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Abstract

Controlling the structure and functionality of porous silica nanoparticles has been a continuous source
of innovation with important potential for advanced biomedical applications. Their synthesis,
however, usually involves passive surfactants or amphiphilic copolymers that do not add value to the
material after synthesis. In contrast, polyion complex (PIC) micelles based on hydrophilic block
copolymers allow for the direct synthesis of intrinsically functional hybrid materials. While most
previous studies have focused on bulk materials made from double-hydrophilic block copolymers
(DHBC), in this work we have synthesized a triple-hydrophilic block copolymer (THBC) and
demonstrated both its PIC micellization and its potential for hybrid mesoporous silica nanomaterials.
Introducing this THBC has allowed to direct the transition from bulk 3D materials to OD nanomaterials
with cage-type structures. The stabilization and isolation of these nanostructures formed around
discrete individual micelles has been made possible by the careful design of the three different blocks
that each play a key role. These nanostructures could also be synthesized from hybrid PIC micelles
based on THBC-multivalent metal ions complexes, offering a direct route to metal/silica composite
nanoparticles. This class of THBC polymers therefore creates significant opportunities for the synthesis
of nanostructures with complex and functional architectures.
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Porous silica nanoparticles have become highly relevant materials in the fields of nanomedicine for
their potential in targeted drug delivery strategies and other theranostics applications.r™ The
development of materials for such advanced applications demands a high degree of control over
particle size, structure and functionalities in order to address important requirements such as large
effective pore volumes, stability in biological media, or the ability to cross natural barriers.>® To this
end, the synthesis of porous silica nanoparticles through micelle soft-templating is a method of choice
for the deliberate tailoring of particle size, shape and pore texture. Recent progress in this field has
led to the formation of low-dimensional structures from single micelle systems.®>*! Ultrasmall silica
cages, in particular, were synthesized from individual hexadecyltrimethylammonium bromide (CTAB)
micelles, and their structure was resolved by single particle reconstruction from electron microscopy
images, revealing well-defined dodecahedral cage structures.!? The formation of these calibrated
nanostructures relies on a precise control of the interactions between the silica species and the
micelles, and of their concerted co-assembly mechanism that leads to mesostructured materials.

Among the variety of structuring agents, amphiphilic block copolymers have shown great value to
control the growth and structure of inorganic materials.'® Their synthesis by design enables a virtually
limitless combination of blocks with different characteristics and properties. The controlled self-
assembly of these block copolymers has hence resulted in a diversity of mesostructured materials with



tailored properties, from energy storage to emerging quantum materials.'*** In this context, polyion
complex (PIC) micelles are emerging as alternative structure directing and functionalizing agents to
traditional surfactant or polymer micelles, which benefit from even more versatility of composition
than amphiphilic block copolymers. PIC micelles are formed by the complexation of a multi-hydrophilic
block copolymer containing at least a neutral block and an ionizable block, typically a polyacid, with a
micellization partner of opposite charge, typically a polybase such as oligochitosan.!® The formation
and dissociation of such micelles can be controlled by pH (in the case of weak polyelectrolytes),
temperature!’ or ionic strength.®® Making use of these features, PIC micelles based on double
hydrophilic block copolymers (DHBCs) in particular have been investigated as nanocarriers for
biomedical applications.?® Although the DHBCs are fully hydrophilic macromolecules by design, the
complexation of their polyelectrolyte block drives the self-assembly of core-corona micelles. Their
core is composed of a water-rich complex coacervate,? and their corona comprises the neutral block
of the DHBC, which is hydrophilic and immiscible with the polyelectrolyte complex, and ensures the
micelles solubility and stability in aqueous environments. PIC micelles based on DHBCs featuring
ethylene oxide (EO) units on the neutral block have also been extensively used for the synthesis of
mesoporous silica materials by co-precipitation methods.?! These PIC micelles offer a versatile
platform to modulate the structure and functionality of mesoporous silica materials by adjusting the
nature, molecular weight, and volume fraction of each block. This freedom in the design of the block
copolymer composition has enabled the synthesis of mesoporous silica materials with large pores??
and varying pore structures, including 2D hexagonal, lamellar, wormlike or cage-type mesoporous
silica.72> This approach, however, has so far been limited to the production of bulky materials in the
form of powders, with limited control on the particle size and shape. Recent work by Richard et al.
showed that mixing two different DHBCs could lead to the formation of mixed PIC micelles, which
resulted in a substantial reduction of the overall material size, down to a few hundreds of
nanometers.?®> Such particle sizes are, however, still too large for many potential applications, for
instance in drug delivery approaches.

Inspired by this work, we introduce herein a triple-hydrophilic block copolymer (THBC), namely
poly(acrylamide)-b-poly(acrylic acid)-b-poly(oligo(ethylene glycol)-methyl ether acrylate), noted PAm-
b-PAA-b-POEGMEA, for the formation of PIC micelles as the structure directing agent of mesoporous
silica materials. The use of this triblock copolymer led to the formation of OD mesoporous silica
nanoparticles formed around individual micelles and without 3D periodicity of the porosity. We show,
through a combination of transmission electron microscopy (TEM) and small angle X-ray scattering
(SAXS) analyses, how the rational design of the polymer architecture played a key role in the formation
of these OD nanostructures. This terpolymer structure allows to deliberately mediate the interplay
between silica growth and micelle interactions, and to control the ensuing self-assembly process that
leads to nanoparticle formation. With this approach, we obtained sub-50 nm nanoparticles with cage-
type structures and large pore sizes. In addition, thanks to the freedom in copolymer composition, the
size of these cage-type nanostructure could be varied by changing the molecular weight ratio of the
different blocks, which is a considerable advantage of block copolymers over classic surfactants.

Next to size control, our work also showcases the potential of these mesoporous nanostructures
to serve as nanocarriers by loading them with actives species. Indeed, another asset of PIC micelles is
that the neutral block remains anchored in the pore walls, resulting in mesoporous silica intrinsically
grafted with a block copolymer, hence providing a direct route to functional materials. The nature of
the blocks and of the micellization auxiliary can then be adapted to specific functional applications.
For instance, DHBC micelles using a Pt" compound?® as the micellization agent, or tripartite micelles
with additional siRNA,?” have already been reported for biomedical applications. This strategy can also
readily be applied to PIC-derived porous silica materials, which can then take advantage of pH
controlled micelle dissociation for release mechanisms.?® Here, the versatile loading of the THBC-
based porous silica nanoparticles is demonstrated by replacing the common polybase micellization
agent with multivalent metal ions, either before or after the synthesis of the silica nanostructures.



RESULTS AND DISCUSSION

THBC polymer synthesis. The reversible addition-fragmentation chain-transfer (RAFT)
polymerization method is a powerful tool for the synthesis of specifically designed block copolymers
with controlled molecular weights and low polydispersity indexes. This method has been extensively
used for the synthesis of a variety of DHBC copolymers.?° In this work, we desighed and synthesized a
PAm-b-PAA-b-POEGMEA triblock copolymer by aqueous RAFT polymerization (Scheme 1). This THBC
was synthesized using 2-(butylthiocarbonothioylthio)-2-methylpropanoic acid (BDMAT) as the chain
transfer agent and 4,4'-azobis(4-cyanopentanoic acid) (ACPA) as the radical initiator. First, acrylamide
monomers were polymerized into a PAm block that was then used as a macro-chain transfer agent for
the subsequent PAA and POEGMEA blocks. The reaction products were analyzed by *H NMR after each
polymerization step (Figure S1), confirming a nearly total (ca. 98%) conversion of monomers into
polymers. The number average molecular weight (M») and degree of polymerization of each block
were estimated from the 'H NMR data based on the corresponding peak areas for each block. These
results confirmed the successful sequential polymerization of the three blocks (Figure S1) and were
corroborated by the mass ratios of the C and N elements calculated from elemental analyses (Table
S2). The synthesis described in the experimental section resulted in a THBC composition of PAmias-b-
PAAs,-b-POEGMEA,y, which corresponds to molecular weights of 10.2 kg/mol, 3.7 kg/mol and 13.9
kg/mol for the PAm, PAA and POEGMEA blocks, respectively. The polydispersity index (Mw/M,) of this
THBC was estimated to 1.14 by aqueous size exclusion chromatography with a multi angle laser light
scattering detector (SEC-MALS), considering a monomodal distribution of the polymer chains (Figure
S2). For comparison purpose, a DHBC polymer with comparable blocks, namely PAAss-b-POEGMEA 4,
was also synthesized based on an existing procedure.®® The chemical structures of these DHBC and
THBC polymers are illustrated in Figure 1a. Other THBC polymers with varying compositions were also
synthesized in this work to investigate the role of each block. The details of all the polymers are
provided in the Supporting Information, Table S1.
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Scheme 1. Synthesis by RAFT polymerization of PAm,-b-PAAn-b-POEGMEA, TH BC.

Formation of PIC micelles based on THBC copolymer. Next to the successful synthesis of the THBC
polymer, its ability to form PIC micelles had to be confirmed. This process, which is well documented
for DHBC polymers,® is illustrated in Figure 1b in the case of oligochitosan as the complexation
partner. At slightly acidic pH, protonated ammonium groups of oligochitosan interact electrostatically
with acrylate groups of the PAA block, forming a coacervate phase that defines the PIC micelle core,
surrounded by a POEGMEA corona. Since both PAA and oligochitosan are weak polyelectrolytes, the
subsequent dissociation of the PIC micelles under pH conditions where the charge of one of the
partners is neutralized has also been demonstrated, hence making it a reversible process.’® The
formation of such PIC micelles using a fully hydrophilic triblock copolymer, however, had so far not
been reported. To investigate the micellization ability of THBC, PAm144-b-PAAs;-b-POEGMEA;5 was
solubilized with oligochitosan in water. For consistency, in this work the molar concentration of
ethylene oxide (EO) groups from POEGMEA was systematically set to 0.1 M, which corresponds to a
weight fraction of ca. 1 wt% of copolymer in the case of THBC. In addition, the concentration of
oligochitosan was set to have an equimolar ratio between the amine and acrylic acid groups (N:AA =
1) from the oligochitosan and the copolymer, respectively. The pH of the resulting mixture was then
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adjusted in the range 2 to 8 to cover conditions where either both or only one of the polyelectrolytes
are ionized, and the suspensions were analyzed by SAXS (Figure 1d). An emerging signal is observed
when changing the pH from 2 (where the PAA block is uncharged) to 4.5 (where both PAA and
oligochitosan are charged) before decreasing again up to pH 8 (where oligochitosan is uncharged).
This variation in the scattering pattern is associated to the formation of the micelles by electrostatic
complexation between the THBC and oligochitosan, with an optimum at pH 4.5. This is further
demonstrated by comparing the signals from THBC polymer alone in aqueous solution and the
THBC/oligochitosan mixture at pH 4.5 (Figure 1e). In the absence of oligochitosan, a THBC polymer
aqueous solution at the same concentration typically shows a low scattering pattern, with an intensity
at zero scattering angle (/o) of ca. 0.1 cm™. In contrast, the SAXS pattern of the THBC/oligochitosan
mixture at pH 4.5, under conditions where both polyelectrolytes are ionized, is characterized by a
much stronger signal, with a plateau at low g values associated to an Ip of ca. 3 cm™. This plateau is
followed by a drop in intensity at ca. g = 0.2 nm™, and at even higher g values, by a well-defined slope
corresponding to a power law of | « g2 These characteristic features are a clear signature of the
formation of micelles with a well-defined core whose interface with the diffuse corona is clearly
marked. In addition, the SAXS pattern at pH 4.5 does not exhibit any structure factor that would have
suggested inter-micelle interactions, which confirms that the solution consists of discrete and
colloidally stable PIC micelles. The SAXS patterns at different pH values were further analyzed based
on the Guinier approximation using BioXTAS RAW program in order to estimate more accurately their
1o.3! At constant polymer concentration, and in the absence of any structure factor, lo scales with the
molecular weight of the scattering species, thus, higher I values typically reflect higher aggregation
numbers or higher proportions of micellized polymer chains (i.e., less free polymer chains). The
evolution of lpas a function of pH (Figure 1f) hence confirms the existence of an optimal micellization
window in the pH range 4 to 6.5 for the THBC/oligochitosan system. This pH range corresponds to
conditions where both oligochitosan and PAA are ionized, which is consistent with the reversible
micellization behavior previously reported for conventional DHBC/oligochitosan systems.?® We can
therefore reasonably expect that THBC-based PIC micelles are following a similar self-assembly
mechanism, illustrated in Figure 1c, with the PIC micelle core consisting of a PAA/oligochitosan
coacervate stabilized by a neutral hydrophilic corona comprising the PAm and POEGMEA blocks. The
radius of gyration (R,) of the THBC-based PIC micelles resulting from the Guinier analysis of their SAXS
pattern was estimated to 6.4 nm at pH 4.5, as compared to 3.7 nm for the free THBC. In addition, the
SAXS pattern of the THBC/oligochitosan mixture at pH 2 (Figure 1d) shows a pattern highly similar to
the one of THBC alone, confirming that no micelles are formed when the THBC is uncharged. The ratio
of Ip at pH 4.5 and 2 can therefore be used to determine the aggregation number, which is estimated
to 20 for this THBC/oligochitosan duo.
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Figure 1. (a) Topological chemical structures of DHBC, THBC, and oligochitosan under their non-ionized
forms. lllustration of (b) DHBC-based, and (c) THBC-based PIC micelles self-assembly, and their
interaction with condensing silicic species (white domains) during the sol-gel process, yielding either
3D or 0D (nano)structured silica. (d) SAXS patterns of the THBC/oligochitosan mixture ([EO] = 0.1 M,
N:AA = 1) as a function of pH. (e) SAXS patterns of the THBC polymer alone and micelles formed at pH
4.5 ([EO] = 0.1 M in both cases). (f) Intensity at zero scattering angle (/o) as a function of pH (dashed
lines indicate the pH window in between the pKa values of PAA and oligochitosan where electrostatic
interactions are favored). The SAXS data are displayed in absolute scale.

From bulk 3D mesoporous silica to 0D cage-type nanostructures. Hybrid mesoporous silica
materials were thereafter synthesized through a sol-gel process in the presence of THBC and/or DHBC-
based PIC micelles, with oligochitosan as the complexation partner for micellization. This sol-gel
synthesis relies on the hydrolysis of an alkoxysilane precursor, followed by the condensation of silicic
species. Tetraethyl orthosilicate (TEOS) is probably the most common alkoxysilane used for this
purpose, but is not readily miscible with water. Thus, common approaches for the synthesis of
mesoporous silica from DHBC-based PIC micelles and TEOS usually make use of a two-step procedure
involving first the hydrolysis of TEQOS at pH < 3, followed by the micellization and condensation reaction



at pH 4-6.% In this work, the synthesis of PIC-based mesoporous silica was adapted to provide a
simpler one-step procedure, illustrated in Figure 1c. To this end, TMOS was used as the silica precursor
for its higher water miscibility and faster hydrolysis rate as compared to TEOS. The addition of TMOS
to PIC suspensions resulted in almost immediate homogenous mixing with water at pH 4.5, hence
considerably facilitating the synthesis and improving reproducibility. In the presence of PIC micelles,
the hydrolyzed silicic species then interact with the ethylene oxide units of the POEGMEA block,
leading to a co-assembly of the micelles with silica. Thus, in addition to maintaining [EO] = 0.1 M and
N:AA = 1, the synthesis conditions of mesoporous silica were also systematically set to an equimolar
ratio between the silicic and ethylene oxide groups (Si:EO = 1, see experimental section for full
synthesis details). Performing this synthesis with a conventional DHBC, namely PAA4s-b-POEGMEA,4,
resulted in the macroscopic precipitation of a bulky material, which, upon TEM analysis (Figure 2a),
shows ordered mesoporosity with a 2D hexagonal structure (p6mm symmetry) made of cylindrical
pores. This observation is consistent with previous works on bulk mesoporous silica made from DHBC-
based PIC micelles, and is explained by the interaction of EO units with silanol groups of silicic species,
resulting in a cooperative self-assembly of PIC micelles with silica.’®*? From this point, a fraction of
DHBC was gradually substituted with THBC in the synthesis, while maintaining constant the overall
molar amount of EO groups (neo) coming from the POEGMEA block. The THBC fraction is then defined
as %THBC = neo,trec/(Neo,THec + Neo,onec). The Si:EO ratio was kept to 1, ensuring a constant concentration
of silica throughout the experiments. As evidenced in Figure 2, the introduction of THBC in the PIC
micelles resulted in a radical decrease of the particle size, from bulky particles at 0% THBC to well-
defined nanoparticles of about 40 nm at 100% THBC. Along with the particle size, the number of pores
per particle also decreases, evolving from particles with multiple pores and some degree of ordering
(30% THBC, Figure 2d), to single pore nanoparticles with no periodicity (100% THBC, Figure 2f). The
nanoparticles obtained from 100% THBC are also characterized by a hydrodynamic diameter of about
60 nm, which is significantly larger than their 40 nm physical diameter. The TEM observation of
isolated nanoparticles revealed the presence of an organic corona around the silica nanoparticles
(Figure S3). This corona, which explains the larger hydrodynamic diameter, most likely consists of the
PAm blocks that stretch out from the nanoparticles, hence providing colloidal stability as discussed
later in the article. This finding is in line with the recent work of Richard et al. who demonstrated the
preferential localization of PAm blocks on the outer surface of silica particles.> The nanoparticles
obtained from 100% THBC were further investigated by TEM to resolve the structure of their inorganic
component.
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Figure 2. TEM images of mesoporous silica obtained using DH BC/THBC/ollgochltosan PIC micelles with
a copolymer composition of (a) 0% THBC (i.e. 100% DHBC, images from two different areas of
microtome sections), (b) 10% THBC, (c) 20% THBC, (d) 30% THBC, (e) 60% THBC, and (f) 100% THBC
(images acquired at 100 kV, ca. 0.4 nm/pix).



Structural resolution of 0D cage-type nanostructures. Figure 3a shows a TEM image of
nanoparticles obtained from 100% THBC with composition PAm124-b-PAAso-b-POEGMEA;;, and
acquired with a higher resolution camera (0.2 nm/pix). These nanoparticles have an average diameter
of about 40 nm and appear to be made of struts, with some showing repeating patterns from particle
to particle, suggesting an underlying symmetry. We therefore attempted to resolve the structure of
these nanoparticles through single particle 3D reconstruction using EMAN2.9 software.® For this
reconstruction process, about 11k single particle images were isolated by a neural network particle
picker (Figure 3b,c).3* These single particle images were then alighed and averaged in 64 classes based
on their similarities (Figure 3d). A volumetric model was thereafter generated by single particle
refinement® (Figure 3e). For this refinement, an icosahedral symmetry was assumed, which could be
reasonably expected based on previous work.?? The resulting 3D model suggests that some of the
particles have a structure consistent with a dodecahedral cage, although other structures are most
likely present as well in the sample. The material hence consists of cage-type nanoparticles that are
formed from single or limited number of micelles. These cages are the same ones that take part in the
structuration of some 3D bulk mesoporous silica materials,*® with the dodecahedral cage probably
being the most common one. In line with the absence or pore periodicity observed by TEM, these
nanoparticles obtained from 100% THBC can be seen as the 0D version of cage-type mesoporous silica
materials.
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Figure 3. (a) TEM image of OD mesoporous silica nanoparticles obtained from THBC/oligochitosan PIC
micelles (acquired at 120 kV, ca. 0.2 nm/pix). lllustration of the single particle 3D reconstruction
process, involving (b) automated particle picking to generate (c) a large set of single particle images
(contrast is inverted, not all particles are shown), which are then averaged into (d) 64 classes (12 of
them are shown), that serve as the basis for (e) the refined 3D model of the cage-type structure
(visualized by UCSF Chimera®’).



SAXS monitoring of the structural evolution from 3D mesoporous silica to 0D cage-type
nanostructures. The progressive transition from 3D to 0D mesoporous materials by replacing DHBC
with THBC was further monitored through SAXS (Figure 4). First, suspensions of PIC micelles with
different fractions of PAmus-b-PAAs,-b-POEGMEA, THBC were studied (Figure 4a). Similarly to the
THBC micelles presented in Figure 1, micelles based on DHBC only (0% THBC) are also characterized
by an oscillation at ca. g = 0.2 nm™. The SAXS pattern of these DHBC micelles, however, exhibits an
increase in intensity at the smallest angles, which could be signature for long-range attractive
interactions between micelles. On increasing THBC fractions, the characteristic onset of the Guinier
plateau of the micelle form factor shifts towards lower g values, indicating an increase in the radius of
gyration, from Ry = 5.5 nm with 100% DHBC to 6.4 nm with 100% THBC. For comparison, these micelles
were also observed by TEM via negative staining of the samples (Figure S4), showing spherical micelles
with average diameters of 16 nm and 22 nm for the DHBC and THBC micelles, respectively. Thus, while
suggesting slightly larger sizes these TEM observations also confirm the increase in micelle size from
DHBC to THBC observed by SAXS. In addition, the attractive interaction feature in the SAXS pattern at
low g is decreasing with increasing THBC fractions, ultimately becoming a plateau for micelles with
100% THBC, evidencing the absence of interactions in this case. We note that the micelle sample with
30% THBC shows inconsistent behavior at low g (Figure 4a), which could be due to some
inhomogeneity generated during sample preparation. Next, SAXS measurements of the as-prepared
hybrid mesoporous silica materials synthesized from different fractions of PAmMi4s-b-PAAs>-b-
POEGMEA,s THBC were carried out (Figure 4b,c). In line with the TEM observations, the SAXS pattern
of the silica material obtained from PIC micelles based on DHBC (0% THBC) exhibit a clear structure
factor, with the emergence of Bragg peaks from the material organization (Figure 4b). The
corresponding Ig* vs. g plot (Figure 4c) highlights the main scattering peaks at 0.40, 0.70, and 0.80 nm"
1 which can be assigned to the (10), (11), and (20) peaks, respectively, of the p6mm symmetry. A
second p6mm structure at slightly higher g values can also be noted, which could be due to some
polydispersity of the DHBC. As the fraction of THBC gradually increases, a decrease in the peak
intensities is observed, associated with a broadening of the peak shape, which is in line with a decrease
of the ordered domains extension and hence the reduction of the material size seen in TEM.
Concurrently, the (10) peak shifts from 0.40 nm™ at 0% THBC to 0.33 nm™ at 80% THBC, which
corresponds to an increase of the lattice parameter from 16 nm to 19 nm. This increase in lattice
parameter also suggests a concomitant increase of the pore size when replacing the DHBC with THBC.
In the low g domain, below 0.2 nm™, the SAXS pattern of the 3D structure (0% THBC) shows a power
law with an exponent of -4, indicating a sharp external surface of the bulky mesoporous material.
Increasing the THBC fraction induces a progressive decrease of this slope, with the apparition of a
Guinier plateau at 100% THBC. In this case, the SAXS pattern is free of any structure factor. The (10)
peak has completely disappeared, highlighting the absence of long-range order, and the form factor
could be fitted, for g values up to 0.5 nm™, with a simple sphere model with no interaction contribution
(Figure S5), in line with the high colloidal stability of the suspensions. The fit resulted in a diameter of
48 nm for the sphere model, which matches well the average size of 50 nm estimated by TEM for
nanoparticles obtained with that PAmis4-b-PAAs;-b-POEGMEA,s THBC.
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Figure 4. SAXS patterns of (a) PIC micelles, and (b) PIC-based mesoporous silica suspensions for
different fractions of THBC (pH 4.5, [EOQ] = 0.1 M, data are offset for clarity). (c) Evolution of /g* as a
function of g for the SAXS pattern of mesoporous silica suspensions. (d) Nitrogen sorption isotherms
of calcined 0D mesoporous silica nanoparticles obtained from 100% THBC/oligochitosan PIC micelles
and 3D mesoporous silica obtained from DHBC/oligochitosan PIC micelles. (e) Corresponding pore size
distributions as determined by the BJH method.

The structural evolution from 3D to 0D mesoporous silica was also investigated in terms of specific
surface area and pore size distributions using nitrogen sorption analyses (Figure 4d). Prior to
measurements, the porosity of the mesoporous silica materials was released by calcination at 550 °C
in air for 6 hours. Both 3D and OD materials show type IV isotherms, which is a classic signature for
mesoporous materials, and have very similar specific surface areas, specifically 645 and 625 m?/g for
the 3D and OD mesoporous silica, respectively. The position of the hysteresis, on the other hand, shifts
to higher relative pressures from 3D and OD materials. In the case of 3D mesoporous silica, the
corresponding average pore size was estimated to 6 nm with a narrow distribution as determined by
the Barrett-Joyner-Halenda (BJH) method on the adsorption branch (Figure 4e). In the case of OD
mesoporous silica, an estimate from BJH method gave an average pore size of 20 nm with a broad
distribution that most likely covers both the nanoparticle inner porosity as well as the porosity formed
by inter-particulate voids. In addition, the BJH method implies some assumptions on the pore
geometry that may not describe our nanomaterial very well. Nevertheless, this result still reflects the
significant difference in pore size between the two systems.

A tentative model for the formation of OD nanostructures: role of the different blocks. Both the
SAXS and TEM analyses highlight the emergence of stable colloids composed of hybrid mesoporous
silica nanoparticles when the proportion of THBC used in PIC micelles is increased, ultimately yielding
0D mesoporous nanoparticles. It is therefore clear that the chemical structure of the THBC plays a
crucial role in the formation, size control and colloidal stabilization of the 0D nanostructures. In the
case of PAA-b-POEGMEA DHBC-based PIC micelles, the formation of 3D mesoporous silica is well



explained by the interaction of silicic species with the EO groups of the POEGMEA block through
hydrogen bonds,? resulting in a concerted co-assembly of multiple micelles with silicic species and a
subsequent unrestricted growth of the resulting hybrid material (Figure 1b). In contrast, it was
recently proposed that the growth of mesostructured PIC-based silica materials could be limited when
using PAA-b-PAm DHBC polymers as capping agents, in combination with the usual PAA-b-POEGMEA,
to form mixed PIC micelles.” The rationale behind this strategy is that the inability of PAm to interact
with silicic species, combined with its lack of interaction with PAA in the pH range 4-6, would allow
DHBC containing highly water-soluble PAm to preferentially locate at the surface of multi-micelle
mesostructured silica particles and act as a stabilizing neutral corona in water. However, this approach
failed to produce mesoporous particles with a diameter smaller than a few hundred nanometers.

In this work, the THBC was designed to comprise both the silica-interacting (i.e., POEGMEA) and
the capping blocks (i.e., PAm), covalently linked to the central complexing block (i.e., PAA). This
constrained geometry implies that each THBC-based PIC micelle is capable of both promoting and
confining silica growth, unlike mixed PIC micelles made of two DHBCs, which can be more or less rich
in PAm. Therefore, in THBC-based micelles, the PAm block induces steric hindrance within the system,
hampering the assembly of multiple micelles (Figure 1c). Thus, using PAm-b-PAA-b-POEGMEA THBC
copolymer enables confining the material growth to the single micelle level while simultaneously
templating the silica porous structure. After sol-gel condensation, the PAm block further confers high
colloidal stability to the resulting nanoparticles in aqueous solution, as testified by the absence of
interaction between colloids evidenced by SAXS analyses (Figure 4b). It should be noted that the order
of the blocks in the copolymer is also crucial for the formation of structured materials. In particular,
the PAA block should be in the middle of the copolymer chain. Attempts at synthesizing silica materials
from a PAm-b-POEGMEA-b-PAA THBC (i.e., inverting the position of the POEGMEA and PAA blocks, all
other synthetic parameters remaining the same) resulted in the macroscopic precipitation of ill-
defined materials without any apparent structuring (Figure S6).

To verify this tentative model of the role of the PAm block, a series of THBCs with varying block M,
were synthesized and the resulting copolymers were tested for the sol-gel synthesis of mesoporous
silica nanoparticles. The structural properties of the obtained materials were examined in the light of
two parameters: (i) the M, of the PAm block, and (ii) the PAm/POEGMEA mass ratio. The mass of the
ionizable block (PAA) was kept constant at around 3 kg/mol. In line with the above proposed model,
Figure 5 confirms that a minimal PAm molecular weight is required to prevent the formation of large
multi-micelles structures. For instance, a 5.3 kg/mol PAm block gave a bulky material with poor
structuration (Figure 5a). Slightly longer PAm blocks (5.6-6.5 kg/mol) started to produce nanoparticles,
but with elongated shapes and unclear pore structures (Figure 5b,c). It is only for a PAm block of 8.8
kg/mol and above that 0D cage-type nanostructures were obtained (Figure 5d-f). Conversely, varying
the molecular weight of the POEGMEA block resulted in the opposite effect (Figure S7). Using a lower
molecular weight POEGMEA block (7.2 kg/mol) resulted in homogeneous 0D nanostructures, but with
thin silica walls due to a low amount of EO (and thus Si) per micelle. Increasing the molecular weight
of the POEGMEA block, however, progressively increased the material dimensions, yielding multi-pore
nanoparticles at 20.2 kg/mol, and particles exceeding 100 nm with poor structuration at 31.2 kg/mol.
Next to the absolute M, of each block, the corresponding mass ratios between PAm and POEGMEA
blocks should also be considered. For instance, in Figure 5d the particles are larger than in Figure 5e
in spite of the larger PAm block, as this specific polymer also has a larger POEGMEA block. A PAm block
above 8 kg/mol is also not a sufficient condition alone and non-0D materials may be obtained if the
POEGMEA block is very large (Figure S7d). From all the tested THBC compositions, it appears that a
PAM/POEGMEA molecular weight ratio above ca. 0.7 seems to be required for the formation of 0D
cage-type nanostructures. Given the linear versus brush structure of the PAm and POEGMEA blocks,
respectively, this ratio in terms of degree of polymerization is close to 5, which highlights the
importance of having a significantly longer PAm block for an efficient capping effect. This ratio was
also found to have a direct incidence on the size of the nanostructures, with average diameters of ca.
50 nm, 40 nm and 35 nm for nanomaterials synthesized from THBCs having PAm/POEGMEA ratios of
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0.73, 0.83 and 1.38, respectively (Figure 5d-f). The average sizes and hydrodynamic diameters of 0D
nanoparticles obtained from different polymers are summarized in Table S3. The ability to control the
size of the nanoparticles is a considerable advantage of block copolymers, which offer much more
freedom to modulate the material properties, compared to conventional surfactants.

a m/POEGMEA 037 bPAm/POEGMEA 0.58 CPAm/POEGMEA 0.64 dPAm/POEGMEA 0.73 € PAmM/POEGMEA = 0.83 fPAm/POEGMEA 1.38
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Figure 5. TEM images of silica materlals obtalned from PIC micelles based on (a) PAm(5.3k)—b-
PAA(3.3k)-b-POEGMEA(14.4k), (b) PAmM(5.6k)-b-PAA(3.2k)-b-POEGMEA(9.6k), (c) PAm(6.5k)-b-
PAA(3.6k)-b-POEGMEA(10.1k), (d) PAmM(10.2k)-b-PAA(3.7k)-b-POEGMEA(13.9k), (e) PAm(8.8k)-b-
PAA(3.6k)-b-POEGMEA(10.6k), and (f)  PAm(15.2k)-b-PAA(3.0k)-b-POEGMEA(11.0k).  The
corresponding PAm/POEGMEA molecular weight ratios are indicated above each image.

Intrinsically functional hybrid mesoporous silica nanomaterials. One of the great assets of PIC-
derived mesoporous silica is that the POEGMEA blocks remains anchored to the silica walls after
synthesis, yielding hybrid THBC-functionalized materials. The silica nanostructures reported here
hence bear carboxylate groups from the PAA block that can readily be used to load the nanoparticles
with active species in view of functional applications. To demonstrate this potential, we used these
carboxylate groups to load Cu?* ions in the nanoparticles (Figure 6a). To this end, we dissolved CuCl,
in a solution of silica nanoparticles synthesized with 100% of PAm124-b-PAAs-b-POEGMEA,, THBC. The
amount of CuCl, was calculated to have an equimolar ratio of copper to acrylate groups (Cu:AA = 1),
and by considering that no THBC was lost during the synthesis. The solution was left to stir for 4 hours
and the nanoparticles were then precipitated with ethanol and centrifuged (3600 g, 10 min), resulting
in mostly colorless supernatant. Redispersing the obtained solid in the same volume of water yielded
a very bright blue solution, characteristic of Cu ion species (Figure 6a). This process was monitored by
UV absorption spectroscopy (Figure 6b), revealing the apparition of a distinct absorption feature at
260 nm upon adsorption of Cu?* by the nanoparticles, which is initially not present in either the
THBC/SiO, nanoparticles or CuCl, solutions. Mixing CuCl, with a solution of THBC alone at same ratio
(Cu:AA = 1) also produced the same absorption band at 260 nm (Figure S8). This feature is hence
consistent with the formation of a Cu/PAA complex as previously reported,*® and confirms that Cu ion
species are effectively loaded by interaction with the copolymer. This property of the THBC-
functionalized silica nanoparticles is further reversible. Decreasing the pH of the solution to 2 with HCI
protonates the carboxylates from PAA, which releases the Cu?* ions and results in a colorless
suspension after centrifugation and redispersion of the nanoparticles in water (Figure 6a). The
corresponding UV spectrum no longer comprises the Cu/PAA feature at 260 nm, but only an
absorption feature at 310 nm that originates from BDMAT, the chain transfer agent of the THBC
(Figure S8). The UV spectrum after Cu ions release also shows an overall decrease in the absorption
and scattering contributions in the UV, which is consistent with the significant loss of the initial yellow
coloration. While it could be partially due to some loss of material during the successive centrifugation
steps, it mostly reflects the removal of oligochitosan, which has a broad absorbance in the UV-blue
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range (Figure S8), and further highlights how Cu ions replace the initial micellization partner by
complexing with the PAA blocks.

Thus, while the use of Cuions is a convenient approach to visually evidence the loading and release
process, this strategy could be applied to other water-soluble compounds capable of complexing with
carboxylate groups, such as therapeutic compounds for biomedical applications for instance.®
Nevertheless, the silica nanoparticles can also be loaded with metallic species or other active species
directly during their synthesis. Indeed, next to the block copolymer, the nature of the micellization
agent can also be modified to change the properties of the resulting materials or to add functionalities
on their own. In this regard, the formation of hybrid PIC micelles, or HPIC, has already been reported
through the complexation of DHBCs with multivalent metal salts***? instead of organic polybases such
as the oligochitosan used so far in this work. Here, silica nanostructures were synthesized from HPIC
micelles by replacing the oligochitosan with different metal salts in our synthesis of 0D nanomaterials,
including ZnCl,, CoCl,, NiCl; and MnSO4 salts. For these syntheses, we kept the same conditions as
those described in the experimental section, with [EO] = 0.1 M, and calculated the amount of metal
salt to have M:AA = 0.5 (M = Zn?*, Co?, Ni%*, or Mn?%). The volume of NH4OH was also adjusted to keep
the pH at 4.5 for all syntheses. Using ZnCl, as the complexation partner led to the formation of well-
defined cage-type nanostructures (Figure 6c). These nanoparticles show good homogeneity with very
similar morphologies as those obtained with oligochitosan, which clearly indicates the good
propensity of divalent Zn ions to form HPIC micelles with THBC. Using CoCly, NiCl; or MnSQ, salts also
resulted in discrete and stable nanoparticles (Figure 6d-f), although their shape is less well defined
and their porous nature is not evident based on the TEM images. In addition, the nanoparticles
obtained from MnSO, also show smaller sizes, ca. 25 nm, as compared to Zn, Ni and Co-based
nanoparticles, which are about 50 nm, 55 nm and 60 nm, respectively. The average sizes and
hydrodynamic diameters of these nanoparticles obtained from different micellization agents are
summarized in Table S3.
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Figure 6. (a) Pictures of a THBC/SiO, nanoparticles solution as-synthesized (left), after the adsorption
of Cu?* (middle), and after the release of Cu®* (right). (b) UV absorption spectra of the THBC/SiO,
nanoparticles solution at the different steps of Cu?* adsorption and release, and compared to the
absorption spectra of aqueous solutions of CuCl, at comparable concentrations (the solutions were
diluted 50 times in water). (c-f) TEM images of hybrid silica nanoparticles synthesized using (c) ZnCl,,
(d) CoCly, (e) NiCl,, and (f) MnSO, as the micellization agent instead of oligochitosan (insets: pictures
of the corresponding nanoparticle solutions). The nanoparticles in (c-f) were synthesized using PAmi71-
b-PAA;3-b-POEGMEA3; THBC.

CONCLUSIONS

In summary, we demonstrate here how triple-hydrophilic block copolymers provide a means of
balancing the interactions between PIC micelles and silica species, which can be harnessed for the
synthesis of precise porous silica nanomaterials. The PAm-b-PAA-b-POEGMEA THBC was specifically
designed to combine three different blocks, each with its own critical role, including a block for PIC
micelle core formation (PAA), a block for interaction with silica (POEGMEA) and a block for steric
stabilization of nanostructures (PAm). In contrast to mixed DHBC systems, the use of a THBC having
the highly hydrophilic PAm block on the same polymer chain as the silica-philic POEGMEA block has
allowed for a maximal control of silica growth, which can then be confined around individual micelles.
Based on our experiments, we can further provide guidelines for tailored polymer compositions. In
our conditions, a PAm block above 8 kg/mol and a PAm/POEGMEA molecular weight ratio above 0.7
seem to be appropriate features for the synthesis of well-defined OD cage-type nanostructures.
Nevertheless, these guidelines may not be strict requirements and other conditions could potentially
give rise to other valuable nanostructures. THBC-based PIC micelles also allow for larger pore sizes
than cationic surfactants, such as CTAB, which typically result in sub-10 nm pore sizes. On the other
hand, the synthesis of such OD nanostructures from other common triblock non-ionic surfactants, such
as pluronics, might prove impossible due to the symmetric structure of these amphiphilic block
copolymers. Thus, single micelle systems with such large pore sizes are possibly only achievable with
a terpolymer design such as the one reported here. These THBC-based PIC micelles therefore allow
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for the engineering of complex nanoparticle architectures, taking advantage of the tunable
composition of block copolymers. Combined with the versatile loading and release strategy enabled
by their fully hydrophilic nature or their synthesis from HPIC micelles, these hybrid nanostructures
constitute well-suited porous nanoplatforms for advanced functional applications in biotechnology
and beyond.

EXPERIMENTAL SECTION

Materials. Oligochitosan with a molecular weight of 2500 g/mol and a deacetylation degree of 97%
was purchased from Creative PEGWorks. Tetramethyl orthosilicate (TMOS, 99%), oligo(ethylene
glycol)-methyl ether acrylate (OEGMEA, 99%, M, = 480 g/mol, 9 EO units on average), 4,4'-azobis(4-
cyano pentanoic acid) (ACPA, 98%), acrylamide (Am, 99%), acrylic acid (AA, 99%), D,O, and anhydrous
1,4-dioxane (99.8%) were purchased from Sigma-Aldrich. Prior to their polymerization, any radical
inhibitors were removed from monomers by sorption on alumina powder. Zinc chloride (98%), Nickel
(1) chloride hexahydrate (97%), Manganese sulfate (97%), Cobalt (1) chloride hexahydrate (98%) and
Copper (Il) chloride dihydrate (99%) were purchased from Sigma-Aldrich. Ammonium hydroxide
solution (28% in water) was purchased from VWR Chemicals. The polymerization chain transfer
agents, namely 2-(butylthiocarbonothioylthio)-2-methylpropanoic acid (BDMAT) and 4-cyano-4-
thiothiopropylsulfanyl pentanoic acid (CTPPA), were synthesized based on routine procedures
published elsewhere.**** All syntheses were carried out using Milli-Q water with a resistivity of 18.2
MQ-cm at 25 °C.

Synthesis of PAm-b-PAA-b-POEGMEA THBC. Several compositions of poly(acrylamide)-b-
poly(acrylic acid)-b-poly(oligo(ethylene glycol)-methyl ether acrylate) THBC with varying block masses
were synthesized based on the same RAFT procedure in water. For the synthesis of a THBC with
composition PAm1as-b-PAAs-b-POEGMEA,s, for instance, BDMAT (0.26 g, 1-10° mol), Am (10 g, 1.4-10°
1 mol), ACPA (0.026 g, 9-10° mol), and water (34 mL) were mixed in a 250 mL Schlenk flask protected
from light. The solution was purged with nitrogen at room temperature for 30 minutes, and then
heated to 80 °C for 5 hours under stirring, ensuring polymerization of the PAm block. The obtained
polymer was used as a macromolecular chain transfer agent for the polymerization of the second
block. The solution was let to cool down to room temperature and AA (3.4 g, 5-102 mol), ACPA (0.026
g, 9-:10"° mol), and water (10.4 mL) were added to the reaction mixture. The solution was purged again
with nitrogen at room temperature for 30 minutes, and then heated to 80 °C for 5 hours. This
procedure was repeated to polymerize the third block, by adding OEGMEA (13.5 g, 3-10 mol), ACPA
(0.026 g, 9-10° mol), and water (45 mL) to the reaction mixture. Following each block synthesis, a 1
mL aliquot was kept for *H NMR and elemental analysis. The resulting solution of PAm-b-PAA-b-
POEGMEA, with a mass concentration of 23 wt%, was stored at 6 °C and used as such in subsequent
steps. For the synthesis of other THBC compositions, the quantities of monomers were adapted to
keep the mass concentration constant.

Synthesis of PAA-b-POEGMEA DHBC. Poly(acrylic acid)-b- poly(oligo(ethylene glycol)-methyl ether
acrylate) DHBC was synthesized by aqueous RAFT polymerization following the procedure published
by Phimphachanh et al.>° CTPPA (0.26 g, 1-10° mol), AA (3.6 g, 5-102 mol), ACPA (0.028 g, 1-10™* mol),
and water (9.2 mL) were mixed in a 250 mL Schlenk flask protected from light. The solution was purged
with nitrogen at room temperature for 30 minutes and then heated to 80 °C for 5 hours. After cooling
down to room temperature, the obtained PAA was used a macromolecular chain transfer agent for
polymerization of the second block by adding OEGMEA (14.5 g, 3-10"2 mol), ACPA (0.028 g, 1-10™* mol),
and water (33 mL) to the mixture. The solution was purged again with nitrogen at room temperature
for 30 minutes and then heated to 80 °C for 5 hours. Following each block synthesis, a 1 mL aliquot
was kept for *H NMR analysis. The resulting solution of PAA-b-POEGMEA, with a mass concentration
of 30 wt%, was stored at 6 °C and used as such.
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Mesoporous silica material synthesis. For the synthesis of well-defined 0D silica nanostructures
from PAmias-b-PAAs;-b-POEGMEA,s THBC, for instance, 32 mg of copolymer (corresponding to 141 mg
of the 30 wt% stock solution) was dissolved with 14.5 mg of oligochitosan in 2.8 mL of water. The pH
of the solution was raised to 4.5 by the addition of 10 uL of NH,OH and the reaction mixture was left
to stir for 30 minutes. Next, 45 puL of TMOS was added and the reaction was left under stirring
overnight at room temperature. The obtained particles were precipitated at room temperature by
adding 6 mL of dioxane and collected by centrifugation at 3600 g. Finally, the particles were
redispersed in 3 mL water and stored at ambient temperature. For syntheses involving different
polymers, including DHBC and other THBC compositions, the amounts of copolymers and
oligochitosan were systematically adjusted to keep the EO molar concentration to 0.1 M, and the
molar ratios N:AA and Si:EO to 1.

Characterization methods. The 'H NMR analyses were performed at room temperature using D,0
as a solvent on a Bruker AVANCE IIl 600 MHz NMR Spectrometer. For these analyses, the copolymer
was dried overnight at 80 °C, and about 10 mg of copolymer was then dissolved in 1 mL of D,0. The
C, Hand N elemental analyses were performed using a ThermoFisher Scientific spectrometer iCE 3000.
The polydispersity indices of the block copolymers were determined by SEC-MALS, using an AQUAGEL
precolumn and two PL-AQUAGEL mixed H-column with phosphate buffer as the eluent at a flow rate
of 1 mL/min. Unless specified, the TEM images were acquired using a Jeol JEM-1400 microscope
operating at 100 kV and equipped with a 2048x2048 px Matataki Flash camera. For single particle
reconstruction, TEM images were acquired using another Jeol JEM-1400 microscope, operating at 120
kV and equipped with a 4096x4096 px Gatan OneView camera. Unless specified, the TEM samples
were prepared by dropping an aqueous suspension of the silica materials on TEM grids with a
continuous carbon film and excess solution was blotted with a filter paper. Nitrogen sorption
measurements were carried out at 77 K using a Tristar Il Plus analyzer. Prior to measurements, the
samples were calcined at 550 °C in air for 6 hours, and degassed at 10 Pa, 250 °C for 6 hours. Dynamic
light scattering (DLS) measurements were performed using a Malvern Panalytical Advance Zetasizer
Ultra with a detection at 173° to characterize the hydrodynamic diameter of OD nanoparticles in water
suspensions. SAXS measurements were performed at CoSAXS beamline (MAX IV synchrotron,
Sweden), with a photon beam of energy 12.4 keV focusing on a scattering vector (g) range of 0.03-3
nm?and at SWING beamline (SOLEIL synchrotron, France) at an energy of 12 keV and a g range of
0.02-4 nm™. Sample solutions with an EO molar concentration of 0.1 M were placed in 1.5 mm quartz
capillaries. The signals were corrected from transmission, and the solvent was measured for
subtraction. Water was used for absolute scaling calibration.
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