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1. Introduction

Interaction of solid lipid nanoparticles with bovine
serum albumin: physicochemical mechanistic
insightst

Jyoti Rathee and Nand Kishore (2 *

This study investigates the interaction of solid lipid nanoparticles (SLNs) with the transport protein bovine
serum albumin (BSA) in terms of thermodynamic signatures, employing both spectroscopic and
calorimetric techniques. When nanoparticles are exposed to biological media, proteins are adsorbed on
their surfaces, leading to protein corona formation. Therefore, controlling the formation of the protein
corona is essential for in vivo therapeutic efficacy. Although SLNs have previously been explored solely
as potential nano-carriers for drug delivery, no prior efforts have been made to study their interactions
with biomolecules from a biophysical and mechanistic perspective. SLNs are colloidal dispersions of
the solid lipid in an aqueous solution stabilized by surfactants. Herein, a hot emulsification methodology
was employed to formulate SLNs, and their interactions with BSA were analyzed. The SLNs were
characterized using transmission electron microscopy (TEM) and dynamic light scattering (DLS)
techniques to obtain information on their size, zeta potential, and shape. Fluorescence data suggested
the presence of weak interactions between the SLNs and BSA. Static quenching is confirmed using
time-correlated single-photon counting (TCSPC) experiments. Differential scanning calorimetric (DSC)
and fluorescence spectroscopic experiments suggest the thermal stabilization of BSA by the SLNs. This
stabilization results from the enhancement of the secondary structure of the protein without
significantly altering the tertiary structure. Isothermal calorimetry (ITC) results suggest weak interactions
between the SLNs and BSA, although not in a site-specific manner. Overall, mechanistic insights into
lipid nanoparticle—protein interactions obtained from such studies efficiently overcome the hurdles
associated with targeted drug delivery.

infections and have shown promising results in terms of
stability, encapsulation efficiency, and targeted delivery.®™

Advancement in nanotechnology has opened up a new arena of
research based on drug-delivery modules. It has been reported
that a variety of nano-assemblies, such as liposomes,' lipid
nanoparticles,” polymeric nanoparticles,® and metal-organic
frameworks,* can offer enhanced therapeutics and biomedical
applications. Among the diverse range of NPs employed in
biomedical applications, solid lipid nanoparticles (SLNs) have
received significant attention owing to their biocompatibility,
stability, higher encapsulation efficiency, and desirable drug
delivery properties.> SLNs are lipid-based nano-assemblies that
consist of core-shell structures with a hydrophobic lipid core
surrounded by a hydrophilic surfactant shell. SLNs have been
utilized in the treatment of cancer, cystic fibrosis, and bacterial
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The leading interest in the biomedical and therapeutic
applications of smart nanomaterials underscores the need for
comprehensive analysis of their interactions with biologically
important systems, such as proteins.'® To investigate the
complex nature of interfacial processes occurring in living
systems, a multi-analytical approach is required to characterize
the associated interactions.'™'* The lack of adequate data
limits the efficacy of biomaterials in diagnostic and targeted
therapeutics, including molecular, cellular, and tissue target-
ing. Therefore, it is crucial to understand the characteristics of
bio-interfaces that contribute to the design of nanostructured
materials with enhanced efficacy and fewer side effects.’**

After administration of NPs, a diverse range of bio-
molecules, such as proteins, can adsorb onto their surface,
leading to protein corona formation.'>'® Initially, NPs under
physiological conditions are coated with a firmly attached layer
of proteins known as a hard corona. Thereafter, the assembly
is further covered by weakly bound proteins, which are in
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dynamic equilibrium and form a soft corona.'”'® The formed
protein corona is influenced by several factors, such as the
physicochemical properties of the nano modules, the composi-
tion of the protein corona and temperature.

With few exceptions, protein corona formation occurs in
almost all known NPs. The interaction of various molecules
with the protein corona leads to changes in size, surface
potential, and conformational changes in the protein.’® Thus
far, only a few NPs have passed clinical trials and are commer-
cially available. The nature and composition of the biomolecu-
lar corona surrounding the NPs can influence their biological
fate, immune response, toxicity, and therapeutic efficacy.”® The
internalization and excretion process of the NPs is also influ-
enced by the protein layer, which affects the biological activity
of the nanoparticles.* Before clinical applications, an in-depth
understanding of the interactions of the NPs with plasma
protein is crucial for assessing the potential side effects of such
systems.>>

Serum albumin is the most abundant protein in plasma
accounting for about 60% of the protein content. It acts as a
transport agent owing to its important role in most of the
physiological functions helping in the distribution and trans-
portation of exogenous and endogenous molecules.”® Albumin
has already been employed in the formulation of albumin-
based nanoparticles for drug delivery applications. BSA-
conjugated silver nanoparticles loaded with hyaluronic acid
(HA)-polyethylene glycol (PEG) have been reported to show
excellent antibacterial activity against Gram-positive/Gram-
negative bactericides. Release studies showed that a significant
amount of the nanoparticles remained in the matrix even after
14 days owing to the presence of the interactions between the
nanoparticles and hydrogel.>*

The biological environment surrounding NPs varies with
different administration routes depending on the specific dis-
eases. Moreover, NPs with a protein corona are cleared more
rapidly by the phagocytic system. Additionally, the adsorption
might lessen the NP cellular absorption by reducing their
cell membrane adherence. The drug release profile, bio-
distribution, and biodegradation are impacted by the for-
mation of protein corona.”® Thus, an understanding of the
development of the protein corona in terms of interactions
between protein and SLNs is considered one of the keystones in
filling the gap between the in vitro design and in vivo therapeu-
tic effects.

Therefore, to regulate the formation of the protein corona, it
is imperative to understand the interactions between proteins
and NPs. Numerous studies have been conducted to demon-
strate how protein corona formation occurs in silica,*® gold,*”
and polymeric nanoparticles.”®

Recently, Maity et al.>® reported the significant role of the
lipid coronas (hard and soft) in the aggregation of the amino
acid-functionalised gold NPs in the presence of the lysozyme
protein. It was found that human serum albumin (HSA) con-
jugated amino acid functionalised gold NPs and citrate func-
tionalized gold NPs are more effective in preventing the
lysozyme-induced aggregation of the gold NPs compared to
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the BSA-conjugated gold NPs. Further, the detailed mechanism
of the BSA protein interaction with the silver NPs was studied
by Dasgupta et al.>® Side-on or end-on interaction of the 1.5
molecules of the BSA with silver nanoparticles was reported.
Similarly, the interactions of the ZnO/Ag NPs with the BSA
protein with the help of spectroscopic techniques have been
studied. The obtained thermodynamic parameters indicated
that the binding of the BSA with the ZnO/Ag was spontaneous
and enthalpy driven. van der Waals forces and hydrogen
bonding play a major role in the interaction between BSA and
ZnO/Ag NPs.*° Later on, the binding interactions of 7-(N,N’-
diethylamino) courmarin-3-carboxylic acid (7-DCCA) with BSA
in the presence and absence of graphene oxide (GO) were
explored. The addition of GO restricted the environment sur-
rounding the 7-DCCA molecule in the presence of low and high
concentrations of the BSA. ITC results showed higher binding
interactions in the presence of GO.>" In a recent report by Maity
et al.,** the diverse role of the buffer molecules of different
charges (at particular pH) in the interactions of the phenyl
alanine functionalised gold NPs with the lysozyme protein,
particularly in protein-induced NPs aggregation, were studied.
The aggregation of both phenyl alanine functionalised gold NPs
and lysozyme was reported in the negatively charged buffer
(citrate and phosphate), whereas the positively charged buffer
(HEPES, MOPS and Tris) and zwitterionic buffer only caused
the aggregation of the protein.*”

The quantitative mechanistic insights into the interaction of
the SLNs and protein are largely missing. Analyzing the effect
on the transport system can pave the way for further develop-
ment and advancement of nanosystems in biomedical
applications.

Herein, thermodynamic characterization of the protein cor-
ona formation of SLNs with BSA is attempted. SLNs in the size
range of 100-150 nm were prepared using the emulsification
method and subjected to interaction with BSA at pH 7.4.
Further, transmission electron microscopy (TEM) and dynamic
light scattering (DLS) techniques are employed to obtain the
shape and size of the prepared systems. The interaction of
BSA with the lipid nanoparticles is studied using UV-visible
spectroscopy, fluorescence spectroscopy, time-correlated single
photon counting (TCSPC), and circular dichroism (CD) spectro-
scopy in amalgamation with calorimetric analysis to explore the
development and applications of SLNs.

2. Experimental section
2.1. Materials

Potassium phosphate (>99%), pluronic F68 (>99%), and fatty
acid-free bovine serum albumin (>99%) were purchased from
Sigma-Aldrich. Glyceryl monostearate (GMS) (>98%) was procured
from TCI chemicals. Phosphate buffer (20 x 10~%) mol dm* was
prepared in double distilled deionised water. Before the pre-
paration of the solutions, degassing of the buffer was per-
formed to remove the dissolved gases. A Sartorius BP 211
digital balance with £0.01 mg readability was used for the
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mass measurements. The concentration of BSA was determined
using a Jasco V550 double-beam spectrophotometer based on
its extinction coefficient corresponding to Ejep = 6.8.%5

2.2. Preparation of solid lipid nanoparticles (SLNs)

The hot emulsification method was employed for the prepara-
tion of the SLNs with slight modifications.***> Briefly, glyceryl
monostearate (GMS, 4% w/w) was heated at 75 °C for 15 min.
After complete melting, a 0.05% w/w aqueous solution of
pluronic 68 was added to the lipid phase and stirred for
20 min. Thereafter, the obtained hot dispersion was added to
the cold buffer dropwise and stirred at 500 rpm for 20 min.
Furthermore, centrifugation was performed at 10000 rpm for
15 min. The cooling step promotes the formation of SLNs. The
resulting nanoparticle suspension was stored at 298 K for
further experiments.

2.3. Dynamic light scattering, zeta potential, and
transmission electron microscopy

The hydrodynamic diameter and zeta potential of the fabri-
cated SLNs in the absence and presence of the protein were
determined using a Brookhaven DLS particle size analyser at
298 K. A 12 pM BSA solution prepared in the phosphate buffer
at pH 7.4 was incubated with the SLNs for a period of 24 h. All
the samples were filtered using a 0.45 um pre-size microfilter.
The hydrodynamic diameter of the SLNs was analyzed based on
the concept of Brownian motion.*® The correlation between the
Brownian motion and hydrodynamic diameter (dy) is given by
the Stokes-Einstein relation (eqn (1)). Each measurement was
repeated three times with a laser wavelength of 633 nm,
medium viscosity of 0.8872 cP, and refractive index of 1.33.

kT
N 37'“1D].[7

1)

where kg, T, 17, and D denote the Boltzmann constant, tempera-
ture, viscosity, and translational diffusion coefficient of the
solvent, respectively.

The surface charge on the SLNs is determined by the zeta
potential ({) measurements using the Nano Brook Omni instru-
ment, which measures the zeta potential based on electro-
phoretic mobility. The correlation between the electrophoretic
mobility (u.) and zeta potential ({) is given by the following
equation (eqn (2)):*’

He = CEf(Ka) (2)

where 7, K, and ¢ denote the viscosity of the solvent, Henry’s
constant, and dielectric constant, respectively.*®

To examine the shape of the prepared systems, TEM images
were taken using an electron microscope (FEI Tecnai G2, F30).
The accelerating voltage was set at 300 kV. For sample prepara-
tion, the stock solution of the lipid nanoparticles with and
without BSA was diluted and drop-cast over mesh copper grids.
Later on, the samples were air-dried in a desiccator for a
minimum of 24 h before being subjected to analysis.
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2.4. Fluorescence spectroscopy

Steady-state fluorescence measurements were performed using a
Cary Eclipse spectrophotometer with a quartz cell of path length 1
cm at 298 K. The excitation and emission slit widths were fixed at
5 nm each. The excitation wavelength was fixed at 295 nm, and the
emission spectra were recorded in the wavelength range of 310-
550 nm. The BSA concentration was kept at 4 uM, while that of
SLNs varied during the experiment. The SLNs concentration was
determined based on the lipid concentration in the solution. The
fluorescence emission spectrum of the lipid was also recorded as a
control experiment. The quenching of BSA using SLNs was exam-
ined to decipher the interaction of the lipid nanoparticles with the
protein. Each experiment was carried out at least three times to
establish the reproducibility of the measurements.

A Horiba (Fluoromax + (RM 360)) spectrofluorometer was
employed to study the thermal denaturation behavior of BSA.
The concentration of BSA was fixed at 4 pyM and excited at
295 nm. Further, the emission fluorescence spectra were recorded
in the temperature range of 25-95 °C. The experiments were
performed at molar ratios of the BSA to SLNs at 1:0, 1:5, and
1:20. The EXAM software of Kirchhoff® was employed for extract-
ing thermodynamic parameters such as transition midpoint (7},)
and enthalpy change (AH,,,) accompanying unfolding of BSA.

2.5. Time correlation single photon counting (TCSPC)

A Horiba Jobin Yvon (Fluorocube) was employed to carry out the
time-resolved fluorescence experiments. The excitation and emis-
sion wavelengths of the BSA were fixed at 295 nm and 350 nm,
respectively. The value of FWHM was 68.8 ps. The fluorescence
decay data were fitted bi-exponentially by employing an iterative
reconvolution methodology with the DAS 6.0 software from IBH,
UK. The goodness of the fit was denoted in terms of ;> parameters.

The experiment was performed at BSA to SLNs molar ratios
of 1:0, 1:5, and 1:20 with a protein concentration of 4 pM at
298 K. TCSPC experiments were performed to assess the static
or dynamic nature of quenching in complex formation.*°

The bi-exponential model is employed to analyze the inten-
sity of decay as the sum of individual single exponential decays
expressed in the following equation (eqn (3)):

where 7; and 7, denote the decay times and a, and a, denote
the amplitudes of their respective decays.

The average lifetime (t) was calculated using the following
equation (eqn (4)):

Z a;T;
i
T =
>4

i

4)

2.6. UV-visible spectroscopy

A double-beam spectrophotometer was used to carry out absor-
bance measurements of the protein in the absence and
presence of the SLNs. The spectra were recorded in the
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wavelength range of 200-600 nm at 298 K with a scan rate fixed
at 400 nm min ', Each experiment was carried out at least
thrice to assess for reproducibility of the results.

2.7. Circular dichroism (CD) spectroscopy

To elucidate changes in the secondary and tertiary structures of
the protein, CD spectroscopic experiments were performed. A
Jasco-810 spectropolarimeter was employed to perform circular
dichroism (CD) experiments. To scan in the far UV (260-190)
and near UV (320-260 nm) CD regions, the cells with path
lengths of 0.2 cm and 1 cm, respectively, were used. The
concentrations of BSA in far UV CD and near UV CD measure-
ments were 4 pM and 15 pM, respectively. Purging of the
nitrogen gas was done thoroughly during the experiments.
The CD spectra were measured at a scan rate of 100 nm min "
with 1 second response time. The baseline correction was
performed for each spectrum, and the final spectra reported
are an average of the three accumulations. The measured
ellipticity (0) was converted into molar ellipticity [0] using the
following equation (eqn (5)):*!

[6] = 100 x (%) (5)

where [ refers to the path length of the cuvette.

2.8. Differential scanning calorimetry (DSC)

A Nano DSC procured from a TA instrument with a cell volume
of 300 pL was employed to study the thermal behaviour of the
BSA upon the addition of SLNs. The concentration of BSA was
fixed, corresponding to 3 mg mL ™", while that of SLNs varied. A
scan rate of 1 °C min~ " was fixed, and heating was performed
in the temperature range of 25-95 °C. For the baseline,
the reference cell and the sample cell were filled with buffer
and scanned at the same rate in the temperature range used
in the other experiments. After subtraction of the buffer
versus buffer scan from the protein versus buffer scans, the
excess heat capacity of the protein versus the temperature plot
was obtained. The baseline-corrected results were analyzed
using Nano Analyse software with a Gaussian model to extract
the thermodynamic parameters accompanying the protein
unfolding.

2.9. Isothermal titration calorimetry (ITC)

A Nano ITC procured from TA instruments with a cell volume of
300 pL and syringe volume of 50 pL was used to measure heat
changes accompanying the interaction of BSA with SLNs. BSA
(0.03 mM) was taken in the sample cells and titrated with
subsequent injections of SLNs (0.8 mM) from the syringe. The
experiments were designed for a total of 24 injections: 2 pL
each spaced at an interval of 300 s. The reference cell was filled
with buffer, and the solution in the sample cell was stirred at a
rate of 350 rpm. The titration did not result in a typical
sigmoidal binding isotherm. Based on the trends observed in
the values of the heat of interaction (g), limiting standard molar
enthalpies of the interaction (AH,) of SLNs with the BSA were
obtained by fitting second-order polynomials to the data points
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in the ORIGIN (eqn (6)):
g=AH, +Sim+ Som?, (6)

where g denotes the value of heat absorbed/liberated at each
injection, m denotes the concentration of the SLNs, and S; and
S, are fitting constants.

2.10. Statistical analysis

Data are presented as mean + standard deviation (SD). All
experiments were carried out at least three times. Statistical
analysis was performed using a one-way analysis of variance
(ANOVA) in Excel. A p-value of less than 0.05 was considered to
indicate statistical significance.

3. Results and discussion

The SLNs were successfully prepared using a hot emulsification
methodology by employing biocompatible excipients such as
glyceryl monostearate (GMS) as the lipid phase and PF-68
(surfactant). GMS was employed as a core material for the
SLNs. To formulate SLNs, GMS was selected owing to its less
ordered crystal structure, higher loading efficiency, and
improved stability.*” The melting point of the GMS is approxi-
mately 75 °C. Therefore, during the preparation of the SLNs, the
temperature was maintained at 80 °C to achieve a molten state
of the lipid. Further, the prepared systems were stabilized using
Pluronic F-68 (PF-68) with a hydrophilic lipophilic balance
value of 29. PF 68 is listed as an “inactive ingredient” by the
U.S. Food and Drug Administration (FDA) in its GRAS (generally
regarded as safe) ingredients.”* The surface hydrophobicity or
hydrophilicity of the SLNs depends on the nature and composi-
tion of the employed excipients. Here, in our formulation,
glyceryl monostearate (GMS) lipid and PF 68 are used to
prepare the SLNs. Consequently, owing to the hydrophobic
nature of the GMS lipid, it is anticipated that SLNs are primarily
hydrophobic. Furthermore, PF 68 incorporated in formulation
contributes to the colloidal stability of the SLNs although it
imparts hydrophilic character owing to several -O- and -OH
groups. Density affects the dynamic properties of the formula-
tion, including stability, release behaviour, and viscosity. Den-
sity is defined as the quotient of the weight-to-volume ratio
of the system. Herein, the density of the SLNs was found to
be (0.99823 + 0.0001) g cm* close to the density of the
deionized water/buffer (pH 7.4). High-density differences
between the SLNs formulation and the dispersing medium
can accelerate sedimentation, which influences the stability
of the formulation.**

3.1. Hydrodynamic and zeta potential analysis

The values of the hydrodynamic diameter and zeta potential
were determined using DLS measurements. A comparison of
the hydrodynamic diameter of SLNs can shed light on the
protein corona formation. The hydrodynamic diameter of the
SLNs was found to be 350 = 10 nm, and that of the SLNs-BSA
complex was found to be 362 + 14 nm (Fig. 1). Herein, the

Phys. Chem. Chem. Phys., 2025, 27, 5876-5888 | 5879


https://doi.org/10.1039/d4cp04737k

Published on 18 February 2025. Downloaded on 4/6/2026 10:20:05 PM.

PCCP

Fig. 1 Hydrodynamic diameter of the SLNs and SLNs—BSA complex at
298 K.

hydrodynamic diameter of the SLNs was found to be nearly the
same irrespective of whether or not they were incubated in the
protein solution. The results signify no change in the SLNs
structure or dynamics after exposure to the plasma protein.
Moreover, the results indicate that there is no major adsorption
of BSA on SLNs. Similar results are reported by Alberg and
coworkers®® in which the size of the cross-linked polymeric
nanoparticles after incubation with plasma protein was found
to be almost similar to that of bare SLNs, suggesting that the
nanoparticles remain intact and there is no significant adsorp-
tion of protein on their surface. Wang et al.'® reported that the
surface hydrophobicity of the NPs significantly influences their
interaction with proteins, with high hydrophilicity being a
fundamental trait of materials possessing strong anti-protein
adsorption capabilities. It was proposed that this anti-protein
adsorption ability is closely linked to the hydration layer near
the surface, which acts as both a physical and energetic barrier,
preventing protein adsorption.

The zeta potential of SLNs was found to be —(25 + 2) mV
(Fig. S1, ESIT). The value of the zeta potential of the SLNs was
found to decrease after incubation with BSA compared to SLNs
only, which indicates the interaction of BSA with SLNs.

3.2. Transmission electron microscopic (TEM) analysis

The spherical shape morphology of the nanoparticles was
depicted by TEM results in the absence and presence of BSA.
The average size of the prepared SLNs was found to be ~ (100 =
4 nm) (Fig. 2(A)). After incubation of the SLNs with BSA, the size
was found to be ~(105 + 4 nm) (Fig. 2(B)). The size of SLNs
after incubation with the BSA is found to be almost similar to
pristine SLNs, which suggests that there is less possibility of the
protein corona layer on the surface of the nanoparticles deter-
mined using Image ] software.*® The size of the SLNs obtained
using DLS was not consistent with that obtained by TEM, which
might be owing to the different mechanisms of the two

5880 | Phys. Chem. Chem. Phys., 2025, 27, 5876-5888
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Fig. 2 TEM images of (A) SLNs and (B) SLNs—BSA complex.

methods.*” The DLS analysis was conducted in an aqueous
state, where the particles were highly hydrated. Consequently,
the measured diameter corresponds to the hydrodynamic dia-
meter, which is normally larger than its actual particle size
(obtained using TEM imaging).*® The particle sizes of SLNs and
SLNs-BSA complex are determined using the resulting histo-
grams shown in Fig. S2 (ESI{).

3.3. Fluorescence spectroscopy

Fluorescence spectroscopy provides valuable information on
conformational changes in the protein under different environ-
mental conditions.”® To analyze the interaction of BSA with
SLNs, fluorescence studies were performed. Upon excitation at
295 nm, BSA exhibited strong and stable intrinsic fluorescence
owing to its two tryptophan residues (Trp-212 and Trp-134).
Trp-212 is present in the hydrophobic pocket of subdomain IB
near the surface of the BSA and Trp-212 is in the subdomain
IIA.3%%° The fluorescence emission profiles of 4 uM BSA in the
presence of SLNs are shown in Fig. 3(A). The black line
corresponds to the emission spectra of the native BSA. The
wavelength maxima (Anax) for native BSA was obtained at
346 nm, which is consistent with that reported in the
literature.”® Ligand binding and associated conformational
changes in the protein lead to changes in the fluorescence
emission profile.”> A reduction in the fluorescence intensity of
BSA was observed upon the addition of SLNs (0 to 75 uM).
Quenching of the intrinsic fluorescence of the proteins upon
the addition of ligands has a direct relation to the extent of
their interactions.”® The observed changes in the fluorescence
emission profile of BSA upon the addition of SLNs can result
from interaction, including conformational change, if any.
Additionally, the effect of only GMS on the BSA is depicted in
Fig. S3 (ESIf). The values of the association constant and
stoichiometry of binding (n) between SLNs and BSA were
evaluated using the following logarithmic form Stern Volmer
equation (eqn (7)):

Fo—F
log

= log K, + nlog[Q], (7)

where F, and F represent fluorescence intensities in the
absence and presence of the quencher, respectively, and [Q] is

Fo—F
the concentration of the SLNs. The plot of the log 0

as a
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Fig. 3 (A) Fluorescence emission spectra of bovine serum albumin (BSA) with increasing concentrations of SLNs at 298 K and pH 7.4 and (B) plot of

Fo—F

log as a function of SLNs concentration [Q].

function of log[Q] yielded a straight line with a slope of n and
intercept of log K, (Fig. 3(B)). The value of K, was found to be
(4.5 + 0.1)x 10°> M~ with n approximately 1, suggesting a 1:1
type of interaction between the protein and SLNs.>* The value
of K, of the order of 10° indicates a weak affinity between SLNs
and protein.>® Lipid-BSA complexes have been reported with
similar low-affinity constant values. Cholesterol and dioleoyl-
phosphatidylethanolamine (DOPE) lipids interact with human
serum albumin with K, values of the order of 10%.>*

A decrease in the fluorescence intensity of the BSA in the
presence of the SLNs cannot be attributed to the formation of
the protein corona on the surface of the SLNs. A recent work by
Cedervall and co-workers>® mentioned that for the formation of
the protein corona, there must be adsorption of at least from 10
to 100 proteins on the surface of the ligand. These results
were also supported by Casals and co-workers.’® Therefore, as
per the literature, for the formation of protein corona, the
expected protein/nanoparticles ratio of n must always be
greater than 1.%” Therefore, the formation of the protein corona
cannot be established based only on a decrease in the fluores-
cence intensity.

I (A)
*
-50 - *
*
. *
< -100 4 *
¢ .
1504 * %
*
-200 4
L L] L) L) L)
0 20 40 60 80
SLNs/uM

The decrease in the fluorescence intensity of the BSA after
the addition of the SLNs is shown in Fig. 4. A blue shift of
18 nm in the intrinsic fluorescence emission profile of BSA
upon the addition of SLNs indicates a change in the micro-
environment around the tryptophan residues. This blue shift
indicates the internalization of the tryptophan residues in BSA
to a more nonpolar environment upon adding the SLNs.*®>° To
ascertain the nature of the quenching process, fluorescence
lifetime experiments were performed, which confirmed the
occurrence of static quenching by SLNs.

3.4. Time-correlated single-photon counting (TCSPC)

Lifetime studies were carried out to monitor the nature of the
fluorescence quenching of BSA in the presence of SLNs. After
fitting a bi-exponential equation to the decay profiles, two
lifetimes for the fluorescence decay were obtained, one at 7; =
1.52 + 0.07 ns and the other at 7, = 6.22 4+ 0.03 ns, which are in
good agreement with those reported in the literature.®® The
component of 6.22 ns refers to Trp-134, while that at 1.52 ns
corresponds to the Trp-212 moiety of the protein. Trp-134 is
located in a hydrophilic environment, which is responsible for

3504 ®
®
*
3454
’0
¢
3404
F ¢
£ 3354
¢
3304 MR ®
325 ) L) L) ] )
0 20 40 60 80
SLNs/pM

Fig. 4 (A) Changes in the fluorescence emission intensity (AF) plotted against SLNs concentration at excitation and emission wavelengths of 295 and
346 nm, respectively, and (B) plot of Amax against SLNs concentration at 298 K. [AF = F (BSA) in the presence of SLNs-F (BSA in buffer)].
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Fig. 5 Fluorescence decay profiles of 4 uM BSA in the absence and
presence of SLNs at an excitation wavelength of 346 nm and 298 K (inset
plot shows the enlarged version of the fluorescence decay of BSA in the
presence and absence of the SLNs).

a longer lifetime than Trp-212, which lies in the hydrophobic
core.”!

The local environment of a fluorophore can be examined by
employing fluorescence lifetime measurements. The static or
dynamic nature of quenching can be differentiated based on
the change in the lifetime of the fluorophore upon the addition
of the quencher. The decay profiles for the lifetime measure-
ment of BSA in the presence of the SLNs at different mole ratios
are shown in Fig. 5 and presented in Table 1.

Static quenching is characterized by 7o/t = 1, where the
lifetime remains almost the same with the increase in concen-
tration of the quencher. In contrast, dynamic quenching is
accompanied by Fy/F = 10/t.®? 1t is observed that the average
lifetime of the tryptophan residue varies in a small range of
3.02-4.27 ns. This slight change in the lifetime suggests that
the contribution of the excited state in the overall complex
formation is not appreciable. Here, 70/t is observed to be close
to 1 at different mole ratios of the SLNs to BSA. These results
indicate the predominance of the static quenching in the
interactions of the SLNs with the protein.

3.5. UV-visible spectroscopy

To further understand SLNs-BSA interaction and conforma-
tional change in the protein, UV-visible spectra of BSA in the
presence of SLNs were examined. Two absorption peaks of BSA
are obtained in the UV-vis spectrum (Fig. 6(A)). The more
intense peak at 210 nm (far UV region) is due to its polypeptide
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backbone (r — w* transition), while the less intense peak at
280 nm (near UV region) corresponds to aromatic amino acid
residues (Trp, Phe, and Try) and disulfide bonds of the paired
cysteine residues of BSA.°* The addition of SLNs leads to a
decrease in the peak intensity at 210 nm, along with the
redshift. The presence of redshift denotes a decrease in polarity
around the microenvironment of the Trp residues owing to the
compaction of the structure or driving away of locally interact-
ing water molecules and moving towards a more hydrophobic
environment. Thus, the red shift observed in the UV-visible
spectra of BSA upon the addition of SLNs results from the
conformational change in the protein.®*

Okada and co-workers®® also reported that redshift around
220 nm denotes the changing microenvironment of the Trp
residue towards a more hydrophobic environment. The Benesi-
Hildebrand equation (eqn (8)) was applied to determine the
value of the association constant accompanying the SLNs-BSA
interaction:

A . 3 1
0o &G + &G (8)

A—Ay en-6—tc en-c—écKaQ]

where A, and A denote the absorbance of the native BSA and
SLNs-BSA complexes, respectively. Q is the concentration of the
SLNs. The molar extinction coefficients of native BSA and the
SLNs-BSA systems are represented by ¢g and ¢y_g, respectively.

The plot of

A
Y OA versus 1/[Q] is found to be linear, yielding a K,
— 4o

value of (1.54 + 1.1) x 10* M (statistical significance: p <
0.05) from the ratio of intercept to the slope (Fig. 6(B)).

3.6. Thermal studies

(a) Differential scanning calorimetry (DSC) analysis.
Further, DSC was employed to study the impact of the SLNs
on the thermal stability of BSA. A heating rate of 1 °C min~" was
fixed, and the temperature scanning was carried out from 25 °C
to 95 °C in the experiments. The resulting thermal unfolding
profiles of 4 pM BSA in the absence and presence of the SLNs
are shown in Fig. 7. The native BSA exhibited a transition
temperature (Ty,) at (53.0 £ 1.2) °C with an enthalpy change
of (268 £ 5.0) k] mol ™", which is in close agreement with those
reported in the literature.®® The thermodynamic signatures
associated with the thermal unfolding of BSA in the absence
and presence of SLNs are illustrated in Table 2. A sharp
endothermic peak at (58.1 + 1.0) °C refers to the crystalline
nature of the lipid GMS. GMS consists of two crystalline forms:
o (1-glyceryl monostearate) and B (2-glyceryl monostearate).®”

Table 1 Values of a lifetime after biexponential fitting of fluorescence decay profiles at 4 uM BSA in the absence and presence of SLNs. The value of %2
denotes the goodness of fit. Data are represented as mean =+ SD. Statistical significance: (0.0004 < p < 0.0022)

Lifetime (ns) Amplitude Average lifetime (ns)
[BSA]/[SLNs] 7 T, a a, T I
1:0 1.52 £+ 0.07 6.22 + 0.03 0.41 + 0.01 0.58 £ 0.01 4.27 £ 0.09 1.09 + 0.02
1:1 1.50 + 0.06 5.55 £ 0.04 0.51 £ 0.02 0.48 £ 0.02 3.46 £ 0.08 1.15 £ 0.02
1:5 1.50 £ 0.06 5.13 + 0.04 0.54 + 0.01 0.45 £ 0.02 3.14 £ 0.07 1.12 + 0.01
1:20 1.50 £ 0.06 5.19 4+ 0.04 0.53 + 0.02 0.46 + 0.01 3.20 £ 0.07 1.12 + 0.02
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SLNs heated at a scan rate of 1 °C min~%.

Table 2 Transition temperature (T,,) and enthalpy of unfolding (AcaH)
BSA in the presence and absence of SLNs. Data are represented as mean +
SD. Statistical significance (0.0001< p < 0.0524)

[BSA]/[SLNs] Tw/(°C) AcaH/(k] mol™)
Native BSA 53.0 + 1.2 268 % 5.0
SLNs 58.1 + 1.0 938 + 9.1
1:1 (a)58.7 £ 0.1 1026 + 9.0

(b) 81.1 £ 0.1 461 £ 9.5
1:5 (a) 57.9 £ 0.2 1449 + 30.0

(b) 80.4 + 0.3 434 + 3.1
1:20 (a) 57.4 £ 0.1 1047 + 21.0

(b) 79.9 + 0.8 547 + 4.1

The o form of GMS has lower dense packing than its § form.
Melting of the SLNs in our measurements corresponds to
melting of o form of glycerol monostearate as its transition
temperature is around (58.1 + 1.0) °C. In the presence of the
4 uM SLNs, Ty, of BSA was found to be at (81.0 £ 0.1) °C.

This journal is © the Owner Societies 2025

Q™"

vs. 1/[Q] of BSA with an increase in the concentration of SLNs at 298 K.

Therefore, the protein is stabilized by (28.0 + 1.0) °C with an
enthalpy change (AAH) of (461 + 9.5) k] mol . Similarly, upon
increasing the concentration of lipid nanoparticles to 80 uM,
BSA is stabilized by (28.0 + 1.2) °C with an enthalpy change of
(547 + 4.1) kJ mol '.°® This stabilization could result from an
enhancement in the secondary structure of the protein upon
interaction with the SLNs, leading to more compactness of the
protein.

Foggia et al.”” reported that, at pH 7, upon the addition of
lysozyme (up to 2% w/w), and BSA to the lecithin (DMPC) and
cephalin (DMPE) liposomes, a decrease in the T,, of BSA was
observed at lower lysozyme concentrations (up to 2% w/w). In
contrast, an increase in the Ty, of lysozyme was noted as its
concentration increased from 2% to 15% w/w in the presence of
liposomes. Simultaneously, an increase of approximately 20%
in the enthalpy change (AH) of the transition was observed. A
slight increase in the Ty, of the BSA was also noted in the
presence of liposomes, accompanied by an approximately 8%
increase in the associated AH. The data indicate that the
interaction between BSA, and the liposome occurs solely on
the outer surface of the bilayer, without any penetration into
the hydrophobic core of the liposomes. In contrast, with
lysozyme present, there is evidence, suggesting partial penetra-
tion into the bilayer.

(b) Fluorescence thermal spectroscopic measurements. As
an alternate approach to assess the thermal stability of BSA in
the presence of the SLNs, fluorescence spectroscopy was
employed. The concentration of BSA was kept at 4 uM, while
that of SLNs was varied. To compare the changes in the thermal
stability of the protein upon interaction with the SLNs, the
thermal unfolding profile of BSA without any additive was
taken as a reference. The values of transition temperature
(Tm) and enthalpy (AyyHy,) of unfolding BSA are found to be
(54.3 + 1.0) °C and (203 = 4.1) k] mol *, respectively, which are
in good agreement with those reported in the literature.”®”"

The values of the T,, and AygzH,, of BSA in the presence of
SLNs are illustrated in Table 3. The value of the T, of BSA is

l. 69
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Table 3 Values of T,, and A,uH» accompanying the thermal unfolding of
4 uM BSA in the presence of the lipid nanoparticles. Data are represented
as mean =+ SD. Statistical significance: 0.0002 < p < 0.0024

[BSA]/[SLNs] Tm (°C) AvHy (K] mol™)
1:0 54.3 £ 1.0 203 + 4.1
1:1 80.5 + 1.2 266 + 4.0
1:5 82.5 + 1.3 271 £5.1
1:20 84.2 £ 2.5 533 £ 7.5

View Article Online
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Table 4 a-Helical content in BSA complexed with SLNs. Data are repre-
sented as mean =+ SD. Statistical significance: p < 0.05

[BSA]/[SLNSs] % o-helix Change (%)
BSA only 50.1 + 0.8 —

1:1 52.3 £ 0.4 4+ 0.08
1:5 53.5 + 0.6 5+ 0.05
1:20 55.4 + 0.9 10 £ 0.06

found to increase from (54.3 £ 1.0) °C to (80.5 £+ 1.2) °C
with the change in A,yHy from (203 £ 4.1) k] mol™" to
(266 + 4.0) k] mol ™" upon adding 4 pM SLNs. In general, the
values of T,, and A,yH,, are observed to increase with an
increase in [BSA]/[SLNs] molar ratio. After increasing
the concentration of the SLNs to 80 uM, the T,, was found to
be (82.5 £+ 1.2) and (84.2 + 2.5) °C, and the heat changed from
(271 £+ 5.1) k] mol ™" and (533 + 7.5) kJ] mol ". These results
demonstrate that SLNs impart thermal stability to BSA.

3.7. Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectroscopy is a commonly utilized
method to examine the conformational stability of proteins in
aqueous solutions.

The CD signatures signifying the secondary structure of
proteins arise mainly owing to asymmetry around the peptide
bond.”>”? Here, BSA exhibits two negative characteristic peaks
at 208 nm and 222 nm, which are the signature peaks for o
helix (Fig. 8). The far-UV CD spectra arise owing to n-m*
transitions. The tertiary structure of a protein can be assessed
from a near UV-CD spectrum based on a positive peak around
280 nm. This band arises owing to asymmetry around disul-
phide and aromatic chromophores, thereby holding valuable
conformational information about the protein.”* Upon the
addition of SLNs, a slight enhancement in the secondary
structure of BSA (Fig. 8(A)) shows conformational change in
the protein. The value of the percent a-helical structure in BSA
with and without lipid nanoparticles was calculated using the
following equation (eqn (9)):

. —[0],595—4000
hel =0 9
o helix % = 33300 — 4000 ©)
2000000 =
(A) Native BSA (4 pM)
ok —1:1
- —
'3‘ —1:10
E 2000000 |- 1:20
=
g 4000000 -
g
= 6000000 |-
S
-8000000 -

1
180 190 200 210 220 230 240 250 260
AMnm

Fig. 8
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where [0],05 denotes the molar ellipticity value of the BSA value
at 208 nm.

Native BSA has a (50.1 £ 0.8)% helical structure, which
slightly increased to (55.4 + 0.9)% with the addition of SLNs
(Table 4). This suggests that the addition of the SLNs induces a
slight conformational change in the protein, which leads to a
change in the value of T, from the DSC measurements. This
suggests that the interaction of the SLNs with BSA leads to the
stabilization of the BSA. However, the tertiary structure remains
intact (Fig. 8(B)). Wang et al.*® also reported a slight increment
in the BSA secondary structure in the presence of SLNs. The
increment in the ellipticity values at 208 nm and 220 nm of BSA
in the CD spectra was observed in the presence of SLNs
composed of cetyl palmitate. Similarly, Kishore et al.”® reported
that niosomes in the presence of ketoprofen provide extra
thermal stability to protein. However, no major alterations were
observed in the secondary and tertiary structures of the protein.

The secondary structure of the BSA changed upon the
addition of the SLNs possibly via the exposure of photon
absorbing amino acid residues or by the increment in the o-
helical content of protein. The ellipticity of the bands in the
near UV-CD region did not exhibit significant changes upon
adding the lipid nanoparticles. Overall, it is observed that the
native state of BSA is stabilized by SLNs, which suggests their
biocompatibility and hence can safely be employed for drug
delivery applications.

3.8. Isothermal titration calorimetry (ITC) analysis

The binding of a ligand to a protein can be driven mainly by
hydrogen bonding, van der Waals, and electrostatic and hydro-
phobic interactions. Therefore, to understand SLNs-BSA inter-
actions quantitatively, the accompanying thermodynamic
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(A) Far and (B) near UV CD spectra of 4 uM BSA in the absence and presence of SLNs at 298 K.
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signatures were obtained by ITC measurements. ITC is one of
the best and most sensitive techniques that permits direct
measurements of the thermodynamic signatures involved in
the binding of a ligand to a protein.”®””

The syringe of ITC was filled with 0.03 mM BSA and titrated
with the 0.8 mM SLNs taken in the cell. The experiments were
performed at pH 7.4 and 298 K. Fig. 9 shows a typical ITC
profile under these conditions. As illustrated in Fig. 9, there is
no distinct typical binding profile obtained for the SLNs-BSA
interaction. In such a case, the only reliable extractable thermo-
dynamic signature is the value of the enthalpy of interaction
(AH;,)The data were analyzed based on the best-fitting poly-
nomial approach (eqn (6) and Fig. 9). Relevant dilution control
experiments were also performed, and corrections were made
to the main titrations. Analysis of the dilution-corrected
ITC profiles provided an interaction enthalpy (Aan) of
(9.8 + 0.2) k] mol " (Fig. S4, ESIt). The p value was found to
be less than 0.05. The value of K, was obtained from fluores-
cence quenching experiments, which was used to obtain the
value of AG;, and ASy, at 298 K (Table 5).

The interaction between the SLNs and BSA is found to be
endothermic, indicating the dominance of hydrophobic inter-
actions. The non-polar patches on the BSA surface can interact
with the hydrophobic parts of the lipid nanoparticles.®
Further, the blue shift observed in the fluorescence spectra

Table 5 Thermodynamic signatures accompanying the interaction of
SLNs with BSA at pH 7.4 and 298 K. Data are represented as mean + SD.
Statistical significance: p < 0.05

Thermodynamic parameters

AH?, (9.8 + 0.2) k] mol !
ASy, (7.89 £ 0.5) J K ' mol*
AGE, —(13.9 + 0.3) k] mol "

This journal is © the Owner Societies 2025

also suggests internalization of the tryptophan residue
strengthening hydrophobic interactions within BSA upon inter-
action with SLNs.

Prashantan et al.”” reported the thermodynamic signatures
accompanying the binding of pluronic F127 and F68 with BSA.
The endothermic enthalpy of the interaction was attributed to
the dominance of hydrophobic interactions. However, this can
also result from the interaction of the hydrophobic chains of
the surfactants with the non-polar patches on the surface of the
BSA. Similarly, Thoppil et al.”® observed that the interaction of
ionic liquids with BSA results in the loss of the integrity of the
binding sites on BSA. It was concluded that both the cationic
and anionic parts of the ionic liquids interacted with the
positive and negative residues on the surface of BSA.

Z. 70

3.9. Mechanistic insights

The interaction of solid lipid nanoparticles (SLNs) with BSA is
examined using an amalgamation of spectroscopic and calori-
metric methods. SLNs are successfully formulated by employ-
ing a hot emulsification methodology using GMS (lipid phase)
and stabilized with PF 68 (surfactant). The binding mode of the
SLNs with BSA is examined using fluorescence spectroscopy.
The value of the association constant (K,) is found to be of the
order of 10> M~" with a blue shift of 18 nm in the fluorescence
emission, indicating the weak interactions among lipid nano-
particles and protein through significant internalization of the
tryptophan residues. Further, the occurrence of static quench-
ing is confirmed by the TCSPC results. The average lifetime of
the tryptophan is observed to be in the range of 3.02-4.27 ns.
This suggests that the contribution of the complex formation in
the excited state is not significant to fluorescence quenching
upon the addition of SLNs. Further, the Benesi-Hildebrand
equation provided the value of the association constant found
to be in the order of 10* indicating weak interactions between
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Fig. 10 Mechanistic insights into the interactions of the SLNs with BSA.

the SLNs and BSA. Stabilization of BSA is observed in
the presence of the SLNs, which suggests a conformational
change to a more compact form supported by the blue shift
observed in the fluorescence spectra. In the presence of
4 uM SLNs, the protein is stabilized by as much as
(28.0 £ 1.0) °C in the presence of SLNs with an enthalpy change
of (461 + 9.5) k] mol™'. To further compare the changes
associated with the thermal unfolding of BSA upon the addition
of SLNs, fluorescence thermal studies were also carried out. It
was found that T, increases from (54.3 &+ 1.0) to (80.5 + 1.2) °C
with AygH from (203 4 4.1) to (266 + 4) k] mol™' upon the
addition of 4 pM SLNs to the 4 uM BSA. After increasing the
concentration of the SLNs to 20 and 80 uM, the T, of BSA is
found to be (82.5 + 1.2) and (84 £ 2.5) °C, and the value of
AvuHy, from (271 & 5.1) and (533 + 7.2) k] mol ™", respectively.
An increase in a-helicity in BSA in the presence of the SLNs is
consistent with the DSC results. Thus, the interaction of the
SLNs with BSA leads to a conformation change in the protein,
which results in a more compact form, leading to the thermal
stabilization of the protein.

Because the interactions of the SLNs and BSA are weak, no
distinct ITC binding profile is observed in ITC. The value of
enthalpy of interactions is found to be (9.8 + 0.2) k] mol " and
that of entropy is found to be (7.89 + 0.5) J K" mol . These
results suggest a predominance of hydrophobic interactions.
Nonpolar patches interact with the hydrophobic portion of the
lipid nanoparticles, resulting in desolvation and an increase in
the randomness of the system. Overall, it can be concluded that
there is a presence of weak interactions between the BSA and

5886 | Phys. Chem. Chem. Phys., 2025, 27, 5876-5888

Presence of the weak
hydrophobic interactions
between the SLNs and
BSA

SLNs. However, no significant binding is observed between the
SLNs and BSA, which means that there is less possibility of
protein corona formation in the system (Fig. 10).

4. Conclusions

In this work, SLNs are successfully formed by employing GMS
(as a solid lipid) and pluronic F68 (as a surfactant phase) using
the hot emulsification methodology. The average sizes of
the SLNs and SLN-BSA complex are about (100 £ 4) nm and
(105 + 4) nm, respectively. The size of SLNs after incubation
with the BSA is found to be almost similar to pristine SLNs,
which suggests that there is no significant adsorption of the
protein on the SLNs.

The energetics of the interactions of BSA with the SLNs were
examined using spectroscopic and calorimetry techniques. The
value of association constant of the order of 10° M~ * with a blue
shift of 18 nm in the fluorescence emission profile of the BSA
suggests that the weak interactions among SLNs and the
protein lead to internalization of the tryptophan residue in
BSA towards a nonpolar environment after the addition of the
SLNs. The weak nature of the SLNs-BSA interaction is also
inferred from UV-visible spectroscopic measurements.

Thermal stabilization of BSA in the presence of the SLNs
suggests a conformational change of protein, leading to a more
compact form, as indicated by the blue shift observed in the
fluorescence spectra. Further, CD spectroscopy showed an
increase in o-helicity in BSA upon the addition of SLNs. The
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ITC results demonstrated the predominance of hydrophobic
interactions in the SLNs-BSA complex. Nonpolar patches of the
BSA interact with the hydrophobic portion of SLNs, resulting in
desolvation and an increase in the randomness in the system.
Overall, the results demonstrate that there is less possibility
of protein corona formation on the surface of the lipid nano-
particles. It is known that the development of the protein
corona on the surface of the nanoparticles poses a significant
challenge to the bench-to-bedside approach of the targeted
drug delivery systems both in terms of unfavorable distribution
and by interfering with the targeting of the desired site. To
design a targeted drug delivery system, the present work
provides new insights into the mechanical aspects of compre-
hending the interactions of lipid nanoparticles with proteins.
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