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Gold-mesoporous silica (Au@mSiO,) core—shell nanoparticles (NPs) have shown interesting potential for
the loading of molecules to be delivered by plasmonic heating. In this study, we describe the unprece-
dented synthesis of Au@mSiO, NPs with large pores (lp-Au@mSiO,), aiming at encapsulating large bio-
molecules such as proteins. Starting from recently reported Au@mSiO, seeds with a diameter of 45 nm,
two strategies are presented to grow a mesoporous shell with large pores. The most interesting NPs (lp-
Au@mSiO,) were obtained with the biphasic stratification approach, yielding NPs with large conical pores
(10-20 nm openings), characterized in depth by N,-sorption and electron microscopies. Atomic force
microscopy (AFM) with a sharp tip was used for the first time with these mesoporous materials to probe
the accessibility of the pore openings. Biphasic stratification provides NPs with good colloidal and hydro-
lytic stabilities in agueous saline medium (PBS) allowing the incubation of these NPs with two model
proteins: horse radish peroxidase (HRP) and red fluorescent protein (RFP). lp-Au@mSiO, exhibit a signifi-
cantly larger loading capacity with respect to NPs with similar diameter, either non-porous or with nar-
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Introduction

Au@mSiO, core-shell nanoparticles (NPs) represent a promis-
ing class of mesoporous materials that combine the unique
optical properties of gold NPs with the capacity of mesoporous
silica NPs (MSN) to efficiently retain and transport various
molecules." Such NPs have been reported to enable the delivery
into solution of dye molecules located within their pores by
irradiating their gold cores at their plasmon resonance
wavelength.” Though this irradiation only slightly increases
the NPs’ surface temperature, the combined heating by a myriad
of NPs leads to a large overall heating of the suspension® then to
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rower pores, providing evidence that the proteins can indeed be encapsulated within the pores.

the release of the loaded molecules.>*® Loading of large bio-

molecules including DNA strands, peptides or proteins in meso-
porous silica opens new possibilities for the design of
nanovehicles for targeted delivery, bio-sensors platforms, as well
as for the visualization of specific biological processes (bioima-
ging). For any of these potential applications the challenge is to
obtain Au@msSiO, NPs with pores that can accommodate mole-
cules of several kD, referred to as lp-Au@mSiO,. So far, gold NPs
embedded in wrinkled MSN with large pores have been found in
natural opals” or prepared in the case of ultrasmall AuNPs,® and an
example of Ip-Au@msSiO, has been barely described without
detail.’

Various synthetic strategies have been reported for increas-
ing the pore diameter of MSNs from 2 to 50 nm.’ 2> However,
controlling pore size and particle size while maintaining well-
dispersed, uniform, and colloidally stable particles still
remains a challenge.'® The presence of gold in MSNs intro-
duces other parameters. For example, in the one-pot synthesis
of Au@mSiO,, which involves a complex mechanism,® the use
of agents to enlarge pores during the synthesis affects gold
nucleation, thus making it impractical to apply strategies used
for MSN under a one-pot approach.

To address the challenges of enlarging the pores of MSNs,
seed-growth methods have also been proposed to obtain uni-
form, well-dispersed particles with controlled size and pore size
through a step-by-step preparation.>*® A similar approach

This journal is © The Royal Society of Chemistry 2025
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may be used for the synthesis of lp-Au@msSiO,, where well-
consolidated particles containing a gold core and a thin meso-
porous silica shell would be used as starting seeds. Silica shells
with large pores would then ideally be grown without altering
the already formed gold cores. In general, two synthetic
approaches have been developed for the synthesis of large-
pore MSNs using seed-growth methods. The first one involves
growing shells on silica seeds using pore-expanding agents that
form larger micelles, thus enlarging the template.”””*® The
second one involves a growth by biphasic stratification using
an oil-based microemulsion approach.®>°

The aim of this work is to synthesize lp-Au@mSiO, NPs with
high hydrolytic and colloidal stability that allows them to be
incubated in protein solutions, so that the proteins are trapped
in the pores. Two seed-growth methods will be compared either
with pore-expanding agents or by the biphasic stratification
approach (Scheme 1). Both methods start with already
described Au@msSiO, seeds® that have a particle diameter
(Dpare) of ~50 nm, consisting of a 15 nm gold core and an
18 nm thick silica shell with mesopores of ~2.5 nm. The
loading capacity of large biomolecules was exemplified with
two proteins: horseradish peroxidase (HRP) and a red fluores-
cent protein (RFP). The comparison of the loading capacities of
Ip-Au@mSiO, with dense silica beads or A u@mSiO, with small
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pores, both of similar diameters, reveals the significance of 1p-
Au@msSiO, for the design of protein transport platforms.

Experimental section

Hexadecyltrimethylammonium bromide (CTAB, A15235) and
tetrapropyl orthosilicate (TPOS) were purchased from Alfa
Aesar. Entacmaea quadricolor red fluorescent protein (RFP)
was purchased from SignalChem (R620-30BH). Horseradish
peroxidase (HRP), tetrachloroauric(u) acid trihydrate (HAuCl,),
tetraethyl orthosilicate (TEOS), hexadecyltrimethylammonium
chloride 25 wt% in H,O (CTAC), triethanolamine (TEOA), 1,3,5-
triisopropylbenzene (TIPB), Brij C10, and all other reagents
were purchased from Sigma Aldrich. Gradient HPLC grade
water (Fisher) and freshly prepared solutions of sodium hydro-
xide (2.0 M, NaOH) were used for all syntheses.

Synthesis of SiO, NPs by the Stober method

In a 250 mL round bottom flask, a mixture composed of 70 mL
absolute ethanol, 6 mL water, 5.4 mL NH; solution (32%), and
2.15 mL TEOS was stirred at 400 rpm using a stir bar (12 x
25 mm) at 30 °C during 2 h. The resulting NPs were centrifuged
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Scheme 1 Schematic representation of the synthetic strategies for Au@msSiO, with large pores using pore-expanding and biphasic stratification
methods for silica shell growth. Pore-expanding method (left): TIPB and TPOS are added to the seed solution, promoting the formation of [p-Au@mSiO,.
Biphasic stratification method (right): NaOH is added to adjust the pH to 5, and CTAC is used as a template. A cyclohexane-TEOS solution is then
introduced dropwise, creating a biphasic system that results in the formation of [p-Au@mSiO,.
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and washed with ethanol three times and dried at 60 °C to
obtain NPs powder.

Synthesis of small pores Au@mSiO, NPs (sp-Au@mSiO,)

sp-Au@msSiO, NPs were synthesized according to ref. 3. In a
250 mL round bottom flask, a mixture composed of 0.64 g
CTAB, 100 mL water, and 40 mL absolute ethanol was heated at
70 °C and stirred at 400 rpm using an olive stir bar (12 X
25 mm). 1.5 mL of HAuCl, (100 mM) was added at once and the
mixture was stirred for 5 minutes at 600 rpm. Then NaOH
(2.0 M, 0.20 mL, 0.40 mmol) was added and the solution was
stirred for 15 min. Then, a solution of Brij C10 (0.25 g in 3.4 mL
water) in 1:5 molar ratio was added. After 10 min, TEOS
(1.0 mL, 4.5 mmol) was added dropwise over 2 minutes and
immediately NaOH (2.0 M, 0.40 mL, 0.8 mmol) was added. The
reaction mixture was stirred at 70 °C, 600 rpm for 2 h. The
resulting sp-Au@msSiO, NPs were centrifuged at 5200g for
20 minutes, washed with ethanol twice and dried at 60 °C to
obtain a powder. Finally, the template was removed by calcina-

tion at 500 °C for 2 h, with a heating ramp of 10 °C min .

Synthesis of large-pore Au@mSiO, (Ip-Au@mSiO,)

Seed synthesis®. In a 250 mL round bottom flask, a mixture
composed of CTAB (0.64 g, 1.8 mmol), water (100 mL), and
ethanol (35 mL) was heated to 70 °C and stirred at 400 rpm
using an olive stir bar (12 x 25 mm). HAuCl, (100 mM, 1.5 mL,
0.15 mmol) was added and the mixture was stirred for 5 minutes
at 600 rpm. Afterwards NaOH (2.0 M, 0.20 mL, 0.40 mmol) was
added, and the solution was stirred for 15 min. Then, a solution of
Brij C10 (0.25 g in 3.4 mL water) was added. After ten minutes,
TEOS (0.16 mL, 0.20 mL, 0.40 mL or 0.80 mL for x = 0.2, 0.25, 0.5,
or 1 respectively) was added dropwise over 2 minutes immediately
followed by NaOH addition (2.0 M, 0.40 mL, 0.80 mmol). Ten
minutes later, a solution composed of 200 uL TEOA in 4.8 mL
ethanol was added, and the reaction mixture was stirred for 16 h
at 70 °C, 600 rpm. The starting seed particles are referred to as
seed-Au@mSiO,.

Growth using a pore-expanding agent. TIPB was utilized in
varying amounts of 0 mL, 0.46 mL, or 1.5 mL (corresponding to
y = 0, 0.6, or 2, respectively), and added to a seed colloidal
solution (140 mL) prepared using TEOS (x = 1). Subsequently,
TPOS (0.8 mL, 2.8 mmol) was added, and the reaction mixture
was stirred at 400 rpm for 48 hours at 30 °C. Then, the
Au@mSiO, particles were collected by centrifugation at
41000g for 20 minutes. The resulting particles were washed
with ethanol and centrifuged three times. Finally, the template
was removed by calcination at 500 °C for 2 hours with a heating
ramp of 10 °C min~ .

Growth using biphasic stratification. For the growth of the
silica shell via biphasic stratification, four distinct methods
were employed:

Method A: sodium hydroxide (2.0 M, 0.70 mL, 1.4 mmol)
and CTAC (25%., solution, 45 mL, 34 mmol) solutions were
added to the as-prepared seed solution. The mixture was stirred
at 50 °C and 400 rpm for one hour. After adjusting the stirring
speed to 250 rpm, a TEOS solution in cyclohexane (625 pL in
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25 mL, 2.8 mmol) was added slowly over 2 minutes using a
syringe to form a biphasic system. A condenser was adapted,
then the reaction mixture was maintained at 50 °C with con-
tinuous stirring for 16 hours. This method was applied to
synthesize particles with varying amounts of TEOS during seed
synthesis (0.16 mL, 0.2 mL, 0.4 mL, or 0.8 mL), corresponding
to x = 0.2, 0.25, 0.5, or 1, respectively.

Method B: a variation of Method A was performed using
seeds synthesized with 0.16 mL TEOS (x = 0.2). The key
modification was a 50% reduction in TEOS during shell growth,
with the TEOS solution in cyclohexane adjusted to 312 pL in
25 mL (1.4 mmol).

Method C: this method involves two consecutive shell
growth steps. The first shell was grown by adding a TEOS
solution in cyclohexane (312 pL in 25 mL, 2.8 mmol) to the
seed solution synthesized with 0.16 mL TEOS (x = 0.2), followed
by stirring at 50 °C and 250 rpm for 16 hours. After removing
the upper cyclohexane phase, a fresh TEOS solution (312 pL in
25 mL, 2.8 mmol) was introduced, and the reaction continued
under the same conditions for 12 hours to form a second
mesoporous silica shell.

Method D: seed NPs synthesized with 0.16 mL TEOS (x = 0.2)
were isolated by centrifugation (41 000g, 20 min), washed twice
with ethanol, and resuspended in 36 mL of water under
sonication for 30 min. After adding NaOH (2.0 M, 0.5 mL,
1.0 mmol) and CTAC (25 wt%, 24 mL, 18 mmol), the mixture
was stirred at 400 rpm, 50 °C for 1 hour. The stirring speed was
then reduced to 250 rpm, and a TEOS solution in cyclohexane
(200 pL in 20 mL, 0.9 mmol) was slowly introduced to form a
biphasic system. Shell growth proceeded at 50 °C, 250 rpm for
16 hours.

The resulting samples, were collected by allowing the reac-
tion solution to settle for 1 hour, followed by centrifugation
(41000g, 20 min) of the aqueous phase. The particles were
washed with ethanol and centrifuged three times. Finally, the
template was removed by calcination at 500 °C for 2 hours with
a heating ramp of 10 °C min™".

Protein loading. The protein loading capacity of the NPs was
assessed using Horseradish Peroxidase (HRP) and Red Fluor-
escent Protein (RFP). Protein stock solutions were prepared in
10 mM phosphate buffer (pH 7) at 2 mg mL " for HRP and
100 pug mL~" for RFP. Calcined NPs were dispersed in water
(2 mg mL™") and sonicated for 30 min. For HRP loading, 25 UL
of protein stock solution was mixed with 125 pL of Stober, sp-
Au@mSiO,, or Ip-Au@mSiO, suspensions, and phosphate buf-
fer was added to complete a 0.5 mL reaction volume. For RFP,
the same procedure was followed with 12.5 uL of NP suspen-
sion. After a 2 hours incubation (600 rpm, 25 °C), protein-
loaded NPs were collected by centrifugation (20130g, 5 min)
and washed three times, with supernatants reserved for protein
quantification.

Protein loading capacity of the NPs (ug mg ') was deter-
mined by the difference in supernatant protein concentration
before and after protein loading. HRP concentration was quan-
tified by UV-vis absorbance using the Bradford Protein Quanti-
fication Kit. RFP concentration was determined by fluorescence

This journal is © The Royal Society of Chemistry 2025
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intensity (excitation: 560 nm, emission: 611 nm) using a Spectra-
Max iD3 plate reader. The loading capacity was calculated as:

_ tprotein protein

Protein loading capacity (ngmg ') = oUTTof NP

where #,roein is the total amount of protein and Sprotein is the
amount of free protein quantified in the supernatant.

Characterization

Dynamic light scattering (DLS) experiments were done on a
VASCO Kin™ instrument at 25 °C. Absorption spectra were
registered using a SAFAS Xenius XC equipment. N, experiments
were performed at 77 K using a Micromeritics Tristar 3000
apparatus, after outgassing samples 12 hours at 80 °C under
high vacuum (10~° Torr). The specific surface area was deter-
mined via the BET method, applied to the sorption isotherm
within the relative pressure range of 0.05 < P/P, < 0.35,
assuming a nitrogen molecular cross-section of 0.162 nm?.
The t-plot method, employing the Harkins & Jura equation as
the reference sorption isotherm, confirmed the absence of
microporosity, thereby validating the use of the BET equation
across all samples. Pore size distributions were obtained using
the BJH method, applied to the adsorption branch of the
isotherms. The total pore volume was estimated at the point
of mesopore saturation, which varied depending on the sample
characteristics. SEM images were taken using a Zeiss Gemini
ULTRA plus electron microscope operating at 20.0 kV at a
working distance of 8 mm. 3 pL of a dilute NP suspension were
dried on a piece of doped silicon wafer before observation. TEM
images on Ip-Au@msSiO, NPs were recorded using a JEOL
NEOARM microscope operating at 200 kV and equipped with
a high dynamic and high resolution Gatan Oneview camera
(CMOS, 4k x 4k). TEM images on sp-Au@mSiO, NPs were
taken using a Philips CM300ST microscope at 300 kV and
equipped with a high dynamic and high resolution TVIPS
F416 camera (CMOS, 4k x 4k). For sample preparation, a dilute
NP suspension was dropped on a holey carbon film supported
by a copper grid then dried. Image analysis was performed
using the Gatan DigitalMicrograph Software. For Atomic Force
Microscopy experiments: sp-Au@msSiO, and lp-Au@msSiO,-
Method D, were dispersed in deionized water at a concentration
of 1 mg mL™'. To achieve a homogenous suspension, the
solution was sonicated for 20 minutes, followed by a settling
period to allow for the separation of aggregated particles. The
resulting supernatant was analyzed using DLS to confirm the
presence of well-dispersed, non-agglomerated Au@msSiO, NPs.
For the formation of a NP monolayer, the Au@mSiO, solution
was drop-casted onto a silicon wafer (10 x 10 mm?). This
process was conducted within a humidity-controlled chamber
maintained at 70% relative humidity. A volume of 7 pL of the
NP solution was carefully deposited onto the wafer while
positioned vertically and was allowed to dry overnight. AFM
imaging was performed using a Bruker Multimode 8 AFM
equipped with a Nanoscope V controller (Bruker, Santa Bar-
bara, CA, USA) and NanoScope software version 8.15. AFM
imaging utilized NanoWorld SSS-NCH cantilevers characterized

This journal is © The Royal Society of Chemistry 2025
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by a resonance frequency of 300 kHz, a spring constant of 40 N
m™ ', and a nominal tip radius of 2 nm. The samples were
examined at room temperature under a controlled nitrogen
atmosphere to minimize humidity and prevent sample degra-
dation during imaging. Scanning was conducted at a frequency
of approximately 0.5 Hz to ensure high-resolution topo-

graphical data.

Results and discussion
Growth using TIPB as pore-expanding agent

Monodisperse MSNs with conical pores and tunable diameter
can be obtained from MSN seeds.”” A silica shell with large
conical pores can be gradually grown by adding tetrapropoxy-
silane and tri(isopropyl)benzene that swell the CTAB micelles.
The key of this method is to provide a slow hydrolysis rate of
silicon alkoxide preventing the formation of new NPs. This
method is reliable, with a good control of the particle and
pore sizes, offering also the possibility to grow various silica
layers and enabling the co-condensation with organosilanes
such as 3-mercaptopropyl trimethoxysilane MPTMS for further
functionalization.”® Having in hand Au@msSiO, NPs of ca
50 nm, we implemented this method to obtain Ip-Au@msSiO,
NPs with increasing amounts of TIPB (Fig. la-c). The as-
synthesized colloids of seed-Au@mSiO, NPs were used directly
without isolating the seed NPs yielding spherical Ip-Au@msSiO,
with diameters ranging from 60 to 90 nm and a low size
dispersity (Table 1). SEM micrographs evidence the presence
of large openings on the particle surface, ca 5 nm. More reliable
porosity data were obtained by N,-sorption experiments (Fig. 1e
and f). The materials M1-M3 exhibit large BET surface areas
(800-1000 m> g™ ') and pore sizes in the range between 2 and
6 nm (Table 1). The isotherms are fully reversible, which
suggests that pores are obstructed on one end, thus featuring
a nearly conical geometry.®*° However, these samples contain
gold-free MSNs, Ip-Au@mSiO, NPs with two or more gold cores,
and ~50% of core-shell structures with a single gold core as
detectable by SEM. As previous calculations showed that the
photothermal effect is of the same order of magnitude for NPs
featuring one, two or three gold cores,” our efforts were directed
towards minimizing the formation of gold-free MSNs. In order
to start the growth process with all seeds containing a gold core
we reduced the TEOS amount up to a factor five (x = 0.2,
Fig. S1). Homogeneous seed-Au@mSiO, yielded particles with
larger pores, with 80% of the NPs with a single gold core and
no detectable gold-free MSN (M4, Fig. 1d and Table 1). This
optimized protocol yielded an average of 70 mg of Ip-
Au@msSiO,, corresponding to a 26% silica-based yield. The
resulting sample M4 exhibits large mesopores in the 6-10 nm
range (Fig. 1f and Table 1), which seems ideal for the encapsu-
lation of large biomolecules such as proteins.

Growth via biphasic stratification

An alternative to the growth with pore-expanding agents is the
use of the biphasic stratification process that was reported to

J. Mater. Chem. B, 2025, 13, 11342-11352 | 11345
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Fig. 1 Structural and textural characterization of lp-Au@mSiO, nanostructures synthesized using varying amounts of the pore-expanding agent TIPB.
Top panel: SEM images of lp-Au@mSiO, particles synthesized using Au@mSiO, seeds prepared with TEOS at x = 1 and increasing amounts of TIPB:
(a) M1: Oy TIPB, (b) M2: 0.6y TIPB, (c) M3: 2y TIPB. (d) M4: Au@mSiO, synthesized using seeds prepared with TEOS at x = 0.2 and 2y TIPB. Bottom

panel: (e) N, adsorption—desorption isotherms and (f) BJH pore size distribution curves of the corresponding samples.

Table 1 Characterization data of [p-Au@mSiO, NPs obtained with different TIPB concentrations

Sample name TIPB (y) Dpart” (nm) Sppr” (m* g7Y) Pore size® (nm) Hydrodynamic diameter? (nm) % NP without Au core”
M1 0 89 £ 10 915 2-3 190 28
M2 0.6 80 £ 9 801 2-5 168 29
M3 2 61 £ 8 818 2-6 176 25
M4 2°¢ 95 + 15 767 4-15 201 3

“ Particle diameters (Dpar) and NP percentages were determined from SEM micrographs. b Determined from N,-sorption. ¢ Determined by the BJH
method on the adsorption branch. ¢ Obtained from the Cumulant fitting of the DLS autocorrelation function in intensity. ¢ Obtained with x = 0.2

for the synthesis of the seed-Au@mSiO,.

create a layer of large-pore silica over silica seeds, particularly
with the use of cyclohexane as water-immiscible solvent (For
more detailed explanation, See Fig. S5).° To implement this
method on seed-Au@mSiO,, we carefully layered cyclohexane
containing TEOS onto the as-obtained suspensions after addi-
tion of cetyltrimethylammonium chloride (CTAC) to the aqu-
eous phase. Gratifyingly, Ip-Au@mSiO, NPs containing one or
more gold cores were obtained, with a size of 98 + 12 nm. Here
again, reducing the TEOS amount (x) used during the prepara-
tion of the seeds (Method A) significantly reduced the number
of gold-free MSNs, with 97% of the Ip-Au@mSiO, having at
least a gold core (Fig. 2-Method A and Fig. S2, and Table S1).
According to the literature, the pore size may be modulated by
varying some parameters such as the TEOS concentration or
the application of various growth stages.””® By halving the
TEOS concentration used during seed growth (Method B),

1346 | J Mater. Chem. B, 2025, 13, 11342-11352

we obtained slightly larger NPs but preserving the pore size
(Fig. 2-Method B). When two consecutive growth steps were
performed (Method C), larger particles were obtained, with an
increase of pore size (Fig. 2-Method C). Finally, isolation of seed
NPs from their synthesis medium by centrifugation before the
biphasic stratification yielded larger NPs (140 nm), predomi-
nantly with more than a gold core (Fig. 2-Method D). Yields
ranged from 60 to 100 mg (25-35% silica-based yield) for
Methods A-C, and up to 145 mg (60% yield) for Method D.
Along with the morphology of the materials, their textural
properties are also dependent on the synthesis procedure. The
N,-sorption isotherms exhibit high uptakes at intermediate
relative pressures followed by plateaus, or at least inflexions,
which are the confirmation of the completion of different
sorption processes (Fig. 2b). The t-plot method applied to these
sorption isotherms discards the quantitative occurrence of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of lp-Au@mSiO, NPs synthesized using different biphasic stratification methods. (a) SEM micrographs of NPs obtained via
Method A (M5), Method B (M6), Method C (M7), and Method D (M8). The top row presents lower magnification images, while the bottom row shows
higher magnification micrographs highlighting the shell morphology. (b) N, sorption isotherms for samples synthesized using Methods A (black), B (red),
C (light blue), and D (green). (c) BJH pore size distribution curves corresponding to each synthesis method, illustrating differences in pore size.

Table 2 Characterization data of lp-Au@mSiO, NPs obtained using different biphasic stratification methods

Sample name Method Dpare” (nm) Sper” (M2 g7Y) Pore size® (nm) Hydrodynamic diameter? (nm) % NP without Au core®
M5 A 109 + 14 778 3&11 130 3.1

M6 B 70 £ 7 818 3&7 244 12

M7 C 91 £ 10 796 3&6 245 12

M8 D 140 + 11 900 5-20 222 0

“ Particle diameters (Dpar) and NP percentages were determined from SEM micrographs. b Determined from N,-sorption. ¢ Determined by the BJH
method on the adsorption branch. ¢ Obtained from the Cumulant fitting of the DLS autocorrelation function in intensity.

micropores. The obtained specific areas range between 700 and
900 m” g~ *. In particular, Ip-Au@mSiO, M5 and M6 show a
sorption uptake at a relative pressure located around p/p° = 0.4
indicating the presence of small mesopores with average dia-
meters ranging from 3 to 5 nm (Table 2). After completion of
this mesopores filling, the shape of the sorption isotherm
remains very steep. However, at p/p° = 0.9, an inflexion can
be noticed. We interpret this uptake as the filling of larger
mesopores of different sizes. These large mesopores are emp-
tied following a very thin hysteresis loop, reminiscent of pores

This journal is © The Royal Society of Chemistry 2025

whose one aperture is closed as documented in some cases of
cylindrical mesoporous materials®' or for conical mesopores.**??
In agreement with SEM micrographs (Fig. 2a) it allows to conclude
that these large pores are conical mesopores. These two materials
therefore show two distinct populations of mesopores, (i) homo-
geneous population of small mesopores at around 3 nm and
(ii) conical mesopores ranging between 5 and 10 nm (see Table 2).
By contrast M7 and M8 have very limited population of small
mesopores, as their sorption isotherms do not exhibit high N,

uptake at low pressure. As shown by the BJH plots (Fig. 2c) M7

J. Mater. Chem. B, 2025,13, 11342-11352 | 11347
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Fig. 3 AFM tapping mode (0.2 pm x 0.2 um) and TEM characterization of sp-Au@mSiO, (upper panel) and lp-Au@msSiO, (lower panel). AFM height
images (a) and (e) and phase images (b) and (f) illustrate the surface morphology and textural properties of the NPs. TEM micrographs at low magnification
(c) and (g) and high magnification (d) and (h) highlight structural differences between the samples, including mesoporous architecture and shell
characteristics. Note the clear visibility of larger mesopore openings in [p-Au@mSiO, compared to the smaller features in sp-Au@mSiO,.

and M8 display only large mesopores between 5 and 20 nm. For
MBS these mesopores are most probably conical because of the
shape of the hysteresis loops. This is confirmed by the SEM and
TEM micrographs (Fig. 2a and 3g and h).

The absence of small mesopores for M7 and M8 implies a
structural difference compared to the NPs obtained by Methods
A-B. While Methods A-B likely yield a core-shell-shell archi-
tecture—comprising the seed silica layer and a secondary
mesoporous shell (from biphasic growth)—M8 displays a sim-
pler core-shell structure, probably arising from the dissolution
of the first silica shell during the synthesis.

TEM characterization was carried out at intermediate
(25000 to 100000x) and high (200000x) magnification. In
TEM images, the contrast is essentially due to the scattering
or diffraction of electrons, so gold nanocrystals appear very
dark due to their crystalline nature, while the amorphous
organosilica shell appears much brighter. Imaging of sp-
Au@mSiO, NPs® evidenced spherical to ovoidal shape (width
from 70 to 120 nm) with 1 to 4 gold nanocrystals inside
(Fig. 3c). Analysis of images of Ip-Au@mSiO, NPs M8 confirmed
their spherical shape (diameter between 110 and 140 nm). Most
of the NPs contained 1 to 5 gold nanocrystals, approximately
positioned at the center (Fig. 3g). Thanks to the rather good
stability of the NPs under the electron beam, higher magnifica-
tion images could be recorded on isolated NPs to visualize their
pores. Defocusing the beam enabled morphological details of
the shell to be visualized. For sp-Au@mSiO, NPs the pores
could only be clearly distinguished at the periphery of the shell
(width estimated to ~2 nm) (Fig. 3d), while in lp-Au@mSiO,
NPs the pores were more visible and appeared as concentric
cones, with a base diameter up to ~15 nm, open to the outside
of the NP, and penetrating towards its core (Fig. 3h). From our
images, the distance separating two pores appeared particularly
regular, and was estimated ~3 nm.

To investigate the structural integrity and accessibility
of conical mesopores in Ip-Au@msSiO, NPs synthesized via

1348 | J Mater. Chem. B, 2025, 13, 11342-11352

Method D, we employed tapping-mode AFM using a super-
sharp probe with a nominal tip radius of 2 nm. A monodisperse
monolayer of NPs was reproducibly deposited on silicon wafers
via optimized drop-casting of colloidal suspensions, ensuring
reliable surface characterization. This preparation was critical
for achieving high-resolution imaging without aggregation-
induced artefacts. AFM imaging provided unprecedented direct
visualization of mesopore openings with exceptional clarity in
both height and phase contrast channels (Fig. 3a, b and e, f).
The intrinsic convolution between tip geometry and sample
topography enhanced spatial resolution near the nanoscale
limit, enabling unambiguous differentiation of true pore mor-
phology from superficial roughness or imaging artefacts. This
approach allowed precise mapping of accessible mesopores,
which exhibited uniform diameters of approximately 15 nm
across NP surfaces. Phase imaging further reinforced these
observations, demonstrating excellent correlation with topo-
graphic data. The uniform phase contrast and absence of
adhesion-related dissipation shifts provided strong evidence
for a pristine, non-hydrated surface, confirming the absence of
water films or contaminants and ensuring sample integrity
throughout measurements. By contrast, sp-Au@msSiO, NPs
with smaller mesopores (~2.5 nm) (Fig. 3a and b) yielded
predominantly roughness-like signals, as the tip radius
exceeded the pore dimensions. This result effectively delineates
the practical resolution limit of AFM for pore accessibility
assessment in our system, highlighting the critical role of pore
size in achieving reliable structural characterization. Quantita-
tive AFM analysis of lp-Au@mSiO, NPs revealed prominent
conical pore openings (~15 nm diameter) (Fig. 3e and f),
uniformly distributed over the silica shell surface. These
AFM-derived pore geometries and sizes were closely corrobo-
rated by complementary scanning electron microscopy (Fig. 2a,
Method D) and transmission electron microscopy (Fig. 3g
and h), which confirmed internal cavity sizes consistent with
AFM results, thereby highlighting excellent agreement among

This journal is © The Royal Society of Chemistry 2025
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different microscopies. This multimodal microscopy correlation
reinforces the robustness of the observed pore morphology,
offering comprehensive structural insights. Functionally, 1p-
Au@mSiO, NPs exhibit the capacity to accommodate bio-
molecules up to ~10 nm, whereas sp-Au@mSiO,’s smaller pores
(~2.5 nm) serve as an effective molecular size-exclusion barrier.
This size-dependent pore accessibility barrier is critically relevant
for applications in drug delivery, catalysis, and biosensing, where
tailored molecular access governs performance.

To our knowledge, this study represents the first successful
application of AFM to quantitatively interrogate mesoporosity
and pore accessibility in Ip-Au@mSiO, NPs, combining struc-
tural and functional perspectives. The integration of AFM with
SEM and TEM establish a robust framework for nanoscale pore
characterization, highlighting AFM’s unique ability for direct,
in situ, high-resolution assessment of mesoporous structures.
This advance opens new opportunities for investigating nano-
scale porosity in complex functional materials integral to
catalysis, targeted therapeutics, and biosensing platforms.

Protein loading

For protein loading and release application, the NP structure
should be stable in saline media, even at a concentration below
the silica solubility limit which lies at ca 0.2 mg mL™" at
37 °C.>* The two optimized sets of NPs, obtained by the pore-
expanding method or by the biphasic stratification were thus
incubated in PBS 1x at 37 °C at a NP concentration of 0.1 mg mL ™",
under the solubility limit. Two distinct behaviors were observed:
while Ip-Au@mSiO, obtained by the biphasic stratification
approach (M8) presented minor aggregation (DLS increased
from 250 nm to 500 nm before stabilizing; see Fig. S3), and
remained mainly unaltered over three days (Fig. 4d-f), the
corresponding NPs M4, obtained by the growth using pore
expanding agents, were rapidly degraded (Fig. 4a-c). After just
one day in PBS (Fig. 4b), the latter showed heterogeneous
degradation, with some particles exhibiting fully dissolved silica

Pore-expanding

Biphasic stratification

100 nm »

View Article Online
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Table 3 Main properties of HRP and RFP proteins. The molecular weight
and geometric dimensions of these proteins come from the Protein Data
Bank. PDB codes: 1hch and luis. Both proteins predominantly exist in a
monomeric state and exhibit distinct secondary structures and molecular
dimensions

Mw Apparent Isoelectric Quantification
Protein (kDa) diameter (nm?) point method
HRP 44 11.7 x 4 X 6.7 3-9 Bradford assay
RFP 26 4x3x3 6.2 Fluorescence
(559/611)

shells (vielding exposed AuNP cores) and others resembling the
original Au@mSiO, seeds.

M8 was thus chosen for protein loading experiments, and
compared to analogous NPs with smaller pores sizes (sp-
Au@mSiO,)* and to dense NPs obtained by the Stéber method,
all featuring a similar diameter and appropriate hydrolytic
stability. Red fluorescent protein (RFP) and horseradish perox-
idase (HRP) were used as model proteins, due to their different
physical properties (Table 3). Comparing the NPs pore dia-
meters and the proteins structure, only lp-Au@mSiO, should
enable the loading of the proteins inside the pores. Any other
decrease of the protein concentration upon incubation may
therefore be attributed to adsorption at the surface of the NPs.
Indeed, the formation of a protein corona at the surface of NPs
has been well documented® and visualized.*

The results show that HRP can be loaded in large pores NPs at a
significant loading of 75 pg mg™ " (Fig. 5a). However, NPs with
narrow pores or dense NPs also show a significant uptake of 46 to
34 pg mg ', respectively. This clearly shows that HRP can be
adsorbed at the surface of the NPs but also penetrate the pores,
which leads to a much stronger encapsulation rate for the NPs
with large pores. The role of pore size in HRP adsorption has been
previously reported for bulk materials, with higher loading
observed in MSNs featuring pores larger than the enzyme
and reduced uptake in those with smaller pores.*”*® Notably, the

c)2d

Fig. 4 Representative SEM micrographs illustrating the time-dependent degradation of [p-Au@mSiO, NPs in aqueous buffer. NPs were incubated in
1x PBS at 37 °C at a concentration of 0.1 mg mL™ and imaged after 0, 1, and 2 days. Top row (a)—(c): M4. Bottom row (d)—(f): M8.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Protein loading capacity of Au@mSiO, NPs. (a) HRP loading on non-porous, sp-Au@msSiO, (3 nm pores), and lp-Au@mSiO, (5-20 nm pores).
HRP exhibits significant adsorption on all NP surfaces and achieves the highest encapsulation in lp-Au@mSiO,. The dashed red line marks the surface
adsorption threshold. (b) RFP loading, showing minimal adsorption on non-porous and sp-Au@mSiO,, but significant encapsulation within [p-Au@mSiO,
mesopores, indicating pore-size-dependent selectivity. At the top, the crystallographic structures of HRP and RFP, obtained from the Protein Data Bank are
shown (codes: 1hch (HRP) and 1uis (RFP)). Error bars represent standard deviation (n = 3). The loading experiment was conducted at 25 °C in 10 mM PB, pH 7
with initial protein concentrations of 100 pg mL™ (HRP) and 5 ug mL~* (RFP), and NP concentrations of 500 ug mL~* (HRP) and 50 pg mL™* (RFP).

large-pore NPs in this study achieved superior loading (~75 pug mg™ "),
exceeding previously reported values (~2 pg mg " in ref. 38 and
~50 pg mg ' in ref. 37). When RFP, a 26 kDa protein with an
apparent diameter of 4 nm was used instead of HRP, only a residual
adsorption was found for non-porous and narrow pores NPs, while a
significant loading of 46 ug mg ™' was detected for the large pores
NPs (Fig. 5b). This high selectivity evidences that the loading of RFP
occurs preferentially within the pores, with a low propensity to
adsorb at the external surface of the NPs, by contrast with HRP,
which can both enter the pores and adsorb at the NPs surface.

The likelihood of a protein to adsorb at the surface of the NPs is
related to its flexibility and the ease of deformation to adapt to the
NP surface.’® RFP, with its barrel shape formed of B-sheets, is
strongly rigid and cannot easily unfold and self-assemble to create a
protein corona at the surface of the silica NPs. By contrast, HRP,
made of o-helices and random coils, has a much higher propensity
to undergo structural modification and to adopt conformations that
allow strong interactions with the silica surfaces.

Conclusions

In this study, we explored the growth of mesoporous layers with
large pores from 50 nm Au@mSiO, seeds, with 2-3 nm pores.

M350 | J Mater. Chem. B, 2025, 13, 11342-11352

Two well-known methods for MSN synthesis were adapted to
Au@mSiO, core-shell seeds with the hypothesis that the Au
core remains unchanged in the reaction medium. The first one
is an expansion of CTAB micelles with TIPB and slow growth
using TPOS. In the second approach the growth of the meso-
porous layer involves the structuring of microemulsions
formed at the cyclohexane-water interface in the presence of
CTAC when TEOS is incorporated in the organic phase and
seeds are dispersed in the aqueous phase. For both methods,
the quantity of Au cores per particle is given by the seeds,
confirming that the gold present within the seeds does not
contribute to the development of the outer mesoporous layer.
In both cases, the effect of synthesis parameters was ana-
lyzed in depth. Detailed AFM imaging is presented for the first
time for mesoporous particles that opens the possibility of a
refinement for the quantification of occupied and unoccupied
pores. We found that an increase in the diameter of pores is
associated with an increase in the diameter of particles. In light
of the constraints imposed by applications in biological sys-
tems, the most appropriate particles are those derived from
biphasic stratification employing seeds that have been isolated
and washed for the removal of excess CTAB. These Ip-
Au@mSiO, particles exhibit conical pores, as well as excellent
hydrolytic and colloidal stability in a saline environment.

This journal is © The Royal Society of Chemistry 2025
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For two model proteins (HRP and RFP) the loading is more
significant for Ip-Au@msSiO, than when proteins are adsorbed
at the surface of particles with small pores or non-porous
particles, which is indicative of proteins being included inside
the pores. In conclusion, it has been demonstrated that lp-
Au@mSiO, particles have the capacity to act as nanovehicles for
the transportation of proteins.
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