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ABSTRACT

The mechanism guiding the growth of hollow silica nanotubes or nanospheres was unveiled for the first
time through in situ liquid-phase transmission electron microscopy, allowing visualization of the
morphology of the hydrated species involved in the early stage of material formation. The combined
action of a surfactant (F127) and a swelling agent (toluene) was essential for the development of targeted
nanostructures, owing to the formation of surfactant-stabilized toluene droplets in the aqueous phase.
The quantity of surfactant-stabilized toluene droplets was unambiguously pointed as the key parameter
guiding the formation of either tubular or spherical nanostructures. Leveraging on the fundamental
understanding of the parameters guiding the formation of hollow silica nanostructures, tubular and
spherical carriers were prepared and exploited for the release of an active pharmaceutical ingredient
(API). The impregnation of nanotubes and nanospheres with a poorly watersoluble APl (curcumin) was
investigated, leading to an optimal loading of 20 wt %. The accessibility of nanotubes and nanospheres
showed to be highly beneficial to increase the release kinetics of the targeted API in simulated intestinal
fluid, opening promising perspectives in the field. Release was more efficient than with other conventional

mesoporous silica-based carriers.



Over the past decades, micelle-templated strategies were exploited to synthesize a myriad of porous

4 Despite significant

silica-based materials displaying various pore sizes and morphologies.™
advancements, the fundamental mechanisms of the formation of micelle-templated solids is constantly
attracting the attention of the entire scientific community. In 2004, first experimental evidence on the
progression of micelle-TMOS aggregation provided insights into the formation mechanism of the
mesoporous silicate with SBA-15 structure.® Other studies dealing with the formation mechanism of
mesoporous solids as KCC-1° or aminated surfactant-templated mesoporous silica’ were undertaken as

well.

Recently, hollow silica-based nanotubes and nanospheres emerged as highly appealing structures within
the broad family of mesoporous silica-based materials.® Their highly-open structure, elevate specific
surface area and large pore diameter proved to be favorable features for catalytic applications.® ¥
Interestingly, their synthesis protocol involves a single combination of silica precursor, surfactant and
swelling agent able to template the two distinct morphologies as function of the condition employed.? By
inspecting the synthesis procedure, the only parameters identified as significantly different are the stirring
speed and the time between the addition of the swelling agent (toluene) and the silica precursor
(tetraethyl orthosilicate, TEOS). In particular, the synthesis of nanotubes takes place at 250 rpm with a
simultaneous addition of toluene and TEOS (see experimental and Figure 1 for more details). For the
synthesis of nanospheres, the stirring speed is increased to 350 rpm and the addition of TEOS is delayed
by 24h after the toluene addition (Figure 1). Previous works hypothesized that the formation of hollow
nanospheres occurs via the fragmentation of nanotubes, through a budding process.® 1! Nevertheless, no

precise experimental evidence concerning the overall mechanism of nanotubes/spheres formation was

described until now.

In-depth understanding of the formation mechanisms of hollow silica nanotubes/spheres will represent a
fundamental advancement and will undoubtedly allow a better control of their morphology.
Independently from the selected application, the morphology of a material is one of the key features that
must be accurately controlled. In the field of catalysis, the morphology of nanotubes has already shown
to be highly beneficial for the conversion of glycerol into solketal.> 1% In the field of drug delivery, the
topology/structure and diameter of the pores of the carrier have already shown to play a major role on
the dissolution rate of poorly-water soluble drugs. In particular, the enhancement of dissolution rate was

associated with the improvement of the diffusion properties of the carrier.’? 13



Since their discovery in 1990, mesostructured silica-based materials have been subjected to intense
research for their application in the pharmaceutical field as delivery carriers for active pharmaceutical
ingredients (AP1).2*Y Their large specific surface area together with their high content of surface silanol
allow the preparation of a myriad of functionalized porous silicates presenting high loadings of active
molecules. Thus, mesostructured silica-based solids are employed to enhance the dissolution rate of
poorly water-soluble APIs (s < 100 pg/mL).X® This category of APIs represent about 90% of the new drug
candidates and 40% of the commercially available drugs. The problem of low solubility in water is even
more pronounced for promising natural products or phytochemicals (curcumin, apigenin, etc.), that are
mostly lyophilic. Despite their high potential (e.g., antibacterial, antioxidant, anti-inflammatory

properties'®29), their low dissolution kinetic drastically limits the direct pharmaceutical application. Solid
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dispersion?, encapsulation in mesoporous silica or crystal engineering are well-known techniques
to achieve dissolution rate enhancement. The encapsulation of APIs in the pores of mesoporous silicates
such as MCM-41 or SBA-15 has already allowed excellent in-vitro and in-vivo dissolution rate
enhancements.?> 26 The phenomenon can be associated with the stabilization of the APl in the amorphous
phase together with the fact that recrystallization is hampered due to finite size effects and favorable
surface H-bonding. The development of new silica-based vehicles presenting an architecture allowing
both stabilizing the active amorphous phase and avoiding diffusion limitations represents a topic of great
interest. The mesoporosity and the highly open structure of hollow nanospheres and nanotubes seems

very promising to achieve considerable release rate enhancements of the poorly water-soluble curcumin.?

In this contribution, we precisely identified the synthesis parameters guiding the development of the
hollow tubular and spherical morphologies. To the best of our knowledge, the proper identification of the
key parameter(s) leading to the formation of the two distinct architectures was never systematically
undertaken. The careful study of these parameters together with an in-depth characterization of the
morphology and textural properties of these micelle-templated solids allows unveiling the formation
mechanism of both nanotubes and nanospheres. Nanotubes and nanospheres were impregnated with
the poorly water-soluble curcumin. Nanotubes and especially nanospheres showed to be particularly
efficient carrier if compared to pristine commercial curcumin or even with more common mesoporous

silica-based carriers reported in the literature.



RESULTS AND DISCUSSION
Parameters influencing the tube-to-sphere transition

The procedure reported in Figure 1 was selected as starting point for the investigation of the formation
mechanism of hollow nanotubes and nanospheres. It is important to note that this synthesis strategy is
an optimization of the procedure previously reported by Kruk et al ® and includes a pH adjusting step that
replaces the traditional hydrothermal treatment under static conditions. This approach was successfully

employed by us for the synthesis of Hf-doped silica nanotubes.’
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Figure 1 —Procedures for the synthesis of silica-based nanospheres and nanotubes inspired from the literature. ° The differences
between the two procedures were underlined. Synthesis conditions: 1.0 g of F127, 60.0 mL of HCI 2M, 3.0 mL of toluene, 2.8 g of
TEOS and 10.5 mL of NH4OH 30 wt.%. The figure was partly generated using Servier Medical Art, provided by Servier, licensed

under a Creative Commons Attribution 3.0 unported license.

The careful observation of the experimental protocols for the synthesis of hollow silica-based nanotubes
and nanospheres reveals the presence of various identical steps (Figure 1).2 Considering the preparation
of hollow silica nanotubes as a starting point (bottom of Figure 1), we attempt to elucidate the key
parameters guiding the synthesis towards either nanotubes or nanospheres. Thus, hollow silica nanotubes
were prepared with a stirring speed of 250 rpm and without delay time (At = 0 h) between the addition
of toluene and TEOS (see experimental section for more information). A series of three materials was
subsequently prepared by increasing At to 2 h, 8 h and 24 h. Another series of materials was synthesized
by increasing the stirring speed to 350 rpm, 450 rpm and 550 rpm while preserving At = 0 h. The two
parameters were modulated separately to study their impact on the textural and morphological

properties of the solids. The solids were named indicating both the delay time between the addition of
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toluene and TEOS (At =0 h, 2 h, 8 h, 24 h) and the stirring speed employed during their synthesis (250

rpm, 350 rpm, 450 rpm, 550 rpm).
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Figure 2 — TEM micrographs of as-synthesized hollow nanostructures synthesized using different delays between the addition of

toluene and TEOS (left) or different stirring speed (right).

The morphology of the materials was investigated via transmission electron microscopy (TEM, Figure 2).
The reference solid (0 h, 250 rpm) was homogeneously constituted of well-defined tubes with clearly

visible walls and internal voids, in agreement with previous reports.® The tubular structures were mostly



separated in loose aggregates without any organization or periodicity. The diameter of the tubes was
estimated to be around 22 nm. No difference was evidenced inspecting the sample prepared with At = 2
h (2 h, 250 rpm). Interestingly, when At was increased to 8 h, the presence of some isolated hollow
nanospheres was clearly detected. When a At = 24 h was employed, only well-defined hollow nanospheres
were visible, throughout the sample. TEM investigation of the samples synthesized by varying exclusively
the stirring speed (and maintaining At = 0 h) reveals the appearance of hollow nanospheres together with
well-defined tubular structures when the stirring speed was increased from 250 rpm to 350 rpm or 450
rom (Oh, 350 rpm and Oh, 450 rpm). A further increase in the stirring speed (Oh, 550 rpm) allowed
obtaining a sample constituted only by nanospheres with a diameter of ca. 30 nm. The syntheses of
nanotubes and nanospheres were repeated twice with highly reproducible results. It should be noted that
the procedure employed to prepare the last solid (Oh, 550 rpm) represents the best strategy (uniform
morphology and limited time) to obtain a material containing only hollow particles with a spherical

morphology.

The inspection of calcined nanotubes and nanospheres via high resolution TEM (HR-TEM, Figure 3)
allowed evaluating the thickness of the walls that lies between 3-4 nm for both hollow nanostructures.
HR-TEM micrographs show also the presence of small pores (indicated with white arrows in Figure 3b, d)
in the shell of the materials. The latter can be considered as micropores (< 2 nm) probably generated by
the interpenetration of some polyethylene oxide (PEQO) chains of the templating agent (PEO100-PPOgs-
PEO100) through the silica walls. However, a careful analysis of HR-TEM micrographs evidence, in a minor
amount, some light grey spots (black arrows in Figure 3b, d) of irregular shapes in the shell of both
nanostructures, suggesting the presence of wider pores. The exact size of these zones is difficult to

evaluate due to their non-circular shape, but we can estimate that the largest measure about 5 nm.

Figure 3 —HR-TEM of calcined nanotubes a, b) and calcined nanospheres c, d). White arrows highlight the presence of small pores

in the shell of nanotubes and nanospheres and black arrows could indicate the presence of larger gaps in their shell.



The textural properties of the solids were investigated via N, adsorption-desorption analysis. The
isotherms reported in Figure 4 show the presence of a sharp nitrogen uptake at low relative pressure
(close to 0.02), indicating the presence of micropores. The capillary condensation appearing at high
relative pressure (around 0.8) can be ascribed to the presence of large mesopores, as revealed by TEM
analysis. The reference solid (0 h, 250 rpm) as well as the (2 h, 250 rpm), (8 h, 250 rpm), (0 h, 350 rpm)
and (0 h, 450 rpm) materials, present a capillary condensation including two distinct steps which can be
considered as a combination of (i) the filling of particle interiors at lower P/Po and (ii) the filling of the
interparticle voids at higher P/Po. Interestingly, the narrow hysteresis loop together with the presence of
a tail (toward a relative pressure of around 0.7), indicate that most pores were accessible without any
major constrictions.® Both nanotubes and nanospheres exhibit a high specific surface area (Brunauer,
Emmett et Teller, BET) of about 600 m?/g and a large total pore volume of about 2 cm?3/g (Table 1). Mean
pore diameters were evaluated with the Barrett-Joyner-Halenda (BJH) method, using the Kruk-Jaroniec-
Sayari (KJS) correction?” and lies between 19 and 27 nm. The pore size distribution (Figure S1) expands
towards higher pore diameter when passing from tubular to spherical structures, in accordance with TEM

observations.
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Figure 4 — Adsorption-desorption N; isotherms of hollow nanostructures synthesized with different delays between the addition

of toluene and TEOS (a) and different stirring speeds (b). For clarity, some isotherms were shifted to 1000, 2000 or 3000 cm3/g.



Table 1 — Textural properties of solids synthesized under different stirring speeds or time between addition of toluene and TEOS

Time between Stirring speed , 3
Entry BET SSA (m /g) MPD BJH (nm) V, (cm /g)
toluene and TEOS (h) (rpm)

1 0 250 640 22 2.4
2 2 250 660 22 2.5
4 8 250 560 19 2.1
5 24 250 550 27 25
7 0 350 580 22 2.5
8 0 450 550 22 2.4
9 0 550 600 23 24

Investigating the formation mechanism of nanotubes and nanospheres

The above-mentioned observations reveal that the addition of toluene and TEOS within an interval of 2
hours (At = 0 h or 2 h), together with the application of a gentle shearing force (250 rpm) lead to the
formation of nanotubes. Moreover, increasing the time between the addition of toluene and TEOS to 24
h or enhancing the stirring speed to 550 rpm always yield hollow nanospheres. Thus, we identified the
parameters guiding the formation of nanotubes or nanospheres. To go deeper, we attempted to elucidate
the mechanisms that stir the system toward the formation of either tubular or spherical hollow

nanostructures.

Previous work hypothesized that the formation of hollow nanospheres occurs via the fragmentation of
pre-formed nanotubes, through a budding process.® ! In order to test this hypothesis, additional
syntheses were performed by varying the stirring speed from 250 rpm to 550 rpm, 2, 4 or 8 hours after
the simultaneous addition (0 h) of TEOS and toluene (see experimental and Figure S2 for details). In the
first part of the experiment, a stirring speed of 250 rpm was employed to allow generating a certain
amount of silica nanotubes. In the second part of the experiment, an intense shirring force (550 rpm) was
applied to check if the formation of nanospheres can be the result of a fragmentation of nanotubular
species. TEM micrographs on these new samples revealed the presence of well-defined nanotubes with
only a marginal presence of nanospheres (Figure 5) thus indicating that the tube-to-sphere transition did

not occur predominantly via the fragmentation of pre-existing tubular structures.



Figure 5 - TEM micrographs of samples synthesized by varying the stirring speed from 250 rpm to 550 rpm 2h (a), 4h (b) and 8h

(c) after the simultaneous addition of toluene and TEOS.

To shed more light on the mechanisms guiding the formation of nanotubes/spheres, a stepwise
investigation was performed. The mixture of solubilized F127 (step A, on Figure 1) was analyzed via
differential light scattering (DLS, Figure S3a). The DLS analysis revealed that the solution was composed
of species displaying a hydrodynamic diameter centered at 6 nm, whatever the stirring speed applied. The
size of the species is consistent with the presence of F127 unimers® and indicates that the critical
conditions for the formation of micelles with well-defined geometries were not reached in the first step
of the synthesis procedure. Hence, the key event responsible of the formation of nanotubes or

nanospheres should most probably occur in step B.

The next step of the procedure (step B) implies the addition of toluene (3 mL) in the solution of solubilized
F127 at 12°C. To investigate the role of toluene in the proposed synthesis protocol, a solid was synthesized
by omitting the addition of this swelling agent (see experimental for details). TEM and N; physisorption
analysis (Figure S4 and S5) reveal the presence of a mesoporous solid (SSA of 410 m?/g, total pore volume
of 0.7 cm3/g and MPD BJH-KJS of 8 nm) that is mostly disorganized and displays an ill-defined morphology.
This experiment highlighted that the use of toluene is crucial for the synthesis of hollow nanostructures

with well-defined morphologies.

To better understand the role of toluene in the formation mechanism of nanotubes and nanospheres, the
synthesis mixture at the step B (Figure 1) was analyzed. The mixture was analyzed 2 hours and 24 hours
after the addition of toluene at 12°C, 250 rpm to be consistent with the development of the tubular (2 h,
250 rpm) and spherical (24 h, 250 rpm) morphology (vide supra and Figure 2). The visual observation of
the mixture 2 h after the addition of toluene showed the presence of two translucent phases (Figure S6).
The upper phase was mostly composed of toluene (lyophilic phase) while the bottom phase was mostly
composed of acidified water (aqueous phase). After 24 h, the biphasic system evolved towards a cloudy

sol (Figure S6). The increased turbidity of the mixture accompanied by the disappearance of the two



distinct phases could be ascribed to the progressive dispersion of toluene (stabilized by the F127

surfactant) in the aqueous phase, i.e. forming an oil-in-water emulsions.?* 3°

To support our hypothesis, the two samples were analyzed via DLS. DLS performed on the aqueous phase
(main phase) revealed the presence of a wide distribution of hydrodynamic diameters (until = 200 nm of
width) with a maximum intensity at 61 nm and 46 nm, for the sample collected after 2 hours and 24 hours,
respectively (Figure S3b). On the one side, from this study emerges the presence of new species in the
aqueous phase with larger diameter. These species are most probably constituted by toluene droplets
surrounded by a shell rich in F127. On the other side, the large width of the distribution could be attributed
to different phenomena such as the presence of species with a broad size distribution or the coexistence

of various morphologies.!

Figure 6 - Liquid-phase transmission electron microscopy of 1.0 g of F127, 60.0 mL of HCl 2M and 3 mL of toluene after 2 hours

(a,b) and 24 hours stirring (c,b) at 250 rpm, 12°C.
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Hence, the samples of the aqueous phase collected 2 hours and 24 hours after the addition of toluene
were analyzed via liquid-phase (LP)-TEM. This technique allows analyzing samples that are fully hydrated
in their native liquid media without the need of drying or vitrifying the specimen. Very recently, the
advances in liquid cell fabrication put the LP-TEM under the spot light as a powerful tool to study a wide
range of nanoscale processes occurring in solution that were previously out of reach. LP-TEM can be hence

considered as an emergent platform to study, inter alia, soft matter in solution. 32-3¢

LP-TEM observation of a small fraction of the aqueous phase collected 2 h after toluene addition reveals
the presence of some spherical droplets with a diameter above 150 nm (Figure 6a, b) together with a low
amount of much smaller droplets presenting a diameter around 40 nm. After 24 h stirring (Figure 6c, d),
LP-TEM analysis of a small fraction of the mixture reveals the presence of a completely different pattern;
a higher quantity of smaller spherical droplets (40-60 nm of diameter) was clearly observed. Interestingly,
LP-TEM observations are highly consistent with the hypothesis deduced from the visual observations of

the synthesis mixture (vide supra).

The above-mentioned results revealed that the presence of surfactant-stabilized toluene droplets play a
pivotal role in the development of the nanotubes and nanospheres structures. In particular, the amount
of dispersed toluene could be the « true » key parameter orienting the synthesis toward the formation of
either nanotubes or nanospheres. In the case of nanotubes, due to the gentle stirring (250 rpm) or to the
simultaneous addition of toluene and TEQOS, not all the added toluene molecules could be involved as

swelling agent in the formation of the template and a part of them remains as a separate phase.

If this hypothesis is correct, the presence of a limited amount of toluene under the conditions leading to
the formation of silica nanospheres (24 h, 250 rpm) should instead produce silica nanotubes (see
experimental and Figure S7 for details). To test this hypothesis, a synthesis was performed by adding a
lower amount of toluene (1 mL) than the quantity used in the synthesis of nanospheres (3 mL). It is
important to note that the addition of TEOS was performed after 24 h to favor the incorporation of
toluene in the aqueous phase of the reaction mixture. Interestingly, the analysis of the solid via TEM
reveals the presence of tubular structures (Figure S8). This observation confirms the crucial role of toluene
(or more precisely of the amount of toluene dispersed in the aqueous phase in the form of surfactant-

stabilized droplets) in the creation of hollow nanostructures with distinct morphologies.

In the case of nanospheres, the development of the spherical morphology could be related to the

presence of a high quantity of stabilized toluene droplets in the aqueous phase due to the intense stirring
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(0 h, 550 rpm) or the prolongated stirring of toluene (24 h, 250 rpm). To test this hypothesis, a mixture of
F127, HCI 2M and toluene (steps A and B, Figure 1) was vigorously stirred at 1000 rpm for 2 hours to favor
the incorporation of toluene in the aqueous phase. Then, the stirring speed was reduced to 250 rpm for
the addition of TEOS. The TEM analysis of the resulting solid revealed the presence of hollow nanospheres
(Figure S9). The same synthesis mixture led to the formation of nanotubes when a stirring speed of 250
rom was used during all the procedure (see solid named 2 h, 250 rpm in Figure 2). This observation
strengthens the fundamental importance of toluene droplets to guide the formation of the desired

morphology.

The formation of mesoporous structured silicates involves both the pre-organization of the template and
the formation of a silica framework around this template. To investigate if the hydrolysis of the silica
precursor (TEOS) could influence the formation of nanotubes and nanospheres, the rate of TEOS
hydrolysis was investigated through *H NMR experiments.3” A preliminary study aiming at the proper
identification of the NMR signals is described in the supporting information (Figure S10-S14). The
experiments were performed in triplicate, on a mixture simulating the synthesis of nanotubes (0 h, 250
rpm) or nanospheres (24 h, 250 rpm). Detailed information can be found in the experimental section.
Since the hydrolysis of TEOS led to the release of ethanol, the evolution of the corresponding -CH; signal
was followed as a function of time. Figure 7a shows the relative increase of the EtOH signal (-CH;, 2.9-3.0
ppm) with respect to the F127 signal (-CH, of the PEO block, 3.0-3.1 ppm) in the case of nanospheres. The
evolution of TEOS hydrolysis for nanotubes and nanospheres is illustrated in Figure 7b. In both cases, the
amount of EtOH increases rapidly during the first 15 minutes following TEOS addition, after which a
stabilization of the released ethanol is observed. After 45 minutes, the EtOH(-CH,)/F127(-CH, PEO) molar
ratio reached a value included between 1.5 and 1.6 which is closed to the theoretical value of 1.7. One
hour after the addition of TEOS (Figure 7a), the NMR signals become broader as a consequence of
increased viscosity, attributed to the formation of polymeric silica species, and poor magnetic field
homogeneity. A similar rate of TEOS hydrolysis is evidenced for both nanotubes and nanospheres. This
indicates that the TEOS hydrolysis rate is not the key parameter that governs the formation of either

spheres or tubes, and instead supports our conclusion on the essential role of toluene droplets.
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Figure 7 — Evolution with time of IH NMR spectra (2.7 ppm — 3.4 ppm) of a mixture used for the synthesis of nanospheres after
TEOS addition (a) and evolution of the ratio between the -CH,; signal of EtOH and the -CH, signal of the PEO block of F127 with

time.

All the previous investigations led us to propose a mechanism that can explain the growth of either tubular
or spherical structures (Figure 8). The shearing force induced by the stirring allows generating surfactant-
stabilized toluene droplets in the aqueous phase. The silica source, mainly located in the oil phase,
undergoes hydrolysis at the oil-water interface to yield hydroxylated species and ethanol that arrange in
the proximity of the hydrophilic moieties and diffuse in the aqueous phase.?® 3 At pH 0 (pH of the
synthesis mixture), hydroxylated silica species will probably quickly react to yield silica oligomers.*® Due
to the stirring of the mixture, silica species can reach the surfactant-stabilized toluene droplets and

interact via hydrogen bonding with the PEO part of the copolymer block.

In case of a high number of stabilized toluene droplets (intense shearing force), we can assume that a
major part of toluene and F127 are involved in the stabilization of the toluene droplets in the aqueous
phase. The silica oligomers will start to simultaneously interact with many toluene-stabilized droplet,
depleting the reserve of silica oligomers. As consequence, the condensation arises in the periphery of the
stabilized toluene droplets, leading to spherical particles. On the contrary, if the number of stabilized
toluene droplets is low (gentle shearing force), we can assume that a part of the reactants (copolymer
block F127, toluene and silica oligomers) does not participate to the creation of stabilized toluene droplets
in the aqueous phase. Hence, a part of the reactants is still available in the reaction mixture to further
react/interact and finally lead to the development of nanotubes. Since the development of tubular

structures is less evident at this stage, we surmise that the chemical nature of TEOS or more precisely, its
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hydrolyzed products (ethanol, silica oligomers), should probably play an active role in the formation of

the final nanotubes.
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Figure 8 - The synthesis mixture is made of an oil phase mainly composed of toluene and TEOS and an acid aqueous phase.
Through the stirring of the mixture, surfactant stabilized toluene droplets are created in the aqueous phase. If the shirring force
is intense, a high quantity of toluene droplets can be found in the aqueous phase, leading to the formation of silica hollow
nanospheres. If the shirring force is gentle, small amount of stabilized toluene droplets are created in the aqueous phase, inducing

tubular structures in the final material.

To investigate if the addition of the silica precursor is responsible of the formation of tubular structures,
a small fraction of the synthesis mixture at the step C (0 h, 250 rpm, Figure 1) was analyzed via TEM (dry
state). Four hours after TEOS addition, the micrographs revealed the presence of a filamentous network
from which separated cylindrical structures appear (Figure 9 a, b). The full development of the individual
tubular structures was finally achieved after 24 h (Figure 9 c). Hence, the formation of cylindrical
structures seems to be driven by the chemical reactions of the silica precursor, as structural changes occur
simultaneously with the progression of TEOS hydrolysis/condensation. This phenomenon was already
proposed in the case of SBA-15.° Here, the ethanol released after TEOS hydrolysis (3 mL) could play a
major role in this transition by interacting with the hydrophilic part of the templating agent or with the

hydroxylated silica species.
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Figure 9 - TEM micrograph (dry state) of the reaction mixture 4 hours (a and b) and 24 hours (c) after the addition of TEOS.

From this study emerged that the stirring speed and time between the addition of toluene and TEOS
induced changes in the synthesis mixture. In particular, the distribution of toluene within the aqueous
phase of the mixture has a pivotal role for the formation of either tubular or spherical hollow
nanostructures. This study aimed to extensively study the impact of two synthesis parameters although
the change of morphology can be driven by other. For example, the temperature of synthesis or the use
of various co-solvent and swelling agents as xylene, ethylbenzene, 1,3,5-triisopropylbenzene or
cyclohexane have already shown to have an impact on the morphology of the resulting solid by affecting

the solubilization of the oil phase in the micelles.>*
Nanotubes and nanospheres as vehicle for curcumin release

Silica-based nanotubes and nanospheres display promising textural properties for their application as
vehicle for the release of an active pharmaceutical ingredient (API). Their exceptionally high pore volume
(mostly due to the internal cavity) is expected to be highly convenient for the loading of an elevate API.
Moreover, their large and accessible mesopores should also induce a rapid release of poorly soluble
components, such as curcumin, here chosen as a relevant example of API. Nanospheres (NS) were initially
selected to investigate the loading capacity of our materials via wet impregnation of 10, 20 and 30 wt%
of curcumin (named NS-10, NS-20 and NS-30, respectively). Theoretical loadings were first verified via
TGA and chemical combustion analysis. Experimental values (Table S1) were in excellent agreement with

the theoretical ones, proving the efficiency of the loading procedure.

To confirm that the curcumin did not undergo major modifications of the structure during the step of
impregnation, we turn our attention to solid-state (ss) nuclear magnetic resonance (NMR) spectroscopy.**
% Solid-state 13C CP-MAS spectra of commercial curcumin together with the materials NT-10, NT-20 and
NT-30 are shown in Figure S15. The resonances were assigned based on liquid state 3C NMR spectrum
(Figure S16) as well as of assignments already reported in the literature.*> %> ¢ Regarding the spectra of

commercial curcumin, different regions can be clearly distinguished. The two most deshielded
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contributions appearing at c.a. 185 ppm can be ascribed to the carbon engaged in the carbonyl group.
The contribution appearing at c.a. 150 ppm can be related to the presence of the quaternary
C-OH/C-OCHs; carbon atoms. The peaks appearing in the region located between 100 and 150 ppm can be
ascribed to the -CH; contributions of the curcumin backbone. Finally, the two shielded contributions
appearing at c.a. 55 ppm can be correlated to the presence of the -CH; groups of curcumin. The spectra
of NS-10, NS-20 and NS-30 differ from the spectra of commercial curcumin, mainly in terms of peak width.
The signals attributed to curcumin in the nanospheres are all broader than those observed for the
commercial compound. This result indicates the presence of interactions of curcumin molecules with the

surface of the silica nanospheres, leading to a certain decrease of crystallinity.

Relative intensity (a.u.)

5 10 15 20 25 30 35 40 45
2 theta (°)

Figure 10 - PXRD of NS-10 (a), NS-20 (b) and NS-30 (c).

To confirm this hypothesis, the physical state of curcumin was investigated both before and after solvent
evaporation via powder X-rays diffraction (PXRD). Wide angle PXRD patterns of commercial curcumin,
nanospheres and their physical mixture were reported in Figure S17. Unlike pure commercial curcumin,
NS-10 and NS-20 (Figure 10) did not display any sharp diffraction peak, indicating the amorphous nature
of the samples. Nevertheless, the presence of finely dispersed crystallites of curcumin (smaller than the
detection limit) cannot be excluded. NS-30 clearly shows the presence of intense reflections that can be

attributed to crystalline curcumin species.*’

Since the amorphous nature of loaded solids was already shown to be favorable for the release kinetic of

API8, silica nanotubes were impregnated with curcumin by following the same procedure and considering
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a theoretical loading of 20 wt.%. The experimental loading, determined via TGA and CHN combustion
analysis was in full agreement with the expected value (Table S1). Moreover, PXRD analysis confirmed the
amorphous nature of the sample (see Figure S18). It is important to note that a curcumin loading of 20

wt% is an excellent achievement if compared to the values for mesoporous silica-based carriers already

48-50

reported in literature.

Figure 11 — TEM micrographs of nanospheres (NS) and nanotubes (NT) before and after curcumin impregnation (20 wt. %).
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Figure 12 — N; adsorption-desorption isotherms and BJH-KJS pore size distribution of nanospheres (a) and nanotubes (b) before

and after impregnation with curcumin.

Table 2 — Textural properties of nanospheres and nanotubes before and after impregnation.

Entry Solid BET SSA (m /g) MPD BJH (nm) v, (cm /g)
1 NS 600 23 2.4
2 NS-20 280 22 2.0
3 NT 630 22 2.4
4 NT-20 320 19 1.1
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The morphology of curcumin loaded nanospheres (NS-20) and nanotubes (NT-20) was investigated via
transmission electron microscopy. TEM micrographs (Figure 11) show that both nanostructures preserve
their original morphology without any visible damage. Moreover, it can be clearly seen that most particles
show dark interiors. This lack of contrast can be associated to the presence of curcumin loaded into the
internal void of spheres/tubes thus further proving the successful incorporation of curcumin within the
silica nanostructures. The loading of nanotubes or nanospheres with curcumin did not result in any
morphologic change but significantly modified the textural properties of the solids. N, adsorption-
desorption isotherms of loaded solids (Figure 12) show a drastic decrease in the adsorbed amount of
nitrogen, reflecting the decrease in the total pore volume of the carrier (compare entries 1 with 2 and 3
with 4 in Table 2). Both loaded solids are characterized by slightly reduced pore size when compared to
the unloaded nanostructures. Curcumin loading strongly reduces the BET specific surface area of both
materials (see Table 2). The reduction of pore volume and diameter further confirm the successful loading

of curcumin mainly in the pores of nanotubes and nanospheres.

The release of curcumin from nanotubes and nanospheres was evaluated in simulated intestinal fluid
(phosphate buffer saline, PBS, with pH 6.8) under sink conditions, created via the addition of 0.5 vol.% of
Tween 80 in the medium.** Release tests were performed in duplicate. The in-vitro release profiles of NS-
20 and NT-20 were illustrated in Figure 13 and compared to the dissolution rate of pure crystalline
curcumin. After 30 min, NS-20 released an amount of curcumin equivalent to ~50 % of the initial drug
loading. The curcumin release continues to proceed rapidly to reach ca. the 80 % in 2 h. Within 24 h of
experiment, almost all the initial drug loading was released in the medium. The release of curcumin from
NT-20 shows a similar profile than NS-20 with a slightly slower kinetic. The decrease of rate can be ascribed
to the morphology of nanotubes and, in particular, to the length of the tubes probably decreasing the
diffusion rate of curcumin to the release medium. In comparison, the dissolution rate of crystalline
curcumin followed a distinct behavior. A dissolution of only ~10 % was measured after 30 min of
experiment, which represents a quantity of curcumin in the medium 5-fold lower than the one measured
for NS/NT-20. With the time, the dissolution of crystalline curcumin continues to slowly increase reaching

~60 % within 6 hours. Curcumin was totally dissolved in the medium within 24 hours.

To have a meaningful comparison among the different solids and correctly evaluate the dissolution rate
of curcumin, a time within the period needed for human small intestine transit should be considered.
Since the transit time is known to be about 3-4 hours®?, a time of 2 h could be reasonably selected as point

of comparison. As can be clearly seen in Figure 13, after 2 hours of release experiment, the curcumin
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available in the medium is ~3 time higher in the case of NT/NS-20 than for commercial curcumin. A similar
trend is observed if the samples are compared after 4 h hence after a period corresponding to the higher
transit time in human small intestine. The improved release kinetic of NS/NT-20 can be attributed to the
presence of finely dispersed aggregates of amorphous curcumin into the widely open mesostructure of
the carrier. On the one hand, the presence of amorphous curcumin should maximize the interactions with
the release medium and hence, promote the dissolution of the active substance. On the other hand, the
open structure of nanotubes and nanospheres should maximize the free diffusion of curcumin from their
pores. Similar dissolution improvements were reported when comparing the dissolution of pure
crystalline itraconazole to the release of itraconazole from ordered mesoporous silica.?®> The results
emphasized the promising performances of silica nanotubes/spheres as carrier for curcumin delivery in
simulated intestinal fluid conditions, where the dissolution of this active can otherwise be considered as

slow.
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Figure 13 - Release profiles of curcumin, NS-20 and NT-20 in PBS pH 6.8 (0.5 vol.% of Tween 80) until 24h (a). Magnification of

the release profiles of NS-20 and NT-20 in the region 0.5-6h (b). Release experiments were performed in duplicate.

To move further our investigation, release behavior of both NS-20 and NT-20 was compared to some of
the most commonly reported silica-based materials. In particular, porous nanospheres (P-NS)* and large-
pore SBA-15 (LP-SBA)® were selected to be impregnated with 20 wt.% of curcumin. The impregnated solids
were called P-NS-20 and LP-SBA-20, respectively. P-NS was chosen to compare hollow nanospheres with
spheres having a similar diameter but also an internal porous structure. LP-SBA was chosen to compare

hollow nanotubes with a periodical structure made of tubes presenting a similar internal diameter.
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The analysis of P-NS-20 and LP-SBA-20 shows the expected curcumin loading and the amorphous nature
of the samples. The complete characterization of the supports both before and after impregnation can be

found in supporting information (Figure S19-21, Table S2).

P-NS-20 and LP-SBA-20 both showed improved release kinetic behavior if compared to pure curcumin.
The analysis of the release profile of both P-NS-20 and LP-SBA-20 reveals that ca. 70 % of the initial drug
loading was release after 2 hours of experiments. This value is lower if compared to the amount of
curcumin released from NS-20 or NT-20 at the same time (82 % and 74 % respectively). This difference
can be attributed to the smaller pore diameter of porous nanospheres (in the case of P-NS-20) or to the
more compact structure with longer channels (in the case of LP-SBA-20) that can decrease the release of
curcumin in the PBS medium. At shorter time of the release experiment (Figure 14), NT-20 and NS-20
show improved release behavior compared to P-NS and LP-SBA. The improved release behavior at short
time periods can be explained by the highly open structure of NT and NS. This characteristic is expected

to favor the diffusion of curcumin from the surface of the solids to the external medium.
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Figure 14 - Release profiles of curcumin, NS-20, NT-20, P-NS-20 and LP-SBA-20 in PBS pH 6.8 (0.5 vol.% of Tween 80) until 24h (a).
and until 6h (b). Magnification of the release profiles of NS-20, NT-20, P-NS-20 and LP-SBA-20 in the region 0.5-6h. Release

experiments were performed in duplicate.

CONCLUSION

The synthesis parameters guiding the development of nanotubes and nanospheres were investigated
using the synthesis of silica nanotubes as reference and varying separately the stirring speed and the time
between the addition of toluene and TEOS. To elucidate the global mechanism involved in the synthesis

of both hollow nanostructures, a stepwise approach together with an in-depth characterization was
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employed. The morphologies involved in the early-stage of material formation were observed thanks to
liqguid-phase transmission electron microscopy. We found that a gentle shearing force induces a low
amount of toluene stabilized by F127 in the aqueous phase of the synthesis mixture. Toluene was found
in the form of spherical droplets which were identified as template. In case of a small quantity of toluene
droplets in the aqueous phase, the addition of the silica precursor (TEOS) induces the formation of
cylindrical structures to finally lead to well-defined tubular morphology. When an intense/prolongated
shearing force was applied, a higher amount of toluene was stabilized by the F127 surfactant inducing the
creation of an elevated concentration of spherical droplets. The number of toluene droplets stabilized in
the aqueous phase was identified as the key parameter guiding the development of hollow nanotubes or
nanospheres. Since nanotubes and nanospheres showed elevate pore volume and highly accessible
mesopores, their use as carrier for increasing the dissolution rate of the poorly water-soluble curcumin
was investigated. A loading of 20 wt.% was chosen as the best compromise between a quantity high
enough to enable the application in drug release while preserving the amorphous nature of the whole
sample. Nanotubes as well as porous nanospheres (P-NS) and large-pore SBA-15 (LP-SBA) were loaded
with the above-mentioned percentage of curcumin. The in-vitro dissolution experiment conducted in
simulated intestinal fluid under sink conditions showed a clear enhancement of the dissolution rate of the
loaded solids if compared to commercial curcumin. Moreover, nanotubes and nanospheres showed
improved release behavior at short time when compared to P-NS and LP-SBA. The improved release
behavior can be explained by the highly-open structure of nanotubes and nanospheres reducing diffusion

limitation.

METHODS
Synthesis of silica nanotubes

Silica-based nanotubes were prepared adapting a previously reported method,® at a stirring speed of 250
rpm in a 250 mL covered glass container maintained at a temperature of 12 °C. The glass container was
70 mm in diameter and 133 mm in height and the stirring bar was 6 mm in diameter and 30 mm in length.
1.0 g (0.080 mmol) of Pluronic F127 was added to 60.0 mL of HCl 2 M. The mixture was stirred for one
hour to ensure the complete solubilization of the templating agent. Then, a mixture of tetraethyl
orthosilicate (TEOS - 2.8 g - 13 mmol) and toluene (3.0 mL - 0.028 mol) was prepared. This solution was
added dropwise to the templating agent solution. After 24 hours stirring at 12 °C, the pH of the synthesis

mixture was adjusted to the final value of 9, using 10.5 mL of concentrated ammonia solution (30 wt.%).
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The reaction mixture was then stirred for one night (around 16 hours) at 12 °C. After filtration of the
mixture and washing with distilled water, the obtained gel was lyophilized overnight. The collected white
powder was finally calcined under air at 550 °C for 5 hours with a heating rate of 2 °C/min. The resulting
solid was named (0 h, 250 rpm) to be consistent with the simultaneous addition of toluene and TEOS (0 h

delay) and with the stirring speed used all along the procedure.

In the following section, the as-mentioned procedure was used as starting point. Only the modification(s)

of the procedure was/were mentioned.
Investigation of different synthesis parameters for the preparation of hollow silica nanostructures
- Delay time between the addition of toluene and TEOS

The addition of toluene was separated from the addition of TEOS. In practice, after the solubilization of
the templating agent at 12 °C (F127 - 1.0 g - 0.080 mmol), toluene (3.0 mL - 0.028 mmol) was added to
the reaction mixture under 250 rpm stirring. After 2, 8 or 24 hours stirring at 12 °C, TEOS (2.8 g - 13 mmol)
was added dropwise to the synthesis mixture while the stirring was maintained. The resulting solids were
named according to the delay used between toluene and TEOS addition and to the stirring speed, namely

(2 h, 250 rpm), (8 h, 250 rpm) and (24 h, 250 rpm).
- Stirring speed

The simultaneous addition of toluene and TEOS (0 h delay), used in section 2.1 was kept constant. The
only difference is that the stirring speed was modified to 350 rpm, 450 rpm or 550 rpm all along the
experiment. The resulting solids were named according to the delay used between toluene and TEOS

addition and to the stirring speed, namely (0 h, 350 rpm), (0 h, 450 rpm) and (0 h, 550 rpm).
- Stirring speed after the addition of TEOS

After the solubilization of the templating agent at 12 °C (F127 - 1.0 g - 0.080 mmol), toluene (3.0 mL -
0.028 mmol) and TEOS (2.8 g - 13 mmol) were added dropwise to the reaction mixture in a simultaneously
way under 250 rpm stirring. After 2 h, 4 h or 8 h of 250 rpm stirring, the stirring speed was increased to

550 rpm for 24 h.
- Stirring speed before the addition of TEOS

The templating agent (F127 - 1.0 g - 0.080 mmol) was solubilized at 12 °C for 1 hour under 1000 rpm.

Then, toluene (3.0 mL - 0.028 mmol) was added dropwise to the mixture while the stirring was kept
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constant. After 2 hours, the stirring speed was reduced to 250 rpm and TEOS (2.8 g - 13 mmol) was added

dropwise to the synthesis mixture.
- Synthesis without toluene

After the solubilization of the templating agent (F127 - 1.0 g - 0.080 mmol) at 12 °C, 250 rpm, TEOS (2.8 g
- 13 mmol) was added to the reaction mixture while the stirring was maintained for 24 h. Then, the steps

described for the synthesis of Si-based nanotubes were followed.
- Synthesis with a reduced amount of toluene

After the solubilization of the templating agent (F127 - 1.0 g - 0.080 mmol) at 12 °C, 250 rpm, toluene (1.0
mL - 0.009 mmol) was added to the reaction mixture. The sol was stirred at 250 rpm for 24 h, after which

TEOS (2.8 g - 13 mmol) was also added under stirring.
Synthesis of porous silica nanospheres

Porous nanospheres were synthesized according a procedure reported by Aprile et al.>®* CTAB (656.0 mg,
1.800 mmol) was dissolved in milli-Q water (314 ml, 17.4 mol) in a 1000 mL polypropylene bottle. After
the complete dissolution of CTAB, ammonia (1.0 g, 8.6 mmol) was added dropwise. The solution was
stirred for 30 min, then filtered and washed three times with milli-Q water and then with EtOH. The final
solid was dried in the oven at 65 °C and then calcined at 550 °C for 6 hours with a heating rate of 3 °C/min.

The resulting solid was named P-NS.
Synthesis of large-pore SBA-15

According a procedure reported by Kruk et al.,® LP-SBA was prepared at a stirring speed of 250 rpm in a
250 mL covered glass container maintained at a temperature of 12 °C. The glass container was 70 mm in
diameter and 133 mm in height and the stirring bar was 6 mm in diameter and 30 mm in length. 1.0 g
(0.080 mmol) of Pluronic F127 was added to 60.0 mL of HCI 2 M. The mixture was stirred for one hour to
ensure the complete solubilization of the templating agent. Then, a mixture of tetraethyl orthosilicate
(TEOS—-4.5 g - 22 mmol) and toluene (3.0 mL - 0.028 mol) was prepared. This solution was added dropwise
to the templating agent solution. After 24 hours stirring at 12 °C, the mixture was transferred in a 250 mL
polypropylene bottle and kept at 120 °C for 2 days. The resulting product was filtered and washed with
distilled water. The powder was dried in the oven at 100 °C and then calcined at 550 °C for 5 hours with a

heating rate of 2 °C/min. The resulting solid was named LP-SBA.

Impregnation of different silicates with curcumin
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The impregnation of silica-based nanotubes, nanospheres, porous nanospheres and large pore SBA-15
was achieved via a wet-impregnation procedure. A solution of curcumin in acetone with a concentration
equivalent to 4 g/L was prepared. The pores of the solid were evacuated through drying the samples
overnight in a vacuum oven heated at 60 °C. 50.0 mg of the solid were introduced in a 10 mL round bottom
flask. Then, the volume of curcumin solution needed to achieve 10, 20 or 30 wt.% of loading (1.39 mL,
3.13 mL and 5.35 mL, respectively) was added to the solid in the round bottom flask. The mixture was
stirred during 15 hours at 400 rpm, protected from the light. The solvent was removed via rotary
evaporation. The samples were dried overnight in the vacuum oven at 40 °C to ensure the full evaporation

of acetone from the surface of the solid.
Characterization

Transmission electron microscopy (TEM) images were taken using a Philips Tecnai 10 microscope
operating at 80 kV. High resolution TEM images were taken using a Philips Tecnai 20 operating at 200 kV.
Nitrogen adsorption-desorption analyses were carried out at 77 K with a volumetric adsorption analyzer
(Micromeritics ASAP 2420). Prior to the analysis, the samples were pre-treated 12 hours at 170 °C under
reduced pressure (0.1 mbar). For impregnated solid, the samples were pre-treated 8 hours at 120 °C. The
Brunauer—Emmet-Teller (BET) method was applied in the 0.05-0.20 P/Po range to calculate the specific
surface area, while the pore size distributions were calculated from the adsorption branch of the isotherm

using the Barrett—Joyner—Halenda (BJH) method with the Kruk-Jaroniec-Sayari (KJS) correction.

Dynamic light scattering (DLS) experiments were performed at 12°C on a NanoPlus HD nanoparticles
analyzer. The scattering angle was 165° (back-scattering) and the light source was a semi-conductor laser

diode (70 mW, 660 nm).

For liquid-phase TEM (LP-TEM), samples were collected from the aqueous phase of the reaction mixture
(main phase) thanks to a syringe. The samples were passed through a 0.45 pum PTFE syringe filter to
remove any dust or large aggregates. The samples were loaded in a Si-based microchannel device with a
SiN3; windows (300 um length, 25 um width). The compatibility of the liquid-cell system with toluene and
HCI 2 M was previously confirmed. One droplet of the sample was pushed in the Si-based liquid cell
through capillarity forces. The liquid cell was then sealed and mounted on a copper grid. The liquid-cell
integrity was verified by pumping the holder under vacuum. Note that there is 30 min delay between the
time the cell holder is prepared and the time it isimaged. The specimens were imaged with a Philips Tecnai
20 operating at 200 kV with a spot size of 5 to minimize the effect of the electron beam on the samples.

At any time of the sample analysis, the electron dose was below 0.01 e’/A.s.
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Quantitative *H NMR spectra were recorded without sample spinning, using a 400 MHz spectrometer
operating at 12 °C, equipped with a 5-mm broadband probe and temperature regulation. *H NMR spectra
were recorded using the presat pulse sequence and following acquisition parameters: relaxation delay of
10 s, presaturation delay of 5 s, acquisition time of 5 s, excitation pulse of 90 ° and 8 transients. D,O was
used for the 2H lock. The *H chemical shift was referenced to water signal (4.79 ppm) or TMS (0.0 ppm),

which were used as internal reference.

Powder X-ray diffraction (XRD) patterns were recorded on a PANalytical X’'pert diffractometer with Cu Ka
radiation (k = 1.54178 A). Thermogravimetric analyses (TGA) were performed on a Mettler Toledo
TGA/DSC 3* STARe System. The samples were analyzed using a temperature ramp from 30 °C to 800 °C at
10 °C/min under air flow (60 mL/min). Chemical combustion analyses (CHN) were performed on a Perkin-

Elmer 2400 Serie 2 analyzer.

Solid state ¥C CP-MAS NMR spectra were recorded at room temperature, on a Jeol ECZ-R 600 MHz
spectrometer operating at 14.1 T, using a contact time of 2 ms, a spinning rate of 8 KHz and an automas

probe of 3.2 mm.
Curcumin release experiments

The release experiments were performed in duplicate in simulated intestinal fluid (phosphate buffer
saline, PBS, pH = 6.8) heated thanks to a water bath maintained at 37 °C. All dissolution experiments were
performed in sink conditions, created via the addition of 0.5 vol.% of Tween 80 in the release medium.
The impregnated solid (with a mass corresponding to 1 mg of curcumin) was suspended in 80.0 mL of
simulated intestinal fluid. At specific intervals (from 15 min to 24 h), 2 mL of release medium was collected
and an equal amount of fresh simulated intestinal fluid was added. The withdrawn sample was centrifuged
10 min at 4500 rpm. Prior to the analysis via UV-vis, the supernatant was diluted with methanol (1.5: 1).
The concentration of curcumin in the samples was deducted measuring the absorbance of the solutions

using UV-visible spectrometry at a wavelength of 430 nm.
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