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The characterization of the protein corona has become an essential part of understanding the biological
properties of nanomaterials. This is also important in the case of mesoporous silica particles intended for
use as drug delivery excipients. A combination of scattering, imaging and protein characterization tech-
niques is used here to assess the effect of particle shape and growth of the reversible (soft) and strongly
bound (hard) corona of three types mesoporous silica particles with different aspect ratios. Notable dif-
ferences in the protein composition, surface coverage and particle agglomeration of the protein corona-
particle complex point to specific protein adsorption profiles highly dependent on exposed facets and
aspect ratio. Spherical particles form relatively homogeneous soft and hard protein coronas (ap-
prox.10 nm thick) with higher albumin content. In contrast to rod-shaped and faceted particles, which
possess soft coronas weakly bound to the external surface and influenced to a greater extent by the
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particle morphology. These differences are likely important contributors to observed changes in biolog-
ical properties, such as cell viability and immunological behaviour, with mesoporous silica particle shape.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Mesoporous silica particles (MSPs) are being considered as
excipients in pharmaceutical formulation for advanced drug deliv-
ery. Their ability to encapsulate high amounts of drug compounds
within the pores, specifically poorly soluble compounds stabilized
in their non-crystalline form, combined with their low toxicologi-
cal profile and mechanical strength make MSPs unique amongst
functional nanostructured excipients [1–4]. MSPs in the size range
of 100–1000 nm especially excel in oral drug formulations, trans-
dermal, [5][6] ocular and for intraperitoneal drug administration
[7,8]. When colloidal particles are dispersed in physiological
media, either as part of a disintegrating oral tablet in the gastroin-
testinal tract or as an injected formulation in contact with blood
plasma, they exhibit properties associated with a high degree of
protein opsonization resulting in the formation of an enzymatic
or protein corona (PC) surrounding the particle. The new bio-
molecular corona ensues, affects the function of the MSPs to a large
extent [9–10]. The PC may interfere with their drug release proper-
ties and therapeutic efficiency after gastrointestinal adsorption,
[11–12] cellular uptake, [13] the particle’s immunological proper-
ties, [14–15] and eventual clearance in the body [16–17]. In paral-
lel, differences in the particle morphology of MSPs have been found
to influence cytotoxicity, [18] their ability to cause haemolysis,
[10] and their in vivo biodistribution after intravenous administra-
tion [19–21]. For these reasons, the hard surface bound irreversible
corona and the soft PC have been the focus of recent MSP research
[22–26]. Specifically, the soft PC is thought to induce significant
agglomeration, mask the particles surface chemistry and decrease
the interaction of cell membrane receptors with surface functional
groups [27–29]. Some early studies have focused on the effect of
mesopore size on the composition of the PC but do not consider
the role of particle shape. Vidaurre-Agut et al. observed differences
in PCs around spherical MSPs with varying mesopore diameter.
Smaller mesopores adsorb more apolipoprotein AII, and larger
mesopores (�14 nm) adsorb higher amounts of complement factor
C3, when the particles were incubated in protein containing phos-
phate buffered saline (PBS) [22]. Ma et al. exposed spherical and
rod-shaped MSPs of varying pore diameters to either albumin, fib-
rinogen and globulin, evaluating changes to the protein structure
and adsorption via Fourier-transform infrared (FTIR) spectroscopy
[29]. The adsorption rate of albumin and immunoglobulin onto all
MSPs decreased sequentially as the particle surface curvature
decreased from spherical to rod-shaped particles. The initial
adsorption rate of fibrinogen increased with decreased curvature
due to the rod-shaped properties of fibrinogen. This study however
does not take into account the complexity of muti-protein media.
Increases in the amount of immunoglobulins and albumin
adsorbed in the hard PC of MSPs after plasma and serum incuba-
tion on rods compared to spherical particles were recently
reported [26]. The longitudinal axis of the rods, where the curva-
ture is only 1-dimensional (1d), is proposed as the reason for the
greater protein packing density. Surprisingly, this study does not
consider the potential for protein adsorption within the meso-
pores, and how this may influence the resulting protein-corona
complex on the exterior of the particle.

A detailed proteomic classification and comparison of the PC of
different MSPs with faceted, spherical and elongated morphologies
has been reported recently [10,30–32]. There are large similarities
in the hard PC of all serum-incubated silica particles (in bovine or
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human plasma). They contain albumin, apolipoproteins, comple-
ment proteins, a-2-macroglobulin and gelsolin in the top 10 pro-
teins irrespective of the pore size, shape, incubation time or
surface charge (from silanol or functional amine groups) of the par-
ticle being tested. Surprisingly the top 10 proteins account for over
75% of the total protein content of the PC. A different PC is detected
when MSPs are incubated in human whole blood, [33] with albu-
min as the only component present in all the tested media. Some
proteins are only observed after incubating particles in a specific
media at high concentrations, as for example the detection of hae-
moglobin after incubation in fetal bovine serum (FBS). Coagulation
proteins (e.g. thrombospondin and prothrombin) appear in higher
abundance in amine functionalized particles with net positive sur-
face charge [34]. Clemments et al. conclude that low molecular
weight proteins are primarily adsorbed on the surface of MSPs,
[23] whilst PEGylation of the silica surface prevents protein
adsorption. This is a desirable particle property which may result
in a low immune cell association [21,35]. However, after protein
incubation the silica particle-corona complex could be considered
as an additional tool in drug formulation that may enhance drug
delivery, promote cellular targeting and promote specific
immunomodulatory effects, as has been recently demonstrated
[21,36–39].

In this work, we focus on studying the dynamic changes to the
soft and hard PC by following changes to the porosity, surface
chemistry, particle size and shape of MSPs using a variety of ex-
situ techniques, such as small angle X-ray scattering (SAXS), sur-
face enhanced Raman spectroscopy (SERS) and dynamic light scat-
tering (DLS), supported with cryo-transmission electron
microscopy (cryo-TEM) and proteomic analysis of the soft and hard
PCs. Similar methodology has been used previously by Sheibani
et al., [40] who showed the soft and hard PC around 100 nm car-
boxylate polystyrene (PS)–COOH via cryo-TEM. Moreover, Yadav
et al. [41]. have used small angle neutron scattering (SANS) and
DLS to show the size dependent adsorption behaviour of different
proteins around non-porous silica particles.

This study explores how preferential adsorption of proteins on
specific particle facets, and within the mesopores can determine
the composition of the PC of MSPs. An MSP with a 3-dimensional
(3d)- cubic mesoporous silica structure and cylindrical pores (an-
ionic surfactant templated mesoporous silica material 6 (AMS-6))
is used, which can be synthesised with spherical and faceted mor-
phologies [42]. Materials are termed AMS-6S (spherical morphol-
ogy, 4.9 nm pore size) and AMS-6F (faceted, 4.7 nm pore size).
The MSP Santa Barbara Amorphous-15 (SBA-15) with 2d-
hexagonal cylindrical pores (10.7 nm) and rod-shaped particle
morphology is also used in this work to allow comparisons based
on aspect ratio. It is important to note that whilst SBA-15 possesses
rod-type morphology, the surface along the axis of the mesopores
is curved and structured, due to open mesopores exposed to the
exterior of the particle [43]. The assumption that a relatively flat
cylindrical surface facilitates a high packing density may thus be
oversimplified in the case of the SBA-15 particles prepared here.

2. Experimental

2.1. Chemicals and solutions

The following chemicals and solutions were purchased from
Merck Australia and used as received: N-Lauroyl-L-
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Alanine � 99.0% purity, 3-aminopropyl triethoxysilane
(APES) � 98% purity, tetraethyl orthosilicate (TEOS) � 99% purity,
3-aminopropyl trimethoxysilane (APMS) 97% purity, Pluronic
P123, hydrochloric acid (HCl, reagent grade 37%), sterile bovine
serum (BS) (adult, origin USA) as well as phosphate buffered saline
(PBS) tablets.

Lysis buffer and MOPS SDS (3-(N-morpholino) propane sulfonic
acid, sodium dodecyl sulphate) running Buffer (�99.5%) were pur-
chased from Thermo Fisher Scientific Australia. Formic acid (2%)
and acetonitrile (50%) solution buffers A (2% v/v acetonitrile, 0.1%
v/v formic acid) and B (99.9% v/v acetonitrile, 0.1% v/v formic acid)
were prepared in house.

2.2. MSP synthesis

The AMS-6S MSPs were synthesized following and already
described procedure [44]. Briefly, in a polyvinyl chloride (PVC) bot-
tle, 1.25 g of the surfactant (N-Lauroyl-L-Alanine, C12AlaA) was
added to 250 ml deioinized water. The mixture was stirred for
12 h at 80 �C at 200 rpm. The stirring speed was increased to
1000 rpm for 10 min, before adding 1.25 g of the co-structure
directing agent APES and 6.25 g of the silica source TEOS. After-
wards, the mixture was stirred for another hour at 1000 rpm and
then reduced to 500 rpm for 12 h. After filtration and initial drying
of the material, the surfactant was removed by calcination at
550 �C for three hours in flowing air.

The AMS-6F MSPs were synthesized using a modified protocol
to the one described above [42]. In a polypropylene bottle, 0.8 g
surfactant (N-Lauroyl-L-Alanine) was dissolved in 160 g deionized
water and left without stirring in a closed bottle at 80 �C for
24 h. After one day, 0.68 g of the co-structure directing agent APMS
under vigorous stirring at 80 �C for 1 min. Then, 0.51 g of a poly-
meric non-ionic dispersant (Pluronic P123) and 60 g of deionized
water was added in separate polypropylene bottle and stirred at
room temperature for 12 h. Afterwards, the P123 solution was
added to the surfactant solution and stirred at 80 �C for 12 min.
After 12 min, 4.15 g of the silica source (TEOS) was added and stir-
red for 10 min. After 10 min the solution was stored in the closed
bottle for 48 h under static conditions at 80 �C. The material was
then hydrothermally treated at 100 �C for 24 h, filtered, and dried
overnight at 95 �C. The surfactant was removed by calcination at
550 �C as described above.

The SBA-15 MSPs were also synthesized using a previously pub-
lished protocol [45]. In a polypropylene bottle, 3.9 g of P123, 135 g
deionized water, 9.8 g HCl and 8.2 g of TEOS were added and stir-
red at 40 �C for 20 h. Afterwards, the bottle was closed in an oven at
100 �C for 48 h. The material was then filtered and dried overnight
at 60 �C. The surfactant was removed by calcination at 550 �C as
described above.

2.3. Protein corona formation

The MSPs samples were incubated with bovine serum (BS) for
different times (10 min, 30 min and 120 min): 1 ml of BS was
added to 1 mg MPS in 1.5 ml Eppendorf tubes (Eppendorf, Ham-
burg, Germany) and placed on a shaker at 200 rpm at room tem-
perature. The hard PC was isolated via temperature-controlled
centrifugation for 15 min, 14000 rpm (4 �C). The supernatant
was discarded and the remaining MSP pellets re-dispersed in
Milli-Q water and either washed again or prepared for following
characterization processes. Calcined MSPs were incubated in
100% BS, for different time periods at room temperature (termed
in minutes T10, T30 and T120) before centrifugation and washing
steps (termed W1-3), which are conducted to remove loosely
adsorbed proteins on the particle surface (the soft PC). The remain-
ing protein layer after three washing cycles is termed hard PC. To
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prepare the incubated mesoporous MSP-corona complex for char-
acterization by scanning electron microscopy (SEM), thermogravi-
metric analysis (TGA), and nitrogen adsorption/desorption
isotherm the sample was lyophilized. For lyophilization the sam-
ples were frozen in their Eppendorf tubes after the last washing
process at �80 �C and then placed in a lyophilization glass con-
tainer (Martin Christ Freeze Dryers, Osterode am Harz, Germany).
The sample was placed under vacuum overnight at �50 �C and
0.1 mbar in a freeze dryer (Martin Christ, Osterode am Harz, Ger-
many). For characterization by DLS, zeta-potential measurement
and cryo-TEM the sample were redispersed in Milli-Q water
(1 ml) and stored at �30 �C.
2.4. Protein corona and particle characterization

2.4.1. Statistical analysis
Unpaired Student’s t-tests were used for statistical analysis of

DLS measurements using excel (Microsoft, USA). A p-value < 0.05
was considered statistically significant. Values with error bars sta-
ted in figures and tables refer to the mean ± standard deviation
(SD).
2.4.2. Proteomics/LC-MS
MSP-corona complex samples were mixed with 20 ll of lysis

buffer and boiled at 95 �C for 5 min. Afterwards, samples were
loaded into NUPAGE 4–12% BT GEL of 12 wells (Life Technologies,
Carlsbad, USA). The gel was run for 55–60 min at 200 mV in 20
times diluted in MOPS SDS Running Buffer (10x). The samples were
then stained with Coomassie Brilliant Blue R-250 Staining Solu-
tions Kit (Bio-Rad, Hercules, USA) for two hours, followed by wash-
ing in Milli-Q water for two to three days.

After the SDS-PAGE procedure, gel-bands were excised from the
gel and dehydrated using acetonitrile, followed by vacuum cen-
trifugation. Dried gel bands were treated with 10 mM dithiothre-
itol and alkylated with 55 mM iodoacetamide. Afterwards, the
gel bands were washed, alternating between 25 mM ammonium
bicarbonate and acetonitrile. The whole procedure was then
repeated, and the gel bands were again dried via vacuum centrifu-
gation. Samples were digested with trypsin overnight at 37 �C. Pep-
tide extraction was performed using a formic acid (2%) and
acetonitrile (50%) solution. The extracted peptide solution was
dried via vacuum centrifugation and peptides were then reconsti-
tuted in 0.1% formic acid solution.

The peptide analysis was performed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) on a Q-
Exactive hybrid Quadrupole Orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, USA). An in-house packed trap (Halo�

2.7 lm 160 Å ES-C18, 100 lm � 3.5 cm) and analytical column
(Halo� 2.7 lm 160 Å ES-C18, 75 lm � 10 cm) were used. Prior
to the MS, high performance liquid chromatography (HPLC) sepa-
ration was performed using nanoflow liquid chromatography
EASY-nLCTM II (Thermo Fisher Scientific, Waltham, USA). A linear
gradient of buffers A (2% v/v acetonitrile, 0.1% v/v formic acid)
and B (99.9% v/v acetonitrile, 0.1% v/v formic acid) was used for
the elution of peptides. The starting gradient was 1–50% buffer B
for 50 min followed by increase in buffer B concentration from
50 to 85% for two minutes and column washing at 85% of buffer
B for eight minutes. The flow rate was kept constant at 300 nl/
min during the gradient. The mass spectrometry spectral acquisi-
tion was performed in the scanning range of 350–2000 m/z in pos-
itive mode. For the tandem mass spectrometry analysis, HCD
fragmentation of the top 10 most intense precursor ions was per-
formed at a normalized collision energy of 30% (Xcalibur, Thermo
Fisher Scientific, Waltham, USA). Three technical replicates per
samples were performed.
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2.4.3. Dynamic light scattering (DLS)
DLS experiments were performed with a Zetasizer ZS (Malvern

Instruments, Worcestershire, UK), with a 173� detector angle, at
25 �C with a He-Ne laser (633 nm, 4mW output power) as a light
source. MSP samples (20 ml, 1 mg/ml) were mixed with 1 ml fil-
tered PBS (Fig. 3) or Milli-Q water (Figure S3) and filled into dis-
posable folded capillary cell (DTS1070) (Malvern Instruments).
For AMS-6S and AMS-6F samples, hydrodynamic diameter values
were directly obtained from the measurements. However, since
conventional DLS measurements do not accurately display the
hydrodynamic diameter for rod-shaped particles, [46] the dimen-
sions of the length of the SBA-15 samples (L) and the diameter
(d) (Scheme 1) were analysed according to the following. The
Stokes-Einstein equation is used in DLS to determine the particle
size, as follows:

Dt ¼ kBT
6pgRh

where, Dt is the translational diffusion coefficient of the parti-
cles, kB is the Boltzmann constant, T is the temperature of the liq-
uid, g is the dynamic viscosity of the liquid (Milli-Q water and
PBS), and Rh is the hydrodynamic radius of the particles. The size,
Rh of particles can be obtained by measuring the value of Dt. For
non-spherical particles, a correction factor, G(p), to the Stokes-
Einstein equation is required, [47]

Dt ¼ kBT
6pg L

2

GðpÞ

This correction factor is highly dependent on the geometrical
features of the particles. Hence, the data was treated using the cor-
rection factor for prolate particles (ellipsoids) as described by Sch-
mitt et al., [47] where L > d:

G pð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2

p ln
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2

p
p

 !

and where p = d/L, otherwise referred to as the aspect ratio of
the rods, and L/2 is referred to as the major axis radius. Thus,
two parameters are needed to describe the dimensions of SBA-15
via DLS, namely the translational diffusion coefficient Dt and the
aspect ratio p. Although the size measured for non-spherical parti-
cles via conventional DLS is inaccurate, Dt can be derived directly
from the experimental data and was here averaged for six mea-
Scheme 1. Representation of the formation of a hard PC around MSP incubated in
BS, with different particle shapes. For SBA-15, d is the diameter of the MSP, in the
plane perpendicular to the pore direction; and L is the rod-length along.
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surements. It is important to note, that all DLS measurements were
done at a fixed angle of 173� and not at multiple angles, which
would provide more accuracy. The value for p was measured by
SEM and averaged for 60 particles (see Table 1) and is in good
agreement with the value used for similar particles in [47]. Since
both values contain uncertainties, the propagation of uncertainty
G(p), was taken into account while calculating the error (uG(p))
for L and d, where:

DG pð Þ ¼ dG pð Þ
dp

Dp ) uG pð Þ ¼ dG pð Þ
dp

����
����up

where up is the standard deviation of the aspect ratio p deter-
mined from 60 SEM images. Hence, uG(p) was set as 0.35. To com-
bine the error of G(p) with the standard deviation of Dt (uDt) to
get the error for L/2 (uL), the gaussian error propagation law was
used, which leads to the following relation:

uL
L
2

 !2

¼ uDt

Dt

� �2

þ uG pð Þ
G pð Þ
� �2

Values obtained from calcined SBA-15 are tabulated in Table 1.
The same method was used to obtain values of L and d in protein
incubated particles of SBA-15.
2.4.4. Zeta-potential measurement
The zeta-potential of the MSPs was measured with a Zeta Sizer

ZS (Malvern Instruments, Worcestershire, UK) in 1 ml of filtered
Milli-Q water. For the measurements, a disposable folded capillary
cell (DTS1070, Malvern Instruments, Worcestershire, UK) was
utilized.
2.4.5. X-ray diffraction (XRD)
Powder X-ray diffraction (XRD) studies were performed on pure

calcined MSP samples to evaluate the crystallinity using a Bruker
D8 Discover diffractometer (Bruker, Billerica, USA). As X-Ray
source, Cu-Ka radiation was utilized (k = 1.5406 Å). The diffraction
patterns were recorded between 1 and 8� 2h. The data was col-
lected and analysed with the DIFFRAC.SUITETM software.
2.4.6. Nitrogen adsorption/desorption isotherm
Nitrogen adsorption/desorption isotherms were obtained at a

temperature of �196 �C using liquid nitrogen with a TriStarII
instrument (Micromeritics, Norcross, USA). The surface area is cal-
culated using the BET equation in a relative pressure range
between 0.05 and 0.2. Prior to the measurements, the MSP sample
was degassed under vacuum using the VacPrepTM061 by
(Micromeritics, Norcross, USA) to remove adsorbed moisture, for
approximately 12 h at room temperature.
2.4.7. Surface enhanced Raman spectroscopy (SERS)
For SERS, gold substrate microscope slides (Dynasil, Newton,

USA) were used. Approximately 1 mg of lyophilized sample was
spread on the gold substrate and measurements were immediately
performed with a Sierra Raman instrument (Snowy Range Instru-
ments, Laramie, USA) using a laser power of 30mW, a wavelength
of 785 nm and an integration time of 60 s. For each spectrum 10
measurements were recorded and averaged. Background measure-
Table 1
Structural data for pure SBA-15 derived from SEM (statistics over 60 particles with
the error given by the SD).

MSP L (nm) d (nm) p

SBA-15 2336 ± 499 419 ± 140 0.19 ± 0.07
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ments were obtained under the same condition as for the sample
measurements and subtracted.

2.4.8. Small angle X-ray scattering (SAXS)
SAXS measurements were performed at the Small Angle/Wide

Angle X-ray beamline of the Australian Synchrotron. The energy
of the incident X-ray beam was set at 12 keV and the beam size
was 250 lm horizontal � 450 lm vertical. The maximum flux at
the samples was 8 � 1012 photons per second. The SAXS data were
recorded by a 2d Dectris-Pilatus 200 K detector, positioned at
2.68 m from the sample. Background scattering of the solvent
and the experimental setup was subtracted from data. To model
the size distribution the Irena package of the software Igor Pro ver-
sion 8.02 (WaveMetrics, Portland, USA) was used [48]. SAXS mea-
surements were conducted with 0.1 mg/ml MSPs at a range of BS
concentrations (0.25, 0.5 and 2.5 mg/ml). The scattering length
densities (SLD) for each component were derived as described pre-
viously by Spinozzi et al., [49] with values (expressed in the units
10-6Å�2) of 8.47, 11.9 and 9.4 for MSPs, BS and water, respectively.
Scattering profiles of calcined AMS-6S and AMS-6F in water could
be adequately fitted with a Gaussian distribution of a spheroid in a
dilute system with the largest population centred at 164 nm and
317 nm, respectively. Samples of AMS-6S and AMS-6F incubated
in BS were best fitted with a Gaussian distribution of a core–shell
spheroid. The size distribution increases with the formation of a
soft PC around both AMS-6 particles, but only for AMS-6F does it
continue to increase with increasing BS concentration. For both
materials, the shell thickness remains relatively constant with
increasing BS concentration, with average values of 30.2 and
5.7 Å for AMS-6S and AMS-6F, respectively. For SBA-15 a Schulz-
Zimm cylinder distribution in a dilute system was utilized, [50]
and for incubated samples a Schulz-Zimm distribution of core–
shell cylinders in combination with a second population of a Gaus-
sian distribution of spheroids best fitted the data. All fitting param-
eters that were used for the samples can be found in Table S5 and
Table S6 of the Supporting Information.

2.4.9. Thermogravimetric analysis (TGA)
For the TGA measurements, a sample amount of approximately

3 mg was placed in an aluminum crucible of a TGA device by Net-
zsch (STA 449 F3 Jupiter, Netzsch, Selb, Germany). The sample was
analysed under airflow with 10 ml/min increasing the temperature
from 40 to 900 �C with 10 �C/min. The percentage of each protein
identified in the proteomic analysis as a function of molecular
weight (MWprotein), was multiplied by the overall mass of absorbed
proteins determined via TGA [22].

2.4.10. Scanning electron microscopy (SEM)
The lyophilized sample was spread on a metal stub using car-

bon adhesive and inserted in the sample chamber of the SEM.
SEM images were obtained using a JSM 7100F FESEM field emis-
sion scanning electron microscope (Jeol, Tokyo, Japan). The images
were recorded at 2.5 keV to 1.5 keV using gentle beam setting and
LED detector, without the use of any coating.

2.4.11. Cryo-transmission electron microscopy (TEM)
The 4uL sample solution was applied as a droplet onto the

glow-discharged grids (R2/2 Quantifoil copper grids, Germany) in
a humidity chamber at a constant humidity of 80%. The excess dis-
persion was removed by blotting with filter paper for two to three
seconds. The grid was then plunged into liquid ethane with a tem-
perature of �180 �C. Cryo-TEM imaging was performed on a Talos
Artica TEM (Thermo Fisher Scientific, Waltham, USA) using an
acceleration voltage of 200 keV.

Circular dichroism (CD) spectroscopy
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Circular dichroism (CD) experiments were performed on a Jasco
J-810-150S spectrometer (Jasco Inc., Tokyo, Japan) (230 V 50/60 Hz
and 270 W) using a 1 ml cylindrical quartz cell (Helma, Singapore)
with 1 mm pathlength at room temperature over the range of 180
to 300 nm. A minimum of six scans were averaged. BS and MSP
samples were dispersed in Milli-Q water at a ratio of 0.25 mg/ml
to 0.1 mg/ml, respectively.
3. Results and discussion

The structural and textural properties of calcined MSPs are tab-
ulated in Table 2, together with the hydrodynamic particle size,
zeta-potential and PDI determined by DLS in PBS. AMS-6S particles
possess a spherical morphology (Fig. 1a), with a hydrodynamic
particle size distribution of 547 nm. AMS-6F particles have a trape-
zoidal icositetrahedron morphology, characterized by 24 {211}
facets (Fig. 1d), [42] with a larger hydrodynamic particle size cen-
tred at 911 nm. The {211} facets expose different pore structural
features to the exterior of the particle than in AMS-6S [51]. Parti-
cles of SBA-15 have a rod-like morphology with a hydrodynamic
particle length centre around 2336 nm. Powdered X-ray diffrac-
tograms are shown in the Supporting Information Figure S1. Note
the significant difference in the pore size distribution of SBA-15,
which is more than twice the diameter of the two AMS-6 materials
(4.6 and 4.5 nm). The 3d porous networks of AMS-6 also results in a
larger surface area (>750 m2/g) than for the 2d mesopores of SBA-
15 (527.8 m2/g). The calcined SBA-15 material prepared possesses
a relatively small amount of microporosity, with a contribution of
43.8 m2/g to the total surface area of the material.

To observe changes in scattering as a result of the formation of a
soft and hard BS corona around the mesoporous particles, SAXS
measurements were conducted. Fig. 2 shows the SAXS scattering
profiles of MSPs dispersed in solutions containing BS and in water,
together with their form factor fittings. For the sake of clarity, the
SAXS graphs have been scaled as follows: AMS-6S and AMS-6F
0.25 mg/ml BS, 0.5 mg/ml BS and 2.5 mg/ml samples are scaled
by the factor of 40, 1000 and 10000, respectively. SBA-15 0.5 mg/
ml BS and 2.5 mg/ml BS samples are scaled by the factor of

10,000 and 100000, respectively. Pure BS 0.5 mg/ml and 2.5 mg/
ml samples are scaled by the factor of 100 and 1000, respectively. A
complete set of values and fitting parameters are included in
Table S1 and S2 of the Supporting Information. The resulting radii
size distribution of SBA-15 decreases initially with the formation of
a PC. However, with increasing BS concentration the size distribu-
tion increases. The cylindrical shell of the SBA-15 increases as a
function of BS concentration in the studied range, with a value of
104.6 Å at the higher concentration of 2.5 mg/ml. Interestingly,
the shell thickness stays constant at 0.25 and 0.5 mg/ml, but triples
at 2.5 mg/ml. Data at even higher concentrations (5.0 mg/ml) was
collected, however the agglomeration was too severe to model it
adequately. Overall, the formation of a PC at different concentra-
tions of BS influences the scattering in the higher q-range (0.05–
0.2 Å�1), overlapping with the scattering peak of the MSP core.
The derived scattering volume fraction distribution curves (Fig-
ure S2 in the Supporting Information) show that particle agglom-
eration is inhibited at higher concentrations for AMS-6S, whereas
the opposite effect is observed for AMS-6F. This data also indicates
that SBA-15 does not form a significant hard PC at low BS concen-
trations (0.25 – 0.5 mg/ml), as suggested by a poor fitting of a core
shell cylinder model at small q-ranges (0.002 – 0.02 Å� [1],Fig. 2c).
Instead, a better fit is obtained for the scattering by considering
independently the BS protein overlapping the SBA-15 scattering,
which may be indicative of unbound protein. At a concentration
of 2.5 mg/ml the core–shell cylinder model can be used to describe
the scattering curve of the SBA-15-corona complex, indicating the



Table 2
Structural and textural properties of MSPs in this work.

MSP
(meso-structure)

Unit cell
(Å)*

Particle shape dDLS
(in PBS, nm)

Zeta-potential
(mV)

PDI
(in PBS)

Wpore

(nm)¥
Vpore

(cm3/g)¥
SBET (m2/g)¥

AMS-6S
3d-cubic

109.7 sphere 547 ± 62 �27.8 ± 1.5 0.41 ± 0.07 4.5 ± 0.3 0.87 ± 0.03 797.7 ± 3.3

AMS-6F
3d-cubic

113.7 icositetrahedron 911 ± 38 –23.1 ± 0.8 0.52 ± 0.06 4.6 ± 0.1 0.78 ± 0.02 767.8 ± 3.3

SBA-15
2d-hex

100.5 rods 2336 ± 499U –22.5 ± 0.1 0.37 ± 0.03 10.7 ± 1.1 0.90 ± 0.06 527.8 ± 2.7

*Values obtained from powder XRD (Figure S1), ¥ values from nitrogen adsorption isotherms (Figure S2), U value for the rod length, L. Results show mean ± SD of three
measurements.

Fig. 1. SEM images of (a) AMS-6S, (b) AMS-6F and (c) SBA-15. (d) Model of the
trapezoidal icositetrahedron morphology of AMS-6F highlighting the {211} family
of facets.
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formation of a stable hard PC. All in all, the SAXS data indicates an
interaction between the proteins and AMS-6S as well as AMS-6F, as
seen in the changes of the scattering profile in the higher q-range
(0.02 – 0.2 Å�1).

Using DLS, no significant increase in the particle size distribu-
tion of AMS-6S is observed immediately due to the formation of
a PC (W1-2) at any of the incubation time periods. An increase is
observed upon removal of the loosely bound proteins at T10W3

with values increasing to 677 nm (Fig. 3a).
Similarly, AMS-6F does not significantly change in particle size

upon the formation of a soft or hard PC, except at the T30W1 incu-
bation, which shows an initial decrease in particle size to 706 nm,
followed by a sequential increase to 932 nm after removal of the
soft PC at T30W3 (Fig. 3b). The hydrodynamic length of SBA-15 par-
ticles (Fig. 3c) initially increases to 1222 nm due to the formation
of a PC. Sequential increases in size are observed as the soft PC is
removed, through the washing cycles. Increase in size due to the
removal of unbound proteins can be rationalized from the stand-
point of an increase in agglomeration.

In contrast, the formation of a hard PC following the washing
cycles does not have as much influence in the particle agglomera-
tion of AMS-6S or AMS-6F. When DLS measurements are per-
formed in (Milli-Q) water, only AMS-6S remains relatively stable
in size through the washing steps, whilst a large amount of
agglomeration is observed in AMS-6F (Figure S3b). Noteworthy
is the deagglomeration of incubated SBA-15 in water after a single
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washing cycle at all incubation times, in contrast to measurements
in PBS, which is what we suspect the results of sedimentation of
the particles in water. Presumably, a higher degree of charged pro-
teins are adsorbed on the surface in water, shielding the {100}
planes of the hexagonal rods of SBA-15 from interacting with each
other and agglomerating.

Measurements of zeta-potential show that the net particle sur-
face charge becomes more neutral for all three MSPs after incuba-
tion in BS (Fig. 3d-f) in agreement with previous reports [33,52].
This change is more pronounced for SBA-15 particles, which
become more neutral after every washing step, consistent also
with the small increases in agglomeration observed from DLS
(Fig. 3c). A progressive change in agglomeration and zeta-
potential are indicative of specific protein layers being removed
with washing steps. The hard PC of SBA-15 at T120W3 has a zeta-
potential value of �5mV whilst that of AMS-6S and AMS-6F retains
a more negatively charged surface at �15 and �10 mV,
respectively.

The total amount of proteins adsorbed in the hard PC was esti-
mated from TGA and correlated with nitrogen adsorption data
obtained on hard PC MSP lyophilized samples (Figure S4-S5,
Table S3-S4). All TGA curves show at least two main decomposi-
tion peaks. The peak between 250 and 420 �C can be related to
the removal of proteins weakly-bound via van der Waals forces
[53]. The peak between 420 and 800 �C is assigned to the removal
of proteins strongly bound via electrostatic interactions over mul-
tiple points [54–55]. An additional decomposition peak in the TGA
profiles of AMS-6F and SBA-15,particularly prominent at T30W3

samples, in the temperature range of 190–250 �C is observed. This
cannot be assigned to any specific protein from TGA alone, how-
ever, this decomposition peak could arise from proteins in the hard
PC that are not directly interacting to the MSP surface but through
weaker protein–protein interactions in between particles of AMS-
6F and SBA-15.

All samples undergo a reduction in mesopore size, mesopore
volume and specific surface area as a function of prolonged BS
incubation in comparison to the initial calcined materials, indicat-
ing protein adsorption within the mesopores (Fig. 4a). However,
even after prolonged BS incubation (T120W3), MPSs retain their
mesoporosity and high surface areas (Fig. 4b). The normalized
spectral counts (NSpC) of detected proteins in the hard PC,
obtained from LC-MS analysis are shown as a relative percentage
of the total protein adsorption in Fig. 4c. However, there seems
to be no significant difference between the mesopore volume
and specific surface area of the different incubation times. This
indicates that the role of the mesoporosity is minimal with respect
to protein adsorption within the pores. This is likely due to an early
blocking the surface mesopores which prevents protein diffusion
within the particle. The molecular weight fraction in the hard PC
of MSPs is dominated by smaller proteins in the range of 1–
50 kDa, amounting to over 40% of the detected proteins. This
agrees with previous observations that suggest the prevailing pres-



Fig. 2. (a-c) Background subtracted SAXS curves of pure 0.1 mg/ml MSPs, MSPs
with BS at different concentrations and (d) pure BS in water (0.25–2.5 mg/ml). Black
curves represent the form factor fitting.

I. Kuschnerus, K. Giri, J. Ruan et al. Journal of Colloid and Interface Science 612 (2022) 467–478
ence of low molecular weight proteins in the PC of other nanos-
tructured materials, irrespective of porosity [10,23,56]. The smaller
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1–50 kDa range of adsorbed proteins is depleted in SBA-15 with
prolonged incubation time. Larger proteins (>200 kDa) increase
by a few percent for all materials with incubation time. Previously
reported proteomics analysis shows the hard PC of AMS-6 and
SBA-15 to be dominated by a-2-macroglobulin (30.28 kDa), albu-
min (69.32 kDa), apolipoprotein-AI proteins

(167.57 kDa) and complement C3 (187.25 kDa) [32]. Multiply-
ing the percentage ratio by the total protein mass calculated from
TGA allows to estimate the molecular mass distribution of proteins
in the PC of MSPs (Fig. 4d). The hard PC of AMS-6S remains most
homogenous in terms of molecular weight distribution and total
protein content. The highest protein content adsorbed is measured
in the hard PC of SBA-15 at 0.35 mg/m2, owing to increased adsorp-
tion of proteins < 100 kDa. The high protein adsorption of SBA-15
for smaller proteins has been reported previously, with higher
adsorption kinetics favoured for smaller proteins, including bovine
serum albumin (BSA) (dimensions 4 nm � 4 nm � 4 nm) at capac-
ities over 450 mg/g under conditions where minimization of repul-
sive electrostatic interactions between adsorbed proteins and
adsorbent surface are achieved, when the protein isoelectric point
(pI) is close to the pH of the media [57].

The SERS spectra recorded on the soft (W1) and the hard PC
(W3) of lyophilized MSP samples, as a function BS incubation time
are shown in Figure 5. The spectra for calcined MSPs show no dis-
tinct peaks whilst that of pure BS shows characteristic bands Fig-
ure S6 [58]. The SERS spectra of MSP-corona complexes show peak

broadening, consistent with significant conformational changes
in the adsorbed proteins. In contrast, these bands are detectable at
all incubation time points in SBA-15 and AMS-6S. Only bands posi-
tioned between 698 and 712 cm�1 (COO–, symmetric bend), 752–
757 cm�1, 858–863 cm�1 (Pyr, pyrrole breathing) are visible at
all incubation times for AMS-6F-corona complexes. BSA is the most
abundant protein in BS making up > 50% of the protein content,
with approximately 24% of amino acid residues in BSA comprised
of glutamic and aspartic acid (Glu and Asp), and 3.5% from Phe
[58]. It is thus possible to associate the 1003 cm�1 to a predomi-
nance of BSA in the soft and hard PC of MSPs. Bands at 692–
698 cm�1 (COO– deformation from Glu and Asp), [59] are also
weaker for AMS-6F than for the other two MSPs. Overall, the SERS
spectra, whilst difficult to interpret, suggests the PC of AMS-6F is
different, if not in composition most likely in thermal stability,
which is also suggested by the additional decomposition peak in
the TGA data. Higher thermal stability could also be caused by con-
formational changes of the proteins due to strong electro-static
interactions with the MSP surface. Investigation via CD show struc-
tural changes for proteins in BS in presence with all MSPs, albeit
minute for AMS-6S and AMS-6F and more profound for SBA-15
(see Figure S8), which demonstrate the formation of a hard PC.

Cryo-TEM (Fig. 6) and SEM images (Fig. 7) recorded on MSPs
incubated with BS show contrast features on the external particle
surface associated with adsorbed proteins. Particularly the SEM
images show the different severeness of agglomeration for the dif-
ferent types of MSPs. For instance, AMS-6S shows less stacking
than AMS-6F and SBA-15, which appears to be most agglomerated
(see Fig. 7). Control cryo-TEM images of pure BS can be found in
Figure S7. The soft PC is easily visible around AMS-6F and SBA-
15 particles. The soft PC of SBA-15 is characterized by a darker con-
trast associated with proteins extending to a few 100 nm beyond
the particles’ surface. The soft PC of AMS-6F particles shows a den-
dritic contrast extending over larger distances. Only a weak diffuse
contrast is observed for the soft PC of AMS-6S. Cryo-TEM images
recorded on the hard PC however show higher contrast, with a
homogeneous protein coating approximately 3 nm in thickness
clearly and consistently visible surrounding AMS-6S particles
(Fig. 6d). The hard PC of AMS-6F and SBA-15 show faint contrast.
This is primarily found parallel to the pore direction in SBA-15



Fig. 3. (a-c) DLS measurements and (d-f) zeta-potential measurements of calcined and BS incubated MSPs at different time points (T10 to T120 in minutes) showing values for
soft (after one or two washing steps, W1-W2) and hard PC (W3). Results show the mean ± SD of six measurements. Asterisk markers represent measurements with significant
size difference to the pure particle size measured by t-test (p < 0.05).
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(Fig. 6e-f). Recently, Kokkinopoulou et al. assessed changes to the
morphology of spherical polystyrene particles (approximate diam-
eter of 150 nm) coated with a PC using cryo-TEM and tomography,
differentiating between the soft and the hard PC prepared after
incubation in human serum [60]. Similarities in the dendritic nat-
ure of the contrast observed for the soft PC and its dimensions are
observed between MSPs and polystyrene particles. Interestingly,
values obtained here from cryo-TEM for the thickness of the hard
PC of AMS-6S are somewhat smaller than for the non-porous poly-
styrene particles (10–20 nm) reported for polystyrene particles.
Contrast is also observed around the entire periphery of the parti-
cles, even when individual proteins (clusterin, apolipoprotein A1 or
IgG) were used to form a hard PC.

The amount of proteins adsorbed per unit surface area is largest
for the incubated SBA-15 samples. However, AMS-6F showed the
second largest specific protein adsorption, somewhat larger than
AMS-6S, (see Table 1). It is unlikely that this difference is mesopore
size, pore structure nor surface area. Adsorption isotherm curves
for AMS-6 hard PC samples show a decrease in the total meso-
porous volume, but this occurs without a significant change in
the capillary condensation step; neither in quantity adsorbed nor
in relative pressure (Figure S5). Thus, the decrease in adsorption
after the protein incubation is more likely due to a lower fraction
of MSP adsorbent (per unit weight) in the hard PC samples than
to protein adsorption within the mesopores. Further, the surface
chemistry does not seem to be a key factor since the zeta-
potential measurements of all incubated MSPs remain largely the
same similar (Fig. 3d-f) [30].

Interestingly, the type H1 hysteresis of SBA-15 does vary

slightly in terms of relative pressure and closure point (desorption
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branch) in the hard PC samples, indicating some adsorption within

the mesopores. SBA-15 is also a significantly larger particle than

both AMS-6 MSPs. Previous studies report larger amounts of pro-

tein adsorption in smaller particle sized MSPs [22]. In this work

SBA-15 showed adsorption of smaller molecular weight proteins

only at shorter incubation times (over 60% of proteins at T10W3)

in the hard PC, but not at longer incubation times. This is consistent

with a pore size effect, rather than particle size. The PC of AMS-6S
is more thermally stable than that of AMS-6F and SBA-15, which
decomposes at lower temperatures from thermogravimetric analy-
sis. This indicates a larger amount of weaker electrostatic protein–
protein interactions, as opposed to stronger silica surface-protein
interactions [61]. Whilst modelling of the SAXS data shows a sig-
nificantly thicker protein shell for AMS-6S than for AMS-6F, with
thickness of 30.2 and 5.7 Å, the population 1 size distribution for
AMS-6F samples almost doubled in size with increasing protein
concentration, from approximately 30 nm to 62 nm. The SLD’s of
protein and silica are very similar, which makes it difficult to dis-
tinguish contributions to the scattering from the PC in the shell.
This is especially so for shells that may not be homogenous in
thickness such as those suspected for the elongated and weakly
bound PC of AMS-6F. Supporting these differences, SERS spectra
(Figure 5) suggest a higher protein content in the soft and hard
PC of AMS-6S than AMS-6F.

Morphological differences are also observed from cryo-TEM
images of both AMS-6 samples which lead us to conclude that
the surface of AMS-6F act as specific protein adsorption sites. This
has been observed in other nanoparticles such as platinum, [62]
but should be of special interest in the design of mesoporous mate-



Fig. 4. (a) Specific surface area of MSPs without and with PC. (b) Decrease in
mesopore volume as a function of incubation time. (c) Distribution of protein
molecular weight fractions in the hard PC of MSPs. (d) Specific protein adsorption
per unit surface area for each molecular fraction. Error bars represent the SD of
three measurements.

Fig. 5. Surface-enhanced Raman Scattering (SERS) of (a), the soft (W1), and (b) hard
(W3) corona of MSPs determined as a function of incubation time and washing
steps. Tentative band assignments are tabulated in Table S5-S7.
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rials for drug delivery application, where the control of drug
release and cellular interactions could be designed through protein
incubation protocols.
4. Conclusions

In this work we present for the independent characterization of
the soft and hard PC of mesoporous silica particles with cubic and
hexagonal mesoporous structures. The composition, surface cover-
age and particle agglomeration of the protein corona-particle com-
plexes of mesoporous materials is highly dependent on particle
aspect ratio and exposed facets. All mesoporous particles studied
adsorbed proteins within their mesopores, with the larger pore
SBA-15 (10.7 nm), showing a wider variation in the molecular
weight protein composition with incubation time, than the smaller
mesopore AMS-6 particles (4.5 nm). A rapid de-agglomeration of
mesoporous SBA-15 particles is observed upon incubation with
serum.

The soft corona of AMS-6 particles with trapezoidal icositetra-
hedron morphology is characterized by weakly bound adsorption
on the {211} family of facets, leading to a dendritic protein corona.
In contrast, the PC of spherical AMS-6 particles is homogenous in
thickness (ca. 3 nm), more stable to washing procedures and con-
tains a higher amount of albumin. These results agree with the
approximate dimensions expected for BSA interacting with metal
oxide surfaces [58,59].

Overall, our work suggests that the protein and biomolecular
corona of mesoporous materials may be carefully engineered by



Fig. 6. Cryo-TEM images of MSP-corona complexes showing the presence of a hard
PC (bottom images) and a soft PC (top images). Arrows indicate areas of darker
contrast associated with proteins bound to the particle. (a) T30W1. (b) T10W1. (c)
T10W1. (d) T120W3. (e) T10W3. (f) T30W3.
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takin the particle morphology into account. Particles that are used
for advanced drug delivery purposes with low agglomeration and
immunological stealth should be favourable for intravenous
administration of advanced therapies where undesired aggregation
can lead to a decrease in blood circulation time and accumulation
in non-targeted organs [60].
Fig. 7. SEM images of MSP-corona complexes showing the presence of a PC for MSP-cor
T10W1 for SBA-15.
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