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KEY WORDS Abstract When nanoparticles were introduced into the biological media, the protein corona would be
formed, which endowed the nanoparticles with new bio-identities. Thus, controlling protein corona for-
mation is critical to in vivo therapeutic effect. Controlling the particle size is the most feasible method
during design, and the influence of media pH which varies with disease condition is quite important.
The impact of particle size and pH on bovine serum albumin (BSA) corona formation of solid lipid na-

Protein corona;
Solid lipid nanoparticles;
BSA corona-Caused

Na?l%g::i?ctiz?érotein noparticles (SLNs) was studied here. The BSA corona formation of SLNs with increasing particle size

interaction; (120—480 nm) in pH 6.0 and 7.4 was investigated. Multiple techniques were employed for visualization
Size effect; study, conformational structure study and mechanism study, etc. “BSA corona-caused aggregation” of
Cell uptake; SLN2-3 was revealed in pH 6.0 while the dispersed state of SLNs was maintained in pH 7.4, which
Medium pH; significantly affected the secondary structure of BSA and cell uptake of SLNs. The main interaction

Conformational structure was driven by van der Waals force plus hydrogen bonding in pH 7.4, while by electrostatic attraction

in pH 6.0, and size-dependent adsorption was confirmed. This study provides a systematic insight to
the understanding of protein corona formation of SLN.
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1. Introduction

The development of nanotechnology is opening a new avenue of
research on drug-loading nanocarriers. By virtue of their unique
physicochemical properties and biocompatibility, a wide variety of
nanoparticles (NPs) like liposomes', metal—organic framework™”,
polymeric nanoparticles*> and magnetic nanoparticles® have been
reported to improve the therapeutic effect’®. Multiple functions
were designed and confirmed in these innovative NPs and great
experimental outcomes were shown as well.

However, only few of the NPs under development have pro-
cessed into clinical or market up to now”'’. It is believed that the
complicated in vivo environment may be the one to blame. When
administrated in vivo, the NPs are exposed to complicated and
diversified biological fluids with different pH, abundant bio-
molecules and immune cells, which dramatically impacts the
biodistribution, metabolism, cellular internalization, and toxicity
of administrated NPs'', Furthermore, the administration routes of
NPs were diversified, and the biological environment the NPs
exposed to varied from one disease to another. Hence, the specific
physiological conditions must be taken into account when
studying the NPs fate.

Among them, tremendous attentions have been paid to the
formation of protein corona, a phenomenon where biomolecules
in biological fluids like proteins inevitably bind to the surface of
NPs and change the biological identity of the pristine NPs'>'?.
The surface identities of NPs will be more similar to that of
proteins after the formation of protein corona. The in vivo fate of
NPs with new identities endowed by protein corona may be less
predictable'. It was reported that the NPs with protein corona
may be eliminated by the mononuclear phagocytic system more
quickly'®, while other studies suggested that the protein adsorp-
tion may decrease the NPs—cell membrane adhesion and reduces
the cell uptakem. Moreover, the biodistribution, biodegradation,
pharmacokinetics and drug release profile were also be proved to
be affected by the protein corona'®'”'®, Thus, the formation of
protein corona and its impacts are considered one of the keystones
to the gap between in vitro design and in vivo therapeutic effect.

Thus, there is a pressing need for the understanding of protein—
NPs interactions to control the formation of protein corona.
Several articles have suggested that the protein—NPs interactions
are associated with the physicochemical properties of the NPs and
the media'”~’. To control the formation of protein corona, the
directional modification of the physicochemical properties of the
NPs is an effective strategy. The modifications of surface charge,
hydrophobicity and morphology of NPs are complicated and
costly, which makes the NPs even harder for industrialization”".
Compared to other properties of NPs, the control of NPs size is the
most mature and commonly used methods during NPs designing.
Besides, the medium pH of the lesion varies with the disease type
and condition. Hence, the medium pH is considered one of the key
factors during the protein corona formation of NPs.

A series of articles have been reported to illustrate the effect of
particle size or media pH on protein corona formation in gold
NPs* %, silica NPs*>*® and polymeric NPs”’. It was suggested
that the amount and types of adsorption protein were significantly
affected by these factors. However, the systemic studies about the
interaction between solid lipid nanoparticles (SLNs) and protein
are still missing. The conclusions or experiences obtained from the
previous studies are not sufficient for comprehensive understanding
the protein corona formation of SLNs. Unlike inorganic NPs, SLNs

is a lipid-based nanocarrier which bears a core—shell structure: a
hydrophilic surfactant shell and a hydrophobic lipid core. In the
past decades, SLNs was widely employed in the treatment of colon
cancer’®, cystic fibrosis>’, bacterial infection, sepsis3 ! etc., and
great therapeutic effects were shown in these studies. Compared to
metal or polymeric NPs, the clinical transformation of SLNs is also
more promising for its simple and low-cost production process,
high biocompatibility and excellent drug loading capacity. When
the administrated SLNs absorbed into plasma and most human
organs, they are exposed to near-neutral pH environment. Whilst,
the environmental pH is significantly lower when SLNs are
exposed to some specific acidic disease lesions including tumor’?,
inflammation sites® or bacterial infection sites™”. Thus, the un-
derstanding of protein corona formation of SLNs of those two pH
environments is of utmost importance. The systematic study should
be performed to fully understand the detailed mechanism and po-
tential impact of protein corona formation of SLNs.

To this end, the protein corona formation of SLNs with different
particle sizes in different pH was exploited in this proof-of-concept
study. Bovine serum albumin (BSA) was chosen as the model
protein for its abundant in vivo content, high stability and excellent
intrinsic spectroscopic properties. Herein, the SLNs with three
nanoparticle sizes were prepared, including 120 nm, 240 nm and
480 nm. The prepared SLNs were subjected to interaction with
BSA in different pH, i.e., pH 6.0 (acidic disease lesions) and 7.4
(normal human organ), to characterize and compare the protein
corona of different SLNs in different environmental conditions.
The protein corona formation was confirmed and analyzed by
morphology observation using transmission electron microscopy
(TEM), confocal laser scanning microscope (CLSM), dynamic
laser scattering (DLS) measurements, bicinchoninic acid (BCA)
assay and fluorescence spectroscopy, etc. In addition, the impact of
different pH on protein corona formation was investigated utilizing
ultraviolet—Visible spectroscopy (UV—Vis), Fourier transform
infrared spectroscopy (FTIR), circular dichroism (CD), and CLSM.
Isothermal titration calorimetry (ITC), polarizing optical micro-
scopy (POM), molecule docking technique and other techniques
were carried out to claim the underlying mechanism. Besides, cell
uptake of SLNs with BSA corona in different pH was studied. All
experimental designs of the current study were shown in Scheme 1.
We believe that our findings will provide new insight into the
development and application of SLNs.

2. Materials and methods

2.1.  Materials and cells

BSA and HEPES powders were purchased from neoFroxx GmbH
(Einhausen, Germany). Sodium hydroxide (NaOH) and methanol
were purchased from ZHIYUAN Chemical Reagent Factory
(Tianjin, China). Cetyl palmitate (CP) was obtained from Aladdin
Industrial Corporation (Shanghai, China). Tween 80 was pur-
chased from Fuyu Fine Chemical Co., Ltd. (Tianjin, China).
Acetonitrile was purchased from Saen Chemical Technology Co.,
Ltd. (Shanghai, China). FITC-BSA was obtained from Solarbio
Science & Technology Co., Ltd. (Beijing, China). Aggregation
caused quenching (ACQ) probes (P2 and P4) were generously
gifted by Prof. Wei Wu’ group (Fudan University, Shanghai,
China). Trypsin and ovalbumin were purchased from Coolaber
Science & Technology Co., Ltd. (Beijing, China). Lysozyme was
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Scheme 1

purchased from YINGMAO Analysis and Testing Co., Ltd.
(Guangzhou, China). BCA protein assay kit was purchased from
Cwbiotech Co., Ltd. (Beijing, China). Murine melanoma cells
B16 and macrophages cells RAW 264.7 were purchased from
Procell Life Science & Technology Co., Ltd. (Wuhan, China).
Dulbecco’s modified Eagle’s medium (DMEM), 4',6-diamidino-2-
phenylindole (DAPI), 4% paraformaldehyde, Roswell Park Me-
morial Institute (RPMI) 1640 medium, fetal bovine serum (FBS)
and phosphate buffer solution (PBS) were obtained from Gibco
Life Technologies (New York, NY, USA). All water utilized in this
study was purified by VEOLIA-ELGA system (Veolia group,
Paris, France).

2.2.  Preparation and characterization of SLNs

SLNs with three different hydrodynamic diameters (Dy) including
120, 240 and 480 nm at pH 6.0 and 7.4 were prepared using a
high-pressure homogenization method. CP and Tween 80 were
chosen as the lipid and surfactant, respectively, and they were
weighed according to Supporting Information Table S1. Tween 80
was introduced into 50 ml HEPES buffer solution with pH 6.0 or
7.4 as the aqueous phase. The lipids and aqueous phase were
heated in a water bath to 70 or 80 °C for 20 min, and then the
molten lipids were quickly poured into the aqueous phase. After
1 min of 10,000 rpm shearing with a batch high shear (FA2S,

The experimental framework of the current study.

FLUKO Equipment Co., Ltd., Shanghai, China), high pressure
homogenization was carried out according to the conditions in
Table S1 by a high-pressure homogenizer (EmulsiFlex-C3,
Avestin, Inc., Ottawa, Canada). The prepared SLNs were stored at
room temperature. The Dy, size distributions, polydispersity index
(PDI) and zeta potential of the prepared SLNs were determined
using a Malvern Mastersizer 2000® (Malvern Instruments Ltd.,
UK). Thereto, after gently shaking for 15 s, the size distribution
and zeta potential of SLNs after storing 0, 24 and 48 h at room
temperature were determined to detect the storage stability of
SLNs. The data were measured in a cuvette equilibrated at 25 °C
prior to analysis.

2.3.  DLS, zeta potential measurements and TEM in both pH

BSA was dissolved in the HEPES buffer solution in pH 6.0 or
7.4—12 pmol/L and incubated with SLNs. The Dy, size distri-
bution and zeta potential were determined by the DLS method in
0, 24 and 48 h, respectively. The Dy, zeta potential and normal-
ized scattered field autocorrelation functions (ACFs) curves for
SLNs incubated with BSA at a series of concentrations were
recorded using the Malvern Mastersizer 2000®. The TEM images
of SLNs were taken using an electron microscope (JEM-1400,
JEOL Ltd., Tokyo, Japan). The accelerating voltage was set at
120 kV.
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2.4. Aggregation characterization in pH 6.0

The aggregation acceleration experiment was taken with a high-
speed centrifugation method to simulate the aggregation state of
long-term incubation of BSA and SLNs at pH 6.0. The SLNs were
centrifuged for 30 min at 16,000 rpm with or without BSA using a
high-speed centrifuge (GL-20C, Shanghai Anting Scientific In-
struments Factory, China) at 4 °C. In most scenarios, the sus-
pension was separated to two layers, and the BSA—SLNs
complexes were in the supernatant. The UV—Vis absorption (Abs)
value of the subnatant was measured at 280 nm after 22 times
dilution using a 1-cm path length quartz cell by an ultraviolet
spectrometer (TU-1901, Purkinje General Instrument Co., Ltd.,
Beijing, China).

2.5.  Relative amount of BSA adsorption

The relative amount of BSA adsorption was determined by BCA
assay. Briefly, the SLNs was incubated with BSA by a pre-
determined concentration for 24 h. Then, the unadsorbed BSA was
separated by ultrafiltration centrifugation (16,000 rpm, 30 min)
and washed three times by HEPES buffer solution with different
pH. The amount of unadsorbed BSA was measured according to
the instruction of BCA protein assay kit and the relative BSA
adsorption amount was calculated.

2.6.  The protein corona formation characterization in pH 7.4

The ACQ probe P4 was involved in the CLSM tests to monitor the
SLNs. The P4-labeled SLN were incubated with FITC-labeled
BSA for 24 h. Then, the mixtures were imaged by FV3000 CLSM
(Olympus, Tokyo, Japan) with excitation wavelength set at
488 nm and 640 nm and magnification set at 100. The image
display and analysis were performed using the software Olympus
FV318S.

With the intrinsic fluorescent property of BSA, the fluorescent
quenching of BSA when incubated with SLNs at different con-
centrations for 0, 24 and 48 h were measured by Fluoromax-4
(HORIBA, USA) using a 3-cm quartz cuvette. The BSA con-
centration was set at 12 pmol/L, and the concentration range of
SLNs was 0—2.5 mmol/L. Excitation was performed at 280 nm
with a slit width of 3 nm and the emission was performed from
300 nm to 450 nm with a slit width of 3 nm. The measurement
was conducted at pH 7.4.

2.7.  The conformational change of BSA

To study the conformational change of BSA upon interaction with
SLNs, the UV—Vis, FTIR and CD spectra at 0, 24 and 48 h were
recorded. Specifically, the UV—Vis spectra were recorded from
200 nm to 800 nm using a 1.0 cm quartz cells by ultraviolet
spectrophotometer (UV-2600, Shimadzu Co., Ltd., Japan) with
sampling points every 1 nm. The CD spectra were acquired using
a Chirascan spectropolarimeter (Chirascan, Applied Photophysics
Ltd., UK) with a 1-mm path length quartz cell at room tempera-
ture, which were recorded from 200 to 300 nm with bandwidth set
at 1 nm under a constant flow of nitrogen gas. All UV—Vis and
CD spectra were measured three times and the data of HEPES
buffer were subtracted as the blank. The FTIR spectra were
recorded by the FTIR spectrometer (UATR Two, PerkinElmer,
Waltham, MD, USA) in two pH values. The measurements were
performed from 4000 to 400 cm ™' with a 4 cm™! resolution in

transmittance mode. All measurements were carried in triplicate
and the spectra of air were subtracted as the blank.

2.8.  Cells culture and cellular uptake

B16 cells were cultured in RPMI-1640 medium while RAW 264.7
were cultured in DMEM, supplemented with 10% FBS at 37 °C
with 5% CO,. For cellular uptake study, the cells were seeded in
24—well plates at a density of 8 x 10* cells per well and further
cultured overnight. Then, the culture medium was replaced by the
serum-free medium and the P4-loaded SLNs before or after 24 h
incubation with BSA in different pH were added. After 3 h of
incubation, the SLNs were washed twice by PBS and fixed by 4%
paraformaldehyde for 10 min. Then, the redundant para-
formaldehyde was washed by PBS and the cell nuclei were stained
with DAPI for 10 min. Then, the cells were photographed by the
CLSM with excitation wavelength set at 405 and 640 nm.

2.9.  The interaction mechanism

The content of Tween 80 in SLNs was determined by a UV—Vis
method reported before™. In brief, the SLNs were suspended by
100 mL of water and then subjected to ultrasonication (50 W,
40 kHz) for 10 min. The pretreated suspensions were filtered
through a 0.1 pm microporous membrane (Membrana GmbH,
Germany) and the UV—Vis adsorption at 233 nm was measured
using an ultraviolet spectrometer (Purkinje General Instrument
Co., Ltd.). The data was subjected to the calibration curves of
Tween 80 and the content of Tween 80 in SLNs was determined.

ITC experiment was carried out using VP-ITC (Malvern In-
struments Ltd., Malvern, UK). All samples were degassed before
the analysis. The 12 pmol/L BSA solution contained in a motor-
ized syringe (titrant) was introduced into a cell containing
1.2 pmol/L SLNs (substrate). The total injection was 25 after the
primary equilibration, with 300 s intervals between the injections.
The initial injection time lag was 60 s, and the stirring speed was
set at 394 rpm under 37 °C. The blank experiment was conducted
for baseline subtraction. The data were analyzed using the VP
Viewer 2000 software (MICROCAL, Malvern Instruments Ltd.,
Malvern, UK) and the thermodynamic parameters were obtained.

2.10.  Statistical analysis

Statistical analysis was performed using OriginPro 8.5 software.
The significant differences between the data were determined
based on P values < 0.05 by utilizing ANOVA or r-tests. All
above experiments were measured three times except for special
instructions.

3. Results and discussion

3.1.  Preparation and characterization of SLNs

SLNsl (120 nm), SLNs2 (240 nm) and SLNs3 (480 nm) were
successfully prepared by a high-pressure homogenization method
in pH 6.0 and 7.4 by CP and Tween 80. The Dy, size distribution,
PDI and zeta potential of them were shown in Fig. 1 and Table 1.
The prepared SLNs have a narrow size distribution and a negative
zeta potential in both pH values. The particle size of
SLNs1—SLNs3 was significantly different in both pH (P < 0.05,
Table 1). The TEM images (Fig. 1C) further revealed that the
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SLNs have a spherical shape and smooth surface. By measuring
the size distribution and zeta potential evolution of SLNs in 48 h
at room temperature, the storage stability was examined, and the
results were shown in Supporting Information Fig. S1. The change
of Dy and zeta potential of SLNs were negligible in both pH,
indicating that the SLNs were sufficiently stable for subsequent
experiments.

3.2.  DLS and zeta potential measurements in pH 6.0 and 7.4

The BSA was dissolved in HEPES buffer solution at pH 6.0 or
pH 7.4 for further experiment, and the maximum concentration
of BSA was set at 12 pmol/L to maintain conformational sta-
bility (Supporting Information Fig. S2). The size and zeta
potential of SLNs before and after incubation with BSA in O,
24 and 48 h were measured, and the results were shown in
Fig. 2 and Supporting Information Fig. S3. In pH 7.4 (Fig. 2A),
the size of SLNs after incubation with BSA was only slightly
larger than pristine SLNs in 48 h, presumably due to BSA
adsorption. However, a significant increment of particle size
was shown in pH 6.0 as soon as the BSA was added into SLNs
except SLNsl (Fig. 2B), and it became more obvious over
time, which indicated that an aggregation of SLNs occurred in

pH 6.0 immediately and the colloidal stability decreased. In
addition, the zeta potential (absolute value) of SLNs after in-
cubation with BSA were decreased compared to that of pristine
SLNs in all samples, which was believed to be caused by the
adsorption of low surface charge BSA on the high surface
charge SLNs.

The increment of zeta potential of BSA incubated SLNs from
0 to 24 h in pH 7.4 (Fig. 2C) was extremely significant. This
suggested that the adsorption of BSA took a longer time to reach
the equilibrium. While in pH 6.0 (Fig. 2D), the zeta potential
showed little difference among time points, suggesting that the
adsorption was instant and stable. Furthermore, the zeta potential
of SLNs in pH 6.0 was significantly lower than that in pH 7.4 after
protein corona formation (Fig. 2E). The lower zeta potential
meant the lower electrostatic repulsion between SLNs in pH 6.0,
which might contribute to the process of aggregation and colloidal
instability. This difference can be explained by the zwitterionic
structure of BSA. When pH was higher than the PI of BSA (4.7),
the higher the pH, the more negative charge was ionized. Thus, the
electrostatic attraction between BSA and SLNs in pH 6.0 was
much stronger than that in pH 7.4, which might lead to the more
intense and rapid interaction. After adsorption, the lower pH (6.0)
also lead to the more positive charged BSA, which endow the

Table 1 The Dy and PDI of prepared SLNS.
Formulation Dy (nm) PDI
pH 6.0 pH 7.4 pH 6.0 pH 7.4
SLNS1 134.3 + 2.1 131.7 + 0.6 0.205 £ 0.007 0.196 £ 0.007
SLNS2 200.9 £ 4.7 217.8 £ 7.6 0.141 £ 0.017 0.131 £ 0.005
SLNS3 449.2 + 3.7 448.6 + 6.0 0.213 £ 0.003 0.208 + 0.026

Data are expressed as mean + SD, n = 3.
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BSA coated SLNs with a lower zeta potential, inducing the ag-
gregation of particles.

3.3.  Colloidal stability of SLNs in pH 6.0

According to the DLS results, the aggregation of SLNs2 and
SLNs3 was caused by the addition of BSA in pH 6.0. The TEM
images of BSA incubated SLNs in pH 6.0 also show that the SLNs
precipitated to micron-scale aggregates in pH 6.0 (Fig. 3H). To
further confirm and analyze the colloidal stability of BSA—SLNs
complexes in this condition, a series of experiments were carried
out.

The effect of BSA concentration on the degree of SLNs ag-
gregation was described by the particle size of SLNs with the
addition of BSA at different concentrations. The heat map of Dy
vs. BSA concentration was shown in Fig. 3A. The darker the color,
the larger the particle size. The particle size of BSA incubated
SLNs became larger as the increment of BSA concentration apart
from SLNsl1, indicating that the amount of BSA was favorable to
the aggregation of SLNs2 and SLNs3. In addition, the zeta po-
tential of the samples was determined at the same time (Fig. 3B).
With the incubation with the higher BSA concentration, the zeta
potential was getting lower, corroborating the smaller repulsion
force between SLNs and a less colloidal stability. Based on these
results, we speculated that the aggregation of SLNs could be
defined as “BSA corona-caused aggregation”. The BSA corona
offered a new surface identity of SLNs: a more neutral charge,
which might be one of the triggers of the aggregation.

To further explore the effect of particle size on the “BSA
corona-caused aggregation” phenomenon, the normalized scat-
tered field ACFs of SLNs in the presence of different concentra-
tions of BSA were measured and the results are shown in Fig. 3C.
The ACFs curves were fitted into the intensity autocorrelation
function in Eq. (1):

(1)

where the G(7) is the scattering intensity, B is the baseline, A is the
intercept of ACFs curves, D, is the diffusion coefficient, ¢ is the
scattering vector and 7 is the decay time. According to Eq. (1), the
larger the D, value, the faster the scattering intensity decay, and
the steeper the ACFs curve is. The correlation between D, and Dy
can be explained by the Stokes—Einstein relation (Eq. (2)).

_ KgT
N 37Dy

G(r)=B+4» exp(-2D,q’7)

: (2)
where K is the Boltzmann’s constant, 7 is the temperature and 7
is the viscosity of solvent. Hence, the negative correlation between
D, and Dy was revealed, indicating that the decay time is pro-
portional to the particle size. The ACFs curves of BSA incubated
SLNs became flatter with the increase of BSA concentration,
indicating the larger Dy of the aggregates formed except for
SLNsl in pH 6.0. The half decay time was employed to compare
the difference of ACFs curves of SLNsI—-SLNs3, and the half
decay time—BSA concentration plots were shown in Fig. 3D. The
faster the plots raised, the greater the influence of BSA on
colloidal stability. In accordance with the previous results, the
boost rate of half decay time with the increment of BSA con-
centration was positively correlated with particle size of SLNs.
Then, the images of SLNs with or without BSA at pH 6.0 were
taken after 48 h and shown in Fig. 3E. Compared to pristine SLNs,
a significant layering behavior, viz. upper white layer and lower
translucent layer, was recorded in the BSA incubated SLNs except
SLNsl. This phenomenon demonstrated that the homogeneous
suspension of SLNs was destroyed, and deterioration of colloidal
stability took place. Hence, the aggregation acceleration experi-
ment was carried out to simulate a much longer storage time and
analyze the aggregation quantitatively. During the centrifugation
process, the collisions and interactions between SLNs are
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strengthened and accelerated, accelerating the colloid unstable
process of SLNs induced by BSA adsorption®®"’. The ratio of
280 nm Abs of the subnatant between the pristine SLNs and BSA-
incubated SLNs after centrifugation was employed to exam the
degree of colloidal instability of SLNs. The higher the value, the
less stable the SLNs was. As shown in Fig. 3F, the Abs of all BSA
incubated SLNs was much lower than that of pristine SLNs,
except that there was no obvious layering in SLNs1. This phe-
nomenon demonstrated the colloidal instability of SLNs2 and
SLNs3 after incubation with BSA. The plot of Abs ratio value
increased with the increase of SLNs particle size, which suggested
that the larger SLNs was more susceptible to aggregation upon
interaction with BSA. The BCA assay was carried out to deter-
mine the relative amount of BSA adsorption. It was shown that the
adsorption BSA amount was increased as the increment of particle
size (Fig. 3G), which further proved the size-dependent of BSA
adsorption.

Based on the above results, it could be concluded that the ag-
gregation of SLNs except for SLNs1 occurred upon the addition of
BSA in pH 6.0, which might be driven by the reduced electrostatic
repulsion, suggesting the weakening of colloidal stability of SLNs
under this circumstance. Furthermore, the effect of BSA on
colloidal stability of SLNs positively depended on the particle size,
time and BSA concentration within the experimental conditions.

The TEM (A) and CLSM (B) images of BSA incubated SLNS in pH 7.4. Scale bar = 20 pm.

3.4.  The BSA corona formation in pH 7.4

The formation of BSA corona in pH 7.4 was observed by the TEM
images and CLSM images. As shown in Fig. 4A, the TEM images
of SLNs after incubation with BSA maintained dispersed and
uniform state, indicating no aggregation caused by the addition of
BSA. As the protein corona was a thin layer, the morphology of
BSA incubated SLNs was not significantly changed compared to
the pristine SLNs. The confocal images of FITC-BSA incubated
P4-SLNs in pH 7.4 were shown in Fig. 4B. FITC-BSA and P4-
SLNs show green and red signals, respectively. The uniform dis-
tribution of the nanoparticles with four particle sizes was clearly
shown in the fluorescence image. The majority of the green
fluorescence of FITC-BSA was colocalized with the red fluores-
cence of P4-SLNs, suggesting that most of the BSA were adsorbed
on the surface of SLNs and gave rise to the formation of protein
corona.

In addition, the formation of protein corona could also be
confirmed by the Raman spectrum and thin layer chromatography
(TLC) image. The disappearance of the characteristic band at
2880 cm™' after incubation with BSA in Raman spectrum in-
dicates the SLNs was coated by the protein corona (Supporting
Information Fig. S4A). As for the TLC experiment, all SLNs
was moved to the upper part of plate but part of BSA-incubated
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SLNs stayed at the origin, which might demonstrate that the
change of polarity with protein corona formation (Fig. S4B).
The particle size and surface charge measurement of SLNs
after incubation with different concentration BSA solution were
performed to further analyze the protein corona formation. As
shown in Fig. 5A, there was no significant change in Dy of SLNs
before and after incubation with different concentrations of BSA,
indicating the BSA adsorption occurred rather than aggregation.
Also, the normalized ACF curves illustrated the maintaining of
colloidal stability (Supporting Information Fig. S5). Similar to that
in pH 6.0, the zeta potential of SLNs incubated with different BSA
concentrations also getting lower with the higher BSA concen-
tration in pH 7.4 (Fig. 5B). However, the zeta potential in pH 7.4
was not as low as that in pH 6.0 and thus the repulsion force was
strong enough to maintain the SLNs dispersion. Then, the relative

adsorption amount of BSA was measured by the BCA assay. The
size dependency of BSA adsorption was also confirmed in pH 7.4
(Fig. 5C). These results indicated that the BSA was adsorbed on
the surface of SLNs in particle size order.

Then, to analyze the binding mode of BSA and SLNs in pH
7.4, the fluorescence quenching method was employed. With
excitation at 280 nm, BSA exhibited strong and stable intrinsic
fluorescence due to its two tryptophan (Trp) residues (Trp-212 and
Trp-134), whereas SLNs and HEPES buffer did not show a
considerable emission (Fig. S4C)**°. The fluorescence quench-
ing of BSA in the presence of SLNs in 0, 24 and 48 h was
measured and the results were shown in Supporting Information
Fig. S6 (0 and 24 h) and Fig. 5D (48 h). The fluorescence emis-
sion intensity of BSA was progressively decreased upon the
addition of SLNs in all time points, indicating the interaction
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between BSA and SLNs. The isosbestic point (the red star) at
about 430 nm indicated equilibrium was attained between BSA
and SLNs and signified the formation of the ground state com-
plex**. To further elucidate the fluorescence quenching mecha-
nism caused by the SLNs, the Stern—Volmer equation was utilized
to process the quenching data as shown in Eq. (3)*":

% =1+ K[0]=1+K47o[0] ®

where F, and F' are the fluorescent intensities of BSA with or
without SLNs, Kgy is the quenching constant, K, is the
biomolecular-quenching-rate constant, 7, is the average fluores-
cence lifetime of biomolecular which is about 107 s, and [Q] is
the concentration of SLN incubated with BSA. According to the
equation, the fluorescence quenching plots of BSA—SLNs in pH
7.4 in all time points (Supporting Information Fig. S7) exhibited a
good linear fitting, suggesting a single dynamic quenching
mechanism or static quenching mechanism. The Kgy values,
which were used to evaluate the binding affinity of SLNs to BSA,
were calculated based on the slope in different time points and
shown in Fig. S5E. At all time points, the increased Ksy values with
the elevated SLNs size demonstrated a positive correlation be-
tween BSA—SLNs interaction and SLNs size. Time evolution was
also shown by that the Kgy values increased over time, indicating
a continuous process of interaction between BSA and SLNs.
Furthermore, all K, values of BSA—SLNs complexes were higher
than 2 x 10'° L/mol/s, the maximum scatter collision quenching
constant, which meant that a static BSA quenching mechanism
caused by the formation of a complex (like protein corona) is
operative™.

As the interaction reaches equilibrium in 48 h, the binding
molar ratio association constant (K,) and number of binding sites
(n) of BSA was evaluated by the Scatchard plot analysis® as
shown in Eq. (4):

Le (F" - F) — LeKy. + nLe[0) 4)

where the linear regression with lg [Q] as the abscissa and
lg(ﬂ'pi)as the ordinate was obtained and shown in Supporting
Information Fig. S8A. The K, was calculated by the intercept
and the n was determined by the slope. Like the trend of Kgv
value, the K, also showed a positive correlation with particle size
(Fig. 5F), indicating a higher proportion of nonfluorescent fluo-
rophore—quencher complex in the BSA incubated SLNs with
larger size.

Furthermore, the binding affinity constant (K,) for BSA—SLNs
interaction was also calculated by the modified Stern—Volmer
equation as in Eq. (5)**:

Fy :l+ 1
FO_F fa faKa[Q}

(5)

where f, is the fraction of accessible fluorescence. The plots of
Fol/(Fy—F ) vs. 1/[Q] result in 1/f,K, as the slope and 1/f, as the
intercept. The plots and the calculated results of K, was shown in
Fig. 5G. It was shown that the K, of BSA—SLNs increased with
the increasing of Dy which was consistent with the patterns of
K, and K, values (Fig. 5F). Taken together, it could be
concluded that the protein corona was formed in pH 7.4, which
was positively correlated with particle size and evolved with time.

3.5. Conformational change of BSA

After confirming the integrity of SLNs after protein corona for-
mation in both pH by employing the “on—off” ability of ACQ
probes®™ *" (Supporting Information Section 6). The conforma-
tional change of BSA was also detected. The conformation of
proteins may change after they are adsorbed on NPs. Several
studies suggested that the protein secondary structure might be
altered significantly after interaction with model NPs*>***° while
no significant conformational changes was found in other
studies®”>’. The UV—Vis, CD and FTIR spectra of BSA before
and after incubated with SLNs were measured to clarify the
conformational change of BSA interacted with SLNs in pH 6.0
and 7.4.

Analysis of UV—Vis spectra of BSA—SLNs complexes was
considered an effective approach to exam the interaction between
protein and NPs. The adsorption peaks of BSA at 220 nm were
due to the typical peptide-bond backbone structure while the
adsorption peaks at 277 nm were ascribed to the aromatic amino
acids (Trp, Tyr, and Phe)’'. The UV—Vis adsorption changes of
BSA at 0, 24 and 48 h with or without SLNs in pH 6.0 and 7.4
were shown in Fig. 6A and B and Supporting Information Fig. S9.
Evolving with time, the adsorption peak of BSA at 277 nm after
incubation with SLNs increased in pH 7.4 but decreased in pH 6.0,
suggesting a different interaction mode. The hyperchromic shift
for BSA with incubation with SLNs in pH 7.4 might contribute to
the partial exposure of photon adsorbing amino acid residues,
indicating the conformational change of BSA upon interaction
with SLNs. In contrast, the aggregation of SLNs in pH 6.0 might
result in the wrapping and hiding of these amino acid residues,
which in turn led to the reduced Abs values.

The FTIR spectra were investigated to further identify the
structural changes of BSA upon binding with SLNs. Both protein
amide I band 17001600 cm™' (mainly C=0 stretching vibra-
tions) and amide II band 1600 —1500 cm™' (C—N stretching vi-
brations coupled with a N—H in plane bending mode) correlated
with the secondary structures of proteins’>>>. The amide I bands
were contributed from different secondary structures of protein,
including 1620-1645 cm™' from @-sheet content, 1645—
1652 cm™ ! from random coil content and 1652—1662 cm™' from
a-helix content”. As shown in Fig. 6C and Supporting
Information Fig. S10, the FTIR spectra of pure BSA displayed
two characteristic bands at 1648 and 1535 cm ™!, corresponding to
protein amide I and amide II, respectively. However, with the
binding with SLNSs, the amide I band of BSA shifted from 1648 to
1656 cm™ ' while the amide II band shifted from 1535 to
1543 cm™" in both pH 6.0 and 7.4. The results suggest that the
addition of SLNs caused a transformation of the secondary
structure of BSA, like the increase of the proportion of a-helix.
Furthermore, the broad band of BSA after incubation with SLNs
at about 3400 cm™' was assigned to the stretching vibrations of
O—H and N—H, implying that the hydrogen bond might play a
part in the binding between BSA and SLNs.

Furthermore, the conformational change of BSA upon binding
with SLNs was analyzed by CD spectroscopy. The CD spectros-
copy was considered a powerful tool to analyze the secondary
structural change of protein. The CD spectra of BSA with or
without SLNs in different time points were shown in Fig. 6D and E,
and Supporting Information Fig. S11. Two negative bands at 208
and 220 nm in the UV region were exhibited and the values of
which were correlated with the a-helix content of protein'®. Similar
to the FTIR results, the ellipticity values at 208 and 220 nm of BSA
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were significantly increased upon the binding with SLNs, indi-
cating the increase of the proportion of a-helix.

In summary, it was suggested that the secondary structure of
BSA was changed upon the interaction with BSA, viz. the expo-
sure or hidden of photon adsorbing amino acid residues and the
increment of the content of a-helix. However, further differences
might be found in the tertiary or quaternary structure of BSA, and
related studies need to be conducted. These findings implied that
when SLNs was administrated in vivo, the secondary structure of
proteins adsorbed on its surface might be changed and the bio-
logical functions of them might be affected in consequence. This
process was unpredictable due to the complicated biological
media. From this viewpoint, the protein corona formation needs to
be controlled to prevent the potential influence on the fate of NPs
or relevant normal physiological processes.

3.6.  Cell uptake

In order to investigate the effect of protein corona at the cellular
level, the cellular uptake of SLNs was explored by CLSM. The
B16 (melanoma cell, representing acidic environmental cells in
tumor) and RAW 264.7 (macrophages cell, representing neutral
environmental cells in plasma) were chosen as the model cells for
pH 6.0 and 7.4, respectively. The cell nuclei were stained with
DAPI (blue) and the SLNs was loaded with P4 (red). As shown in
Fig. 7A, the red fluorescence of SLNs was significantly decreased
after incubation with BSA in pH 6.0, indicating the B16 uptake of
SLNs was decreased when BSA corona-caused aggregation occurs
in pH 6.0. The mean fluorescence intensity was calculated and at
least 60% reductions were shown (Fig. 7B). Given the NPs—cell
interaction was strongly affected by the particle size of NPs, the
cell uptake reduction might be caused by the increment of SLNs
size. This meant the less efficient cell internalization and

compromised therapeutic effect. Unexpectedly, SLNs1 which did
not aggregate also showed reduced B16 uptake. It was speculated
that the protein corona on the SLNs1 surface might enhance the
hydrophilicity and affected the uptake of B16 and detailed
mechanism would be investigated in the future.

In pH 7.4, the reduction of macrophages uptake of SLNs was
shown as well (Fig. 7C and D). According to previous studies, the
BSA adsorption reduced the macrophages uptake in reticuloen-
dothelial system because the enhanced surface hydrophilicity
suppressed NPs—cell interaction'®. It was indicated that the blood
circulation time would be prolonged, and the therapeutic effect
would be increased after the protein corona formation. Thus, the
protein corona formation could have a favorable effect on the
pharmacokinetics and pharmacodynamics of SLNs when exposed
to normal organs.

These findings implied the necessity of environment-
responsive NPs to smartly adjust the protein adsorption
behavior. For instance, NPs that formed protein corona in neutral
environment (prolonged circulation) and avoid protein absorption
in acidic environment (enhanced uptake) would facilitate the
therapy of specific diseases. It was important to figure out the
underlying protein corona formation mechanism to for the design
of ideal NPs.

3.7.  Mechanism studies

3.7.1.  The effect of surface hydrophilicity on the SLNs—BSA
interaction

The Tween 80 content in SLNs was quantified by UV—Vis method
and the results were shown in Table 2. As shown, the smaller the
SLNs size, the higher the Tween 80 content was. Furthermore, the
Tween 80 content of SLNsl was much higher than that of the
others, indicating that the surface of SLNs1 was most hydrophilic.
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According to the previous report, the surface hydrophobicity of
NPs played an important role in the interaction with proteins, and
the high hydrophilicity was a basic characteristic of materials with
good anti-protein-adsorption ability>*. It was hypothesized that the
anti-protein-adsorption ability was highly associated with the
hydration layer near the surface which formed a physical and
energetic barrier to prevent protein adsorption on the surface.
From this standpoint, the high hydrophilic surface of SLNs1 might
be a determinant of the weaker interaction level with BSA
compared with SLNs2 and SLNs3.

3.7.2.  ITC assay
ITC gave more insight of the protein—NPs binding mode from the
thermodynamics approach, and it was employed to measure the

Table 2 The determined Tween 80 content in SLNS
formulations.
Formulation Tween 80 content in SLNS (%, w/w)
SLNSI1 31.742 + 0.984
SLNS2 7.775 + 0.014
SLNS3 2.927 + 0.005

Data are expressed as mean + SD, n = 3.

enthalpy changes occurred through protein—nanoparticles in-
teractions in many literatures®*®. The thermodynamic parameters
including binding enthalpy (AH ) and entropy (AS) could be
determined through a single site binding model. According to the
previous study, AH>0 and AS>0 corresponded to hydrophobic
force, AH<0 and AS<O0 corresponded to van der Waals force and
hydrogen bond, and AH<0 and AS>0 corresponded to electrostatic
interactions*. The ITC power—time data (upper panel) and the
subsequent binding isotherm of BSA to SLNs (lower panel) were
illustrated in Fig. 8. In pH 7.4, the negative injection signals implied
an exothermic process of BSA—SLNSs interaction and the binding
isotherm were fitted into single site binding model. The parameters
obtained are shown in Supporting Information Table S2. The
negative AH and AS values demonstrated that the van der Waals
force and hydrogen bond, which were strong enough to negate the
other interaction force like electrostatic attraction, played the main
role in the interaction between BSA and SLNs.

However, in pH 6.0, when BSA was injected to SLNs, weak
and irregular enthalpy changes were recorded and the data could
not be fitted by any binding models. According to the binding
isotherm, endothermic and exothermic reactions are mixed in the
interaction process, indicating the presence of multiple interaction
forces. This phenomenon might be induced by the violent inter-
action amongst BSA, SLNs and protein corona-coated SLNs. The
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irregular binding isotherm might show the sum of these interaction
forces like electrostatic attraction, hydrophobic effect, van der
Waals force and hydrogen bonding. These results were strong
proofs to the previous hypothesis that the aggregation of SLNs in
pH 6.0 was BSA corona-caused aggregation.

3.7.3.  Mechanism discussion

The interaction between Tween 80 and BSA was investigated, and
the hydrophobic effect, van der Waals force and hydrogen bonding
were proved to be the main interaction force between Tween 80
and BSA. The Tween 80—BSA interaction may attribute to the
protein corona formation. In addition, several proteins with
different PI were introduced to SLNs in different pH to monitor
the aggregation state. The results show that the proteins with high
PI would lead to SLNs aggregation more easily, which implied
that the electrostatic attraction was a vital part of the interaction
among NPs, proteins and protein corona coated NPs in low pH
(Supporting Information Section 6).

In this study, multiple interactions existed between the pre-
pared pristine SLNs, including electrostatic repulsion, hydropho-
bic effect, van der Waals force and hydrogen bonding. They could
be divided into repulsion force (electrostatic repulsion) and
attraction forces (other forces). The electrostatic repulsion force
induced by the negative surface charge of pristine SLNs was larger
than the attraction forces and consequently the dispersion state
during storage was maintained. However, once the BSA solution
was introduced into the SLNs, the adsorption of BSA on the SLNs
surface occurred. The driven force varied under different cir-
cumstances. The main part was played by van der Waals force and
hydrogen bond in pH 7.4, but by electrostatic attraction in pH 6.0.
The larger SLNs showed greater interaction with BSA, which
were in concordant with other reports®>’. In addition, the reac-
tion rate of SLNs and BSA in different pH was also significantly
different. The immediate BSA adsorption and protein corona-
caused aggregation occurred as soon as the addition of BSA so-
lution in pH 6.0, while the formation of BSA corona took a much
longer process (up to 24 h) to reach equilibrium in pH 7.4.
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It is worth mentioning that the BSA molecule arrangement on
SLNs surface may also be impacted by the environment pH. It was
reported that the BSA may be more compact near the PI, which in
turn favored the BSA adsorption on SLNs surface’®. Thus, in pH
6.0, the stronger BSA adsorption may be ascribed to the more
compact arrangement of BSA molecule. In addition, due to the
stronger repulsion between BSA on SLNs surface in pH 7.4, the
coverage proportion of BSA on SLNs surface may be lower’”. The
different repulsion and BSA molecule arrangement may have an
impact on the surface properties like charge intensity, and the
detailed mechanism should be taken into further study. Thus, the
surface property of SLNs was changed but not simply equivalent
to that of BSA after corona formation.

Particle size

Protein
adsorption

° Tween 80 shell O Cetyl palmitate core

The mechanism of BSA corona formation and the impact of particle size and pH. The main driving force was marked by the red box.

The surface properties of SLNs were changed with the forma-
tion of BSA corona. In pH 6.0, the electrostatic repulsion between
SLNs was weakened by the more neutral surface charge and the
equilibrium of repulsion and attraction forces was broken. The
protein corona-caused aggregation phenomenon happened in
SLNs2 and SLNs3. But for SLNs1, the smallest size and the most
hydrophilic surfaces protect it from excessive protein adsorption
and in turn show great colloidal stability. This conclusion could be
proved by the introduction of Try and Lys with higher PI value than
BSA, in which the larger electrostatic attraction between protein
corona-coated SLNs1 also led to the aggregation. However, the
adsorption of BSA did not bring such drastic changes of surface
properties in pH 7.4 and the balance between repulsion and



1044

Wenhao Wang et al.

attraction forces of SLNs still existed. Thus, there was no aggre-
gation found. These scenarios were summarized in Scheme 2.

4. Conclusions

Herein, we reported the interaction between SLNs and BSA to
explore the impact of particle size and pH on BSA corona for-
mation and the consequent effects. Upon incubation with BSA, the
BSA corona was formed. The BSA adsorption was driven by
multiple forces. The main interaction was van der Waals force and
hydrogen bonding in pH 7.4, while electrostatic attraction in pH
6.0. The positive correlation between particle size and protein
adsorption were shown as well. Besides, the protein corona-caused
aggregation occurred in pH 6.0 (except for SLNsl) due to the
weakening of electrostatic repulsion, but no signs of aggregation
were exhibited in pH 7.4. The small particle size and the hydro-
philic surfaces of SLNsl protected it from large amount BSA
adsorption.

Upon protein corona formation, the conformational change of
BSA including the exposure or hidden of photon-adsorbing amino
acid residues and the increment of the content of a-helix happened,
but the integrity of SLNs was maintained® °* The B16 cell up-
take (representing acidic environmental cells) was decreased by
the size increment in pH 6.0, and RAW 264.7 macrophages
phagocytosis (representing neutral environmental cells) was
reduced by the surface hydrophilicity increment in pH 7.4.

Based on these findings, the effect of protein corona formation
is highly variable in different conditions, but the fundamental rules
of protein adsorption can be revealed. The small particle size and
hydrophilic surface can reduce protein adsorption, and the protein
PI should be taken into consideration in different pH values.
Further, the approaches to regulate the adsorption behavior of
proteins in complex biological media can also be implemented
according to this proof-of-concept study. Our research would
provide a systematic perspective of how medium factors and NPs
properties affect the BSA binding and its biological effects.
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