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Synthesis of Silica Nanoparticles with Controllable Surface
Roughness for Therapeutic Protein Delivery

Yuting Niu,® Meihua Yu,” Jun Zhang,® Yannan Yang,® Chun Xu,” Michael Yeh,’ Elena Taran,” Jeff Jia
Cheng Hou,’ Peter P Gray® and Chengzhong Yu*”

There is an increasing demand of efficient nano-carriers for intracellular delivery of therapeutic proteins. This study
reports on a novel "neck-enhancing" approach to synthesize stable rough silica nanoparticles (RSNs) with controllable
surface roughness. By increasing shell particle size from 13 to 98 nm while fixing core size (211 nm), the interspace size
between neighboring shell particles of RSNs is enlarged from 7 to 38 nm. Cytochrome ¢, 1gG fragment and IgG antibody is
preferably absorbed onto one of the RSNs with the interspace size of 14, 21 and 38 nm, respectively. The binding activity
of 1gG fragment loaded in RSNs is maintained as confirmed by surface plasmon resonance. The hydrophobically modified
RSNs with an interspace size of 38 nm effectively deliver therapeutic anti-pAkt antibody into breast cancer cells, causing a

significant  cell inhibition by

Introduction

Protein therapeutics has attracted increasing attention in
cancer therapy due to the high specificity and less interference
with normal biological processes.1 By introducing proteins that
specifically recognize and influence target molecules,
deactivation or activation of key signalling pathways within
cells can be manipulated, which strongly affect cell functions.”
However, proteins are poorly delivered into cells owing to
poor stability and inability to cross cell membranes.’ It remains
an on-going challenge to develop delivery systems to
efficiently compact and deliver therapeutic proteins for
enhanced cancer therapy.4

In the past decade, various nano-carriers have been generated
to deliver therapeutic proteins into cells, including Iiposomes,s'
7 polymers,g'11 inorganic nanoparticleslz'14and protein-based
carriers.” Among them, silica-based nanomaterials are a
promising delivery platform for protein therapeutics. Bale et
al.’® reported a successful delivery of the antibody to phospho-
Akt (anti-pAkt) into MCF-7 cells with a significant cell inhibition
where anti-pAkt antibody was absorbed on the surface of solid
silica nanoparticles modified by n-octadecyltrimethoxy silane
(n-ODMS) . A recent study has demonstrated that there was an
optimized pore size in the shell of silica hollow spheres for high
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pAkt and the downstream anti-apoptotic protein of Bcl-2.
loading and improved intracellular delivery of a therapeutic
protein, Ribonuclease A.Y The size of protein molecules may
vary from several nanometres (e.g. cytochrome c18) to dozens
of nanometres (e.g. IgG antibodiesl9). Therefore, it is highly
desired to fabricate silica nanoparticles with adjustable voids
to optimize the loading/release ability toward therapeutic
proteins having various sizes.

Besides the interaction with cargo molecules, efficient cellular
uptake performance of silica nanoparticles is a prerequisite
factor for successful cellular delivery. Recently, silica
nanoparticles mimicking the surface topography of enveloped
viruses®® were prepared by attaching shell particles with a
smaller size onto core particles with a larger size.” The
interspaces between neighbouring shell particles provide the
void space for the entrapment of biomolecules (e.g. siRNA).
Compared to nanoparticles with smooth surfaces, silica
nanoparticles with rough surfaces exhibited higher loading,
sustained release and enhanced cellular uptake performance,
consequently delivering siRNA successfully into cells. However,
systematic control over core-to-shell size ratios of silica
nanoparticles and their protein delivery efficacy has not been
reported. If the surface is adjustable on a

nanoparticle, nano-carriers with advantages of both rough

roughness

surface and controllable void space would be crucial for
exploring the impact of interspace size on protein delivery
efficiency. For silica nano-carriers with rough surface, it is also
important to
example, the binding activity of antibody, after loading into
space. provide
fundamental knowledge to the rational design of silica nano-
carriers for therapeutic protein delivery.

Various approaches have been developed to fabricate rough

investigate the bioactivity of proteins, for

void Answers to these questions will

nanoparticles by attaching small shell particles on a large core,
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Fig. 1 Schematic illustrations of the synthesis of RSNs using a "neck-enhancing" approach (a) and a conventional interaction approach (b).

Scheme c shows the cellular delivery of therapeutic anti-pAkt antibody using C18-RSNs and the cell inhibition mechanism.

including the electrostatic interaction”” ** and covalent
bonding pathways.24 However, the synthesis of inorganic
and/or organic rough nanoparticles with uniform sizes
generally have larger particle sizes (> 400 nm), which is not
ideal for cellular delivery.zs' 2 Although rough nanoparticles
with particle size of < 300 nm can be synthesized,27'29 the
surface morphologies are not uniform. More importantly, in all
previous literatures, the core-to-shell size ratio is larger than
5.6:1. Therefore, it is a challenge to attach shell particles with
relatively large sizes onto core particles.

Herein we report a novel "neck-enhancing" approach to
with controlled
roughness. By roughening the surface of solid silica core
particles (211 nm in diameter) with smaller shell particles (Fig.
1a) having various sizes, a series of rough silica nanoparticles
(RSNs) are obtained. By forming a big "neck", shell particles
with large sizes can be stably connected to the core particles.
The surface roughness is correlated to the core-to-shell size
ratios (from 16.2:1 to 2.2:1), and the interspace size between
neighbouring shell particles increases from ~7 to ~38 nm with
increasing shell particle sizes from ~13 to ~98 nm. The protein
loading capacity of RSNs is dependent on the protein size
relative to the interspace size. The optimal interspace size of
RSNs for high protein loading capacity is ~7,~21 and ~38 nm for
cytochrome ¢ (M.W. 12 kDa), IgG-fragment (IgG-F, domain
antibody, M.W.76 kDa) and non-specific rabbit 1gG antibody
(IgG-A, M.W. 150 kDa), respectively. Using surface plasmon
resonance (SPR), it is demonstrated that the 1gG-F maintains
efficient binding function after loading on RSNs. As shown in
Fig. 1c, after hydrophobic modification of octadecyl-groups
(C18), the C18-RSN with the interspace size of ~38 nm shows
effective intracellular delivery of anti-pAkt antibody (having a
similar structure and animal source with non-specific rabbit
IgG-A) in human breast cancer (MCF-7) cells, leading to

synthesize silica nanoparticles surface
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significant cell inhibition by blocking pAkt and the downstream
anti-apoptotic protein of Bcl-2.

Experimental
Materials and reagents

Ammonium hydroxide solution (28%), L-arginine, octane
(98%), 3-aminopropyltriethoxysilane (APTES), cytochrome c
(95%, from bovine heart), fetal bovine serum (FBS) and trypan
blue solution (0.4%) were purchased from Sigma-Aldrich.
Tetraethyl orthosilicate (TEOS, 98%) and n-octadecyl-
trimethoxy silane (n-ODMS, 90%) were purchased from
Aldrich. Toluene was purchase from Merck. Dulbecco's
Modified Eagle Medium (DMEM), penicillin-streptomycin
(10000 U ml’l) and trypsin-EDTA (0.25%) were purchased from
GIBCO or Invitrogen, Life Sciences, Life Technologies. The
monoclonal antibodies (rabbit source) to Bcl-2 and GAPDH and
HRP-linked anti-rabbit IgG antibody were purchased from Cell
Signalling. MCF-7 (HTB-22™) cell line was purchased from
American Type Culture Collection (ATCC). IgG-F for adsorption
and SPR measurement was kindly provided from Peter P Gray’s
group. All chemicals were used without further purifications.

Synthesis of core particle

Uniform nonporous silica core particles were synthesized using
a well-known method developed by Stober et al.*® Typically,
absolute ethanol (50 ml) was mixed with deionized (DI) water
(3.8 ml) and ammonium hydroxide solution (2 ml) at 25 °C.
Then, TEOS (3 ml) was added to the solution under vigorous
stirring. After 6 h, the as-synthesized nanoparticles were
separated by centrifugation at 20000 rpm, and washed with
ethanol. The final product was obtained by drying at 100 °C
overnight. After that, amine-silane was grafted to create

This journal is © The Royal Society of Chemistry 20xx
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positively charged surface. First, dried samples (200 mg) were
suspended in toluene (30 ml) and APTES (0.19 ml, 0.8 mmol)
was added. The mixture was refluxed for 20 h at 110 °C.*
Then, nanoparticles were obtained by
centrifugation at 20000 rpm, washing with ethanol and drying
in fume cupboard at 25 °C overnight.

amino-modified

Synthesis of shell particles

Shell nanoparticles with the mean sizes of 28, 54, 98, 135 and
175 nm were also fabricated using Stober method with the
same recipe as the core particle, except for reacting at 70, 60,
50, 40 and 30 °C, respectively. The reactions were first carried
out for 20 minutes for the formation of shell particles (28, 54,
98 and 135 nm). For the shell particle of 175 nm, the reaction
time is 2 h. In addition, a modified Stober method was used to
fabricate the shell particle of 13 nm diameter.* First, L-
arginine (87 mg) was dissolved in deionized water (69.5 ml)
containing octane (5.23 ml). Then, the mixture was sonicated
and TEOS (0.5 ml) was added to react at 60 °C for 3.5 h for the
formation of shell particles.

Synthesis of RSNs with varied shell sizes

The amino-modified core particle (200 mg) was suspended (2
ml) in DI water (for the synthesis of RSN-211@13) or ethanol
(for the synthesis of other RSNs). The core particle suspensions
were added into different shell particle reaction solutions as
described above (including 69.5 ml of DI water, 87 mg of L-
arginine, 5.23 ml of octane and 0.5 ml of TEOS for the
synthesis of RSN-211@13; 50 ml of absolute ethanol, 3.8 ml of
DI water, 2 ml of ammonium hydroxide solution and 3ml of
TEOS for the synthesis of other RSNs), reacting for another 2 h
at the original temperatures for shell particle synthesis. The as-
synthesized RSNs were washed three times with ethanol and
isolated by centrifugation at 4750 rpm for 10 min (shell
particles cannot be recovered by centrifugation under these
conditions), followed by drying in a fume cupboard at 25 °C
overnight. Finally, RSNs were obtained after calcination
treatment at 550 °C for 5 h to remove organic components in
silica frameworks, enabling all RSNs to have a similar surface
composition (amorphous silicon oxide) and surface property
(zeta potential).

Hydrophobic modification to RSNs

RSNs were functionalized with n-ODMS. Different RSNs (200
mg) were suspended in toluene (25 ml) containing 0.5% (v/v)
n-ODMS. Then, the mixture was refluxed for 20 h at 110 °C,
followed by centrifugation at 10000 rpm, washing with ethanol
and drying in a fume cupboard at 25 °C overnight.

Characterization

Transmission electron microscopy (TEM) images were taken
using a JEOL 1010 microscope operated at 100 kV. The TEM
specimens were dispersed in ethanol, and then transferred to
a copper grid. The high resolution scanning electron
microscopy (HRSEM) images were obtained on a JEOL JSM

This journal is © The Royal Society of Chemistry 20xx
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7800 FE-SEM equipped with an in-column upper electron
detector (UED) and gentle beam technology. HRSEM was
operated at a low accelerating voltage of 0.8-1.5 kV with 20%
specimen bias.*® For FE-SEM measurements, the samples were
prepared by dispersing the powder samples in DI water, after
which they were dropped to the aluminium foil pieces and
attached to conductive carbon film on SEM mounts. The SEM
mounts were baked in a vacuum oven at 70 °C for at least 8
hours before observations. Dynamic light scattering (DLS) and
zeta potential (ZP) measurements were carried out at 25 °C
using a Zetasizer Nano-ZS from Malvern Instruments. The
samples were dispersed in DI water or ethanol by ultra-
sonication before analysis. Nitrogen sorption isotherms of the
samples were obtained at -196 °C using a Micrometrics Tristar
Il system. Before the measurements, the samples were
degassed at 180 °C overnight in vacuum. The Brunauer—
Emmett—Teller specific surface areas (Sggr) was calculated
using experimental points at a relative pressure of P/Py = 0.05-
0.25. Fourier transform infrared (FTIR) spectra of rough silica
nanoparticles before and after hydrophobic modification were
collected using the Thermo Scientific™ Nicolet™ 6700 FT-IR
spectrometers. Each spectrum was obtained using dried
powder against a background measured under the same
condition.

Atomic force microscopy (AFM) measurement

IgG-F was mixed with RSN-211@54 (500 pg) in PBS pH 7.4 for 2
h at 4 °C, at a protein concentration of 1 mg ml™?. After
incubation, the samples were washed with DI water to remove
free and loosely attached proteins and salts in solution by
centrifugation and pipetting. Then, the suspension (10 ul) was
placed onto silicon wafers. The wafer was evaporated at 25 °C
before AFM observation. RSN-211@54 without protein
incubation was used as a control. A Cypher S AFM (Asylum
Research, an Oxford Instruments company) was used for all
the measurements. The images were obtained by employing
the tapping mode of the AFM in air by using Al-coated silicon
probe with tip radius of 2 nm (NANOSENSORS™, Switzerland).

SPR measurements

The interaction between IgG-F and complementary antigen
was monitored utilizing a SPR-based biosensor (Biacore™
T200, GE Healthcare). IgG-F was incubated with RSNs (500 ug)
in PBS pH 7.4 for 2 h at 4 °C, and the final protein
concentration was 1 mg mi™. Following that, 1gG-F-RSNs
complexes were washed several times until the supernatant
showed the same UV-vis absorbance at 280 nm as PBS only.
Then, 1gG-F-RSNs complexes were suspended in HBS-EP buffer
(Biacore™ T200, GE Healthcare). Biotinylated peptide was
immobilized via streptavidin capture on a sensor chip CAP (GE
Healthcare) pre-immobilized with ssDNA-streptavidin (Biotin
CAPture kit, GE Healthcare) to vyield the peptide surface
densities in the range of 2500-5000 R.U. A reference flow cell
was generated by omitting only ssDNA-streptavidin onto the
chip surface. Interaction analyses were performed by injecting
IgG-F-RSNs complexes over the reference and peptide surfaces

J. Name., 2013, 00, 1-3 | 3
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in series for 120 seconds at a flow-rate of 10yl min™. Complex
dissociation was monitored for 120 seconds. The binding
intensity was determined at the peak point 128 seconds after
sample injection. Surface regeneration was performed at the
end of each analysis cycle by injecting guanidine (8 M) mixed
with NaOH (1 M) at the ratio of 3:1, followed by washing with
the mixture of acetonitrile (30%), NaOH (0.25 M) and SDS
(0.05%).

Protein adsorption assay

The adsorption ability of RSNs with different proteins
(cytochrome ¢, 1gG-F and IgG-A) was evaluated. Different
proteins were mixed with RSNs (100 pg) in PBS pH 7.4 for 2 h
at 4 °C, and final protein concentration is 1 mg mi™. IgG-A was
also incubated with C18-RSNs. After this time, the mixtures
were centrifuged at 15000 rpm, and the supernatants were
collected for testing. The adsorption of protein molecules was
determined using a NANODROP 1000 spectrophotometer
(Thermo Scientific) at 280 nm.

Protein therapeutics assay

Cells were maintained as monolayer cultures at 37 °C and 5%
CO, in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin. MCF-7 cells were seeded in 24 well-plates at
5x10° cells per well and incubated for 4~6 h. The dose-
dependent  cytotoxicity of C18-RSN-211@98+anti-pAkt
composite was tested. The anti-pAkt antibody (1 mg mi?,
sigma) was incubated with C18-RSN-211@98 in PBS pH 7.4 at 4
°C for 2 h. Following this, protein-nanoparticle complexes were
suspended in serum containing culture medium in two-fold
dilutions. The highest nanoparticle concentration is 50 ug mi™?,
corresponding to 1 ug ml™ of anti-pAkt antibody on the surface
of the nanoparticle. Non-specific rabbit IgG-A and nanoparticle
only were used as control. After incubation for 24 h, cells were
detached by incubating with trypsin/EDTA mixture. Detached
cells were then suspended in the medium previously collected
from the sample. Cell suspension was diluted with trypan blue
solution in a 1:1 ratio, and live and dead cells were counted on
a hemacytometer.

The comparison of protein therapeutics among all the C18-
RSNs was also evaluated. The same amount of C18-RSNs (50
ug) was mixed with anti-pAkt antibody (1 pug) in PBSpH 7.4 at 4
°C for 2 h and the complexes were incubated with MCF-7 cells
24 h at the
nanoparticle concentration of 15 ug mi™t. Non-specific rabbit
IgG-A and C18-RSNs only were used as control. The cell
viability was also determined by counting live and dead cells.

in serum containing culture medium for

Detection of cellular uptake performance of C18-RSNs

To quantitatively compare cellular uptake performance of C18-
RSNs, 3x10° MCF-7 cells were seeded in 6-well plates one day
before transfection. C18-RSNs (50 ug ml'l) were incubated
with cells under serum free condition for 4 h. Afterwards, the
cells were washed with PBS three times and harvested with
trypsin. Cell number for each sample was recorded. After
centrifugation, the cell pellets were washed twice and dried. DI

4| J. Name., 2012, 00, 1-3

water was added to allow dissolution of the cells under ultra-
The supernatants (containing cell
components) were removed by centrifugation at 15000 rpm
for 5 min. Aqueous NaOH solution (1 M) was then added to
allow dissolution of silica nanoparticles with ultrasound. The
silicon concentrations in the final solutions were measured by
inductively coupled plasma optical emission spectrometry
(ICPOES) using a Vista-PRO instrument (Varian Inc, Australia),
which were then converted to be the mass of silica per cell.

sonication condition.

Western-blot analysis

MCEF-7 cells were seeded in 6-well plates at a seeding density
of 3x10° cells per well. The anti-pAkt antibody and the non-
specific IgG-A were incubated with C18-RSN-211@98 in PBS pH
7.4 at 4 °C for 2 h. Then, protein-nanoparticle complexes,
along with C18-RSN-211@98 only group, were mixed with
serum containing culture medium and incubated with cells for
24 h. The final concentration of nanoparticles is 50 ug mi™* and
protein is 1 pg ml™. At the end of incubation, cells were
washed with PBS and lysed. The solutions containing cell
lysates were denatured at 95 °C for 15 min followed by
characterization by SDS-PAGE. The protein bands were
transferred to a PVDF membrane. Bcl-2 bands were targeted
using Bcl-2 monoclonal antibody (mAb) as the primary
antibody, and HRP-linked anti-rabbit IgG antibody as the
secondary antibody. GAPDH mAb was used as an internal
reference. Bands were visualized on a ChemiDoc MP System
(Bio-Rad).

Results and Discussion
Preparation of RSNs

Three relatively large silica shell particles (28+3 nm, Figure S1b,
ZP -42+8.3 mV; 5415 nm, Figure Slc, ZP -53+2.6 mV; 98%+7 nm,
Figure S1d, ZP -53+1.0 mV) were prepared by the classical
Stéber method.*® The smallest silica shell particle (132 nm,
Figure Sla, ZP -42+2.4 mV) was synthesized by a modified
Stéber method.>* The silica core particle (diameter of 211+11
nm, Figure S1g, ZP +31+0.2 mV) was also fabricated using the
classical Stober method, followed by amino-modification to
generate positive charges on the surface. The particle size
distribution curves measured by the DLS method are narrow
indicating that the
nanoparticles are monodispersed and uniform in size (see
Table S1 for the polydispersity index, PDI).

To fabricate RSNs with varied shell sizes, the core particles
were suspended and added into the reaction solution of
different shell particles. After reaction for 2 h and washing, the
final calcined samples were denoted as RSN-211@13, RSN-
211@28, RSN-211@54 and RSN-211@98, possessing ZP values
of -30, -26, -29 and -29 mV, respectively. The numbers before
and after @ refer to the mean size of core particle and shell
particles measured from TEM images (Figure S1). The core-to-
shell size is 16.2:1, 7.5:1, 3.9:1 and 2.2:1, respectively.

TEM images of four RSNs are shown in Fig. 1. The particle size
of RSN-211@13, RSN-211@28, RSN-211@54 and RSN-211@98

for all silica particles (Figure Sih),

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 TEM (a-d) and HRSEM (e-h) images of RSNs with varied shell particle sizes: a&e) RSN-211@13, b&f) RSN-211@28, c&g) RSN-211@54,
d&h) RSN-211@98 and the red arrows indicate the formation of bigger “necks” connecting shell and core particles. Scale bar: 100nm.

is 254+26, 270+15, 297420 and 380139 nm, respectively (Fig.
2a-d). HRSEM images (Fig. 2e-h) clearly show that core
particles are uniformly studded by different shell particles, and
the interspace size between neighbouring shell particles
enlarges as the shell particle size increase from ~13 to ~98 nm.
The interspace size between shell particles is crucial to the
accumulation of cargo molecules. Although the interspace
sizes for RSNs are not uniform and difficult to measure
precisely, the values were determined by measuring 50 edge-
to-edge interspacing between adjacent shell particles to allow
a semi-quantitative comparison. As shown in Figure S2 and
Table S2, the average interspace size of RSN-211@13, RSN-
211@28, RSN-211@54 and RSN-211@98 is 7+2, 14+4, 2119
and 38122 nm, respectively. The particle sizes of the four
samples from DLS measurements are close to that obtained
from TEM measurements and the small PDI values confirm
that all RSNs are uniform and well-dispersed (Table S2).

The nitrogen sorption analysis was further utilized to measure
Sger of RSN-211@13, RSN-211@28, RSN-211@54 and RSN-
211@98, which is 25.4, 26.9, 25.2 and 22.4 m* g, respectively
(Table S2). For RSN-211@28, RSN-211@54 and RSN-211@98
prepared by the same protocol, Sgzr of RSNs decrease with
increasing shell particle size. The lower Sger of RSN-211@13,
compared to that of RSN-211@28, can be attributed to the
difference in synthesis methods: a longer reaction time (3.5 h
vs. 20 min) of shell particles may lead to more condensed
structures and thus reduced surface area.

Using our previous protocol,21 shell particles of ~13 nm were
successfully attached on the core particles of 211 nm.
However, larger shell particles, for example, with the size
of ~28 nm, are easily peeled off from core particles during

This journal is © The Royal Society of Chemistry 20xx

washing and drying processes (Figure S3a), even the core-shell
structures were formed in solution (Figure S3b). In the current
approach, the large shell particles (~28,~54 and ~98 nm) were
formed using the classical Stober method after reaction of 20
min, as the particle sizes were barely changed after about 15
min.*® Afterwards, positively charged core particle suspension
was added into the above shell particle reaction solution. By
comparing the difference of current synthesis strategy to the
previous one (shown in Fig. 1), the pH value of reaction
medium (11.0 vs. 9.4) and the weight ratio of shell to core
particles (4:1 vs. <1:1) is increased (Fig. 1a(i) vs. b(i)).

The driving force for the attachment of negatively charged
shell particles onto positively charged core particles is
electrostatic interaction®” % (Fig. 1a(ii) and 1b(ii)), however
less attention has been paid to how to stabilize the formed
core-shell structure and hence it is difficult to synthesize rough
particles with relatively large shell sizes. The focus of this study
is to address this challenge through silicate chemistry.34 At pH
9.4 the silica solubility is reduced with both SiO(OH); (~50%)
and Si(OH), (~50%) presenting in solution (Scheme 2b(i)). In
contrast, at a stronger basic condition of pH 11, SiO(OH); is
the predominant silicate species with a relatively high
concentration and thus more negative charges (Fig. 1a(i)).
When shell particles attach to core particles, a space with
surfaces of negative curvature is generated as indicated by a
violet arrow in Fig. 1la(ii). The solubility of a surface with
negative curvature is lower than that with positive curvature
(i.e., normal surface of spheres). Therefore, the net result is
silica migration and deposition into the space near the point of
contact between core and shell particles,35 leading to the

J. Name., 2013, 00, 1-3 | 5
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formation of a bigger "neck" connecting core and shell
particles (indicated by a violet arrow in Fig. 1a(iii)).

The solubility difference between surfaces with positive and
negative curvatures increases with pH (e.g., 11.0 vs. 9.4), thus
a higher pH favours the formation of bigger "necks"*’
stabilizing the rough particle morphology. If the neck size is
small and not strong enough (e.g., at pH of 9.4) to hold core
and shell particles (especially shell particles with relatively
larger sizes), the shell particles adhered on core particle
surface mainly through electrostatic interaction would easily
peel off (iii in Fig. 1b) during the subsequent treatments
(washing, drying, sonication, etc.). In addition to the increase
of pH, the shell particle concentration is also increased in our
synthesis, which is beneficial for the attachment between core
and shell particles and eventually the enhanced neck
formation.

The "neck-enhancing" mechanism for core-shell connection is
supported by experimental observations. The formation of
neck regions between shell and core particles can be directly
seen using RSN-211@98 as an example (indicated by red
arrows in Fig. 2h). Noticeably, there is a limitation for our
current method. When the shell size was further increased to
135 nm (Figure Sle, 135+8nm, ZP -33+1.9 mV) and 175nm
(Figure S1f, 175+8nm, ZP -321+0.9 mV), the even larger shell
particles failed to attach on the surface of core particles
(Figure S4).

Protein adsorption behaviours on RSNs

To investigate the influence of interspace size of RSNs on
protein adsorption capacity, three model proteins with various
molecular weights, including cytochrome ¢, IgG-F and a non-
specific rabbit IgG-A were used. Non-specific rabbit IgG-A was
chosen because it has a similar structure and animal source
with anti-pAkt antibody, which will be utilized as the
therapeutic protein in the following biological study. Among
the three proteins, cytochrome c has an isoelectric point (IEP)
of ~10, a diameter of ~¥3 nm and the smallest molecular weight
of ~12 kDa.* IgG-A with the largest molecular weight of 150
kDa has a diameter of ~20 nm™ and the IEP of ~9. The IgG-F is
a domain antibody and exists as a dimer, which has an IEP
value of ~8 and a molecular weight of 76 kDa with an
estimated diameter of 10 nm. All proteins can be directly
loaded onto RSNs at pH 7.4 in a phosphate buffer solution
(PBS) due to the electrostatic interaction between negatively
charged silica nanoparticles (Figure S5) and the positively
charged proteins. All RSNs demonstrate higher adsorption
ability in three tested proteins compared to the smooth core
particles (data not shown), which is consistent with previously
reported results.”

Fig. 2 shows protein adsorption capacity of RSNs with various
interspace sizes. RSN-211@98 with the interspace size of ~38
nm exhibits the highest adsorption ability (22.6 ug mg’l) of
IgG-A. RSN-211@54 (18.1 ug mg'l) and RSN-211@28 (17.2 ug
mg‘l) with small interspace sizes show lower adsorption
amount. In addition, the IgG-A adsorption ability of RSN-
211@98 is ~78% higher than RSN-211@13 (12.7 pg mg’l),
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Fig. 3 Protein Adsorption profiles (@ 1gG-A; W 1gG-F;, A
cytochrome c). Solid lines represent different protein adsorption
onto unmodified rough silica nanoparticles. The dash line also
represents the IgG-A adsorption onto different rough silica
nanoparticles, except they are all modified with C18-groups. Data
represent mean + SD. Specific surface area variations (x) of
different unmodified rough silica nanoparticles are displayed to

compare with protein adsorption trend.
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Fig. 4 Surface topography studies. AFM images of RSN-211@54
before (a) and after (c) the adsorption of 1gG-F. A cross-sectional
line is drawn to characterize the height changes of shell particles on
the top region before (b) and after (d) protein adsorption. Scale bar:
100 nm.

which has the smallest interspace size. For IgG-F, the
adsorption behaviour becomes different. RSN-211@54
exhibits the highest protein entrapment ability (48.8 ug mg'l).
RSN-211@98 shows a lower loading capacity of 42.5 pg mg'l,
because the interspace size of RSN-211@98 is too large to hold
the relatively small protein molecules in the voids.'” The lower
adsorption ability of RSN-211@28 (40.1 pg mg'l) and RSN-
211@13 (36.7 ug mg'l) is attributed to the smaller void size
compared to RSN-211@54.

Noticeably, adsorption trend depends on the void size but not
the surface area of RSNs (Fig. 3, solid line with cross symbol).
As calculated in Table S3, the protein coverage (adsorption
capacity versus surface area) is 63%, 80%, 91% and 127% for
1gG-A, 91%, 94%, 122% and 117% for 1gG-F on RSN- 211@13,

This journal is © The Royal Society of Chemistry 20xx
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RSN-211@28, RSN-211@54 and RSN-211@98, respectively.
The multilayer deposition behaviour of IgG-A on RSN-211@98
and IgG-F on both RSN-211@54 and RSN-211@98 suggests
that the adsorption occurs in the interspace of particles with
rationally controlled surface roughness.37

To confirm this hypothesis, RSN-211@54 was chosen to
explore the surface topography changes before and after IgG-F
adsorption using AFM, due to its highest protein adsorption
capacity among the three cases. As shown in Fig. 3, at the top
region, shell particle height of pure RSN-211@54 (Fig. 4a, b) is
34-39 nm. After IgG-F adsorption, the shell particle height (Fig.
4c, d) decreases to 16-19 nm, suggesting that protein
molecules are entrapped and accumulated into the shell
interspaces of RSN-211@54.

When protein size is much smaller than the interspace size, the
surface area change dominates protein adsorption behaviour.
For the adsorption of cytochrome ¢, RSN-211@28 (7.5 pg mg'l)
shows the highest adsorption ability, followed by RSN-211@54
(6.9 ug mg'l). The adsorption ability of RSN-211@13 and RSN-
211@98 are only 5.2 and 3.6 pg mg'l, respectively. This
adsorption trend is consistent with Sggy variations (Fig. 3, solid
line with cross symbol) of different RSNs. In addition, the
coverage is calculated to be at most 9% (RSN-211@28, Table
S3). These results demonstrate that the interspace sizes of
RSNs are too large to confine very small protein molecules.
Desired surface functionality (e.g., octadecyl—groupw) is of
significance for high loading and efficient delivery of
therapeutic proteins into cells. All RSNs were hydrophobically-
modified on the surface, referred to as C18-RSN-211@13, C18-
RSN-211@28, C18-RSN-211@54 and C18-RSN-211@98 with
slightly increased ZP values of -23, -18, -25 and -25 mV,
respectively. They are used to further investigate the
interspace size influence of C18-RSNs on IgG-A adsorption
capacity for the following application in therapeutic protein
delivery. FTIR results confirm the successful conjugation of
octadecyl-groups for all C18-RSNs (Figure. S5). No significant
topography changes are observed under TEM images for all
samples (Figure. S6).

The 1gG-A adsorption ability of C18-RSNs is displayed in Fig. 3
(dash line). C18-RSNs show highly improved adsorption
capacity, compared to unmodified RSNs. The protein coverage
is calculated to be 179% for C18-RSN-211@13 (37 pug mg'l),
229% for C18-RSN-211@28 (49 ug mg'l), 277% for C18-RSN-
211@54 (55 pg mg'l) and 337% for C18-RSN-211@98 (60 ug
mg'l). The results are interpreted as IgG-A adsorption in a
multi-layered fashion, both on surface and in voids, where
some proteins did not necessarily have strongly physical
contact with the silica surface.” In addition, the adsorption
amount of 1gG-A to C18-RSNs is much higher than the results
in Iiterature,16 where 1gG-A loading capacity of octadecyl-
group modified smooth solid silica nanoparticles is only 1.25
pg mg™.

The surface chemistry and nanoscale roughness play important
roles in the immobilization of biomolecules. The adsorption of
positively charged IgG-A in PBS onto negatively charged RSNs
is mainly attributed to the electrostatic attraction.®® For C18-
RSNs, the hydrophobic modification leads to partially reduced

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 SPR sensorgrams showing the binding signals of RSN-IgG-F
complexes with receptors. All RSN-IgG-F complexes showed positive
values of the binding with ligand.

charge density compared to corresponding RSNs, however the 1gG-
A adsorption capacity was increased as much as 2-3 times than that
of RSNs. For example, C18-RSN-@211@13 shows 2.8 times of 1gG
antibody adsorption compared to RSN-211@13 without C18
modification (Fig. 3), indicating that the hydrophobic interaction is
more important than the electrostatic interaction in this case.® ¥
However, when comparing the adsorption capacity of either RSNs
or C18-RSNs with the same surface chemistry but tunable surface
roughness (Fig. 3), it shows that the size of surface voids (or core-
to-shell ratios) is also important, e.g. the 1gG-A adsorption capacity
of C18-RSN-@211@98 is 1.7 times compared to C18-RSN-
@211@13, which is attributed to protein immobilization in the void
spaces of rough surfaces.”’

Evaluation on protein binding ability

Protein secondary structures are possibly disturbed after
absorbed onto nanoparticle surface.® It is very important to
maintain the activity of protein molecules loaded into nano-
carriers for therapeutic applications. Therefore, SPR
measurements were conducted to evaluate whether the
binding capability of IgG-F with its complementary antigen will
be maintained after contacting rough nanoparticles.

SPR is a fast and real-time detection technique used to
examine the interaction between wide ranges of biological
targets. Based on detecting small changes in the refractive
index, SPR is able to specifically monitor the interaction
between analytes (e.g., antibody or peptide) and the ligand
molecules (e.g., antigen), which have been immobilized onto
an inert surface. "Resonance units" (RU, equal to a critical
angle shift of 107 deg) is used to describe binding signals
between analytes and Iigands.41 Unmodified RSNs were used
to absorb IgG-F in this test, because IgG-F is immobilized on
unmodified RSNs generally in a monolayer manner, so that the
SPR results can be directly compared with the protein binding
ability. After sample injection, the negative signals from the
control groups demonstrate that bare RSNs and PBS did not
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exhibit any binding events. In comparison, all RSN-IgG-F
complexes show positive signals in binding with the antigen,
which has been immobilized to the sensor chip as the ligand,
indicating the binding activity of IgG-F is maintained after
complexing with all RSNs (Fig. 4 and Table S4). It is noted that
the trend of SPR signal intensity (peaked at 128 seconds after
sample injection) RSNs-IgG-F complexes is
consistent with the adsorption trend of IgG-F onto various
RSNs (Fig. 3).

Typically, there is a linear relationship between the SPR signal
intensity and the surface concentration of immobilized
molecules.** In our test, equal amount of RSNs was mixed with
excessive amount of IgG-F in PBS solution to achieve a
saturated adsorption of IgG-F on complexes. After removing
free IgG-F and re-suspending into the injection buffer, the SPR
test for each sample is generally finished after 10 min of re-
suspending the IgG-F/RSNs complexes to ensure a minimized
release of 1gG-F from RSNs.*”? The IgG-F coverage of RSN-
211@54 is 122%; however, RSN-211@13 and RSN-211@28
with relatively low IgG-F adsorption are not fully covered.
Therefore, higher IgG-F density on the surface of RSNs favours
the binding with ligands on the sensor chip43 and generates
higher SPR signal intensity. As a result, RSN-211@54 shows the
highest SPR signal intensity followed by RSN-211@28, and
RSN-211@13 has the lowest SPR signal intensity. Besides the
influence of protein coverage on particle surface, higher shell
particle density provides more voids for accommodating IgG-F.
RSN-211@98 with the largest shell particle size and thus the
lowest void density on the surface has less binding sites with
ligands, leading to an even lower SPR intensity, compared to
RSN-211@28.

of various

Intracellular delivery of therapeutic protein

It has been reported that pAkt plays an important role in
transcriptional activation of proteins involved in cell growth.44
Delivering anti-pAkt antibody into cytosols inactivates pAkt
and induces the decrease of anti-apoptotic protein (e.g. Bcl-
245), resulting in apoptosis in some human cancer cell lines, for
example, ovarian cancer, breast cancer and pancreatic
Hydrophobic-modified silica nanoparticles have
been reported to deliver therapeutic proteins successfully into
cytoplasm.’® ¥ In this study, C18-RSN-211@98 was used to
deliver anti-pAkt antibody (Fig. 1c) into human breast cancer
cells (MCF-7) due to its highest antibody adsorption ability.
Dose-dependent cell inhibition is observed for the complex of
C18-RSN-211@98+anti-pAkt, and a maximum exposure of 1 ug
ml™ of immobilized anti-pAkt antibody at 50 pug ml™ of
nanoparticle shows an increase in cell inhibition up to 85%
(Fig. 6a). This cell inhibition of anti-pAkt antibody is greater
than the literature report, where ~80% of cell inhibition was
induced by using as high as 800 ug mi™ of a C18-modified silica
nanoparticle (15 nm in diameter) to deliver 1 pg of anti-pAkt
antibody. In the absence of silica nano-carrier, free anti-pAkt
antibody is unable to cause cell inhibition, indicating its poor
cell internalization ability (Figure S7). In addition, when cells
were treated with C18-RSN-211@98+non-specific rabbit IgG-A

46-48
cancer.
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Fig. 6 Cell inhibition by the delivery of therapeutic protein. a) Cell
viability of MCF-7 cells incubated with increasing concentrations of
C18-RSN-211@98+anti-pAkt (M), C18-RSN-211@98+non-specific-
IgG-A (#) and C18-RSN-211@98. Data represent mean * SD. b)
Western blotting confirming the degradation of downstream anti-
apoptotic protein, Bcl-2 in MCF-7 cells. Blots presented are
representative of typical results. GAPDH is served as an internal
reference.

or nanoparticle only, no obvious cell inhibition is observed (Fig.
6a). The anti-pAkt antibody delivery efficiency was also
evaluated using other C18-RSNs (as shown in Figure S8), and
C18-RSN-211@98 holds the best performance.

To further test the downstream effects after blocking pAkt,
Bcl-2 degradation was evaluated using western blotting. As
shown in Fig. 6b, Bcl-2 degradation in MCF-7 cells is only
observed following cytosolic delivery of the C18-RSN-
211@98+anti-pAkt, compared to cell only, nanoparticle only
and nanoparticle with non-specific 1gG-A groups, indicating
that cell inhibition is associated with the degradation of Bcl-2
levels in MCF-7 cells.

Conclusions

In summary, rough silica nanoparticles (RSNs) with varied
topographies were successfully synthesized using a novel
"neck-enhancing" approach. Relatively high pH value and shell
particle concentration favour the formation of bigger "necks",
which is crucial for the generation of RSNs with controllable
ratios. The increase of shell particle sizes

~98 nm while keeping the core particle size

core-to-shell

from ~13 to

This journal is © The Royal Society of Chemistry 20xx
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at ~211 nm enlarges the shell particle interspace size from ~7
to ~38 nm, where proteins with comparable sizes are
favourably accumulated without influencing its binding ability.
The rough silica nanoparticles with an optimized loading
capacity demonstrate a high efficiency of intracellular delivery
of therapeutic proteins in cancer cells, causing a significant cell
inhibition. The "neck-enhancing" approach provides new
understanding in the rational design of cellular delivery vectors
with controllable surface roughness for the delivery of
therapeutic proteins.
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