONCLUSION

This study provides a comprehensive understanding of how pH influences the
structural stability and functional behavior of the BSA-GNP hard corona.
UV-Visible spectroscopy revealed distinct spectral changes associated with pH-
driven aggregation and disassembly of the corona, particularly the disappearance
and reappearance of the gold nanoparticle plasmon band near the isoelectric region.
DLS measurements confirmed these observations, showing that the corona remains
compact and stable at pH 7, 6, and 2 (hydrodynamic diameter ~42 nm), undergoes
partial destabilization at pH 5 (~68.73 nm), and exhibits extensive aggregation at
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pH 4 (846 + 5 nm). Zeta potential analysis further established that this behavior is
governed by protonation-dependent surface charge regulation; the corona is stable
when sufficiently charged (-12.3 mV at pH 7 and +10.5 mV at pH 2) and aggregates
when the charge approaches neutrality at pH ~4.

Fluorescence spectroscopy of both free BSA and BSA-GNP HC demonstrated
pH-sensitive conformational changes within the protein shell, reflecting alterations
in the microenvironment of tryptophan residues during corona compaction and
expansion. Curcumin binding studies revealed static quenching and ground-state
complex formation at pH 7, 6, and 2, indicating accessible binding sites under
dispersed conditions. In contrast, no appreciable binding was observed at pH 4,
where corona aggregation restricts ligand accessibility.

Taken together, these findings show that the BSA-GNP hard corona is not a
rigid surface layer but a dynamic, reversible supramolecular assembly whose
structural state and functional ligand binding capacity are determined by
environmental pH. The reversible aggregation at pH 4 and redispersion at pH 2
highlights the plasticity of the corona architecture. This pH-responsive behavior has
significant implications for nano drug delivery design, suggesting that drug loading
and release can be strategically tuned by exploiting pH variations across
physiological and pathological environments.
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