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Introduction

Large-pore mesoporous silica: template design,
thin film preparation and biomolecule infiltrationf

Sebastian Alberti, 2 *@ Sonja Schmidt,® Simone Hageneder,© Paula C. Angelomé, (2 ¢
Galo J. A. A. Soler-lllia, @2 Philipp Vana, ©2° Jakub Dostalek, @ '
Omar Azzaroni ¢ and Wolfgang Knoll“®

Nanopores have been applied in the development of artificial biocatalytic systems, controlled drug
delivery, and solid-state sensing devices. The interaction of biomacromolecules with surfaces show a
dependence on the nanopore diameter, crucial in their ability to infiltrate porous materials. In this
context, ordered mesoporous materials obtained by evaporation-induced self-assembly are model
materials to test pore-biomolecule interactions. Nevertheless, these materials are generally restricted to
pore diameters within the 2-10 nm range, therefore, new polymers as templating agents hold potential
to provide an easy reproducible route for the synthesis of mesoporous silica thin films (MTF) with pore
diameters above 10 nm without the use of swelling or additional structuring agents. Here, we present
a novel and simple approach towards large pore MTF through the combination of supramolecular
templating and phase separation with tailor-made block co-polymers. Accurate tuning of the oxide pore
size distribution (with small mesopores between 13-18 nm diameter) is achieved by controlling the
length and the nature of the hydrophilic polymer block used as a template through a simple reversible
addition-fragmentation chain transfer (RAFT) polymerization approach. The importance of these features
is highlighted by showing the capability that these new materials offer for biomolecule infiltration
benchmarked against the widespread MTF prepared using pluronic F127 as a template. Effect of protein
to pore diameter ratio, protein location and effect of pH and ionic strength is briefly tested and
discussed.

drug delivery,” bone regeneration® and solid-state nanopore
sensing devices.” The richness of chemical phenomena in

Nanoporous structures, due to their large area-to-volume ratio
and confinement effect, have proved themselves ideal as adsor-
bents for sensing applications, water purification," catalysis,”™*
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confined environments opens the path to advanced applica-
tions that rely on designed substrate-surface interactions.

In particular, its application in nanopore-based biotechno-
logies is highly sensitive to pore diameter, due to conformation
of biomacromolecules and surface interaction in confinement.®
Optimal nanopore diameters have been reported for enhancing
the stability of the folded structures,’ " and inhibit irreversible
aggregation despite being under protein crowding conditions."”™*
Furthermore, the knowledge of protein location and assembly
within a material will contribute to design programmable or
multifunctional bio-composite systems inside nanopores and
to make nanopore based sensing of protein structures more
accurate.'>'®

Mesoporous oxide thin films (MTF) provide a sound platform
for the creation of ordered arrays of monodisperse cavities.
Nowadays, they can precisely designed and produced in repro-
ducible fashion.'”'® Indeed, the synthesis of MTF by combi-
nation of soft chemistry, self-assembly of supramolecular
templates (Fig. 2), and surface modification permits to create
hybrid interfacial nanoarchitectures where chemical functions
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can be precisely located in space.'®™® Nevertheless, the most
common polymers used as porogenic agents limit the prepara-
tion of MTF to pore sizes below 10 nm in diameter and rather
narrow connecting necks below 5 nm in diameter.>* In this
regard, most reports rely on commercial templating agents
such as CTAB, the diblock co-polymer Brij family, and the
triblock co-polymer pluronic family.>®> Among them, pluronic
F127 gives rise to the biggest pore sizes, with up to 7-8 nm pore
diameter and necks below 4 nm."” These limited pore sizes can
be subsequently further reduced by post-grafting procedures
leading to a loss in porous volume, monodispersity and even-
tually to pore blocking.?**® In applications that require coupling
delicate macromolecules, such as enzymes, to the inorganic
material, the narrow pore size imposes a severe drawback.
In particular, immobilization of biomolecules has appeared as
a promising field for applications such as catalysis, sensing or
soil remediation.”*™*" In this regard, preparing structures with
enlarged pore diameters up to 40 nm represents a step forward,
since they can accommodate macromolecules without losing the
key confinement effects.®*> However, expanding mesopores sizes
beyond 10 nm diameter while ensuring a high pore volume in an
easy and reproducible way without the use of toxic solvents
remains a big challenge.

In search of increasing the pore size in mesoporous struc-
tures, different groups have approached the problem with several
strategies based on the development of specific templating
agents, the addition of swelling agents, or the use of nano-
particles as templates.>>** The evaporation induced self-
assembly (EISA) method is a very flexible and well developed
synthesis route,® yet so far, large pores using a single tem-
plating agent have only been attained in ultrathin oxide films
(pore monolayers or bilayers, or even arranged craters) with
very dilute precursor concentrations.’®*® Furthermore, new
commercial polymers as porogenic agents are usually limited
to polyethylenoxide (PEO) as the hydrophilic block and only
very few alternatives have been proposed.*” These new poly-
mers normally require the use of expensive or toxic solvents
that complicate scaling up of the production.® The introduc-
tion of swelling agents presents an alternative strategy and has
been successfully used in several materials, but this strategy
adds complexity to the solution composition.*® Other limita-
tions like thermal treatments, aging time, layer thickness
and lack of monodispersity are to be considered when this
approach is used.?® A third approach to widening pore dia-
meters through sol-gel chemistry has been based on the use of
nanoparticles as templates, as is the case for latex nano-
particles. This approach mainly leads to macroporous struc-
tures (pore diameter above 50 nm) and interconnectivity
between the pores may be limited.** Despite all these efforts,
pore sizes between 15-40 nm have not been achieved in a
standard and reproducible manner and a new facile route for
pore design within this scale is still needed.*’

In this regard, novel co-polymers prepared by controlled
radical polymerization (CRP) procedures can be used as tem-
plates, taking advantage of incorporating a broad spectrum of
radically (co)polymerizable monomers.*" Controlled polymerization
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strategies (i.e. atom transfer radical polymerization (ATRP),
nitroxide mediated radical polymerization (NMP) and reversible
addition-fragmentation chain transfer polymerization (RAFT))
allow to obtain polymers with low molar mass polydispersity
without the need of further purification.***> Furthermore, this
technique enables the use of less stringent conditions as those
required for anionic polymerization.*> These procedures allow
for the design of a straightforward route for block copolymer
synthesis, as polymerization can be stopped and restarted in
the presence of a new monomer without the need of further
purification. Within CRP, RAFT polymerization provides an easy
protocol for block copolymer synthesis with an outstanding
control over the length and monodispersity of each block,
compatible with commercial monomers (acrylates, methacry-
lates and styrene).* This diversity of functional groups enables
the synthesis of tailor-made polymers. Interestingly, these poly-
mers can be used as template agents but also as precursors to
functionalize the inner pores.*’

In this work, we will briefly discuss the design and the
synthesis of new triblock co-polymers, soluble in ethanol, to be
used as templates for mesoporous silica thin films synthesis
through sol-gel chemistry. The ratio of the hydrophobic block
volume to the hydrophilic block volume will be tuned by
changing the hydrophobic polymer length. In addition, the
degree of hydrophobicity will be studied by changing the nature
of the respective polymer block. This study gives us the oppor-
tunity to find the configuration that will define the pore size
and pore volume of the porous films and guarantee a reprodu-
cibility that is currently not achievable with the available
commercial polymers. These new mesoporous thin films will
be compared to a widely known pluronic F127 based MTF.
Finally, to demonstrate the possible applications of the
obtained materials, we will report a systematic study on bio-
logically relevant proteins infiltration, taking advantage of the
wide MTF pore size here synthesized. The effect of pore size,
protein molecular weight, protein isoelectric point and solution
ionic strength on protein infiltration will also be analyzed, in
search of the limiting conditions for infiltration. The design of
such material is highlighted as a step forward for the clever
design of hybrid materials arising from the integration of
entities coming from supramolecular chemistry, macromolecular
chemistry, biochemistry and material science.

Results and discussion
Co-polymer synthesis and MTF preparation

The synthesis of triblock co-polymers to be used as template
agents was done through RAFT polymerization which requires
the presence of thiocarbonylthio compounds,*® such as dithio-
esters, thiocarbamates, and xanthates known as chain transfer
agents (CTAs). These agents carry R- or Z-groups to mediate the
polymerization via a reversible chain-transfer process. In the
present work, a symmetric trithiocarbonate CTA, diethyl
2,2'-(thiocarbonylbis(sulfanediyl))bis(2-methylpropanoate), with
two equivalent R groups was chosen for the two step synthesis of
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Fig.1 PN-PB and PN-PS polymers structures.

triblock co-polymers (Fig. S1, ESIt). The length of the macro
RAFT agent, i.e. the length of the final outer blocks, was kept
constant and the length of the hydrophobic inner blocks was
varied to modify the head to tail ratio. These structural para-
meters allowed to tune the self-assembly process and thus the
size of the micelle to which the polymer self assembles.

As a final product three N-Isopropylacrylamide (NIPAM)-‘bu-
tylacrylate-NIPAM co-polymers (named PN-PB-12, PN-PB-24 and
PN-PB-48) and other three PNIPAM-polystyrene-PNIPAM co-
polymer (named PN-PS-12, PN-PB-24 and PN-PS-48) were
obtained (see molecular structures in Fig. 1). Table S1 (ESIY)
summarizes the block length and the molecular weight of the
obtained polymers.

The prepared triblock co-polymers were analyzed by thermo-
gravimetric analysis (TGA) and compared to the commercial
polymer Pluronic F127 (Fig. S2, ESIf). Pluronic F127 burns
completely at 230 °C while PN-PB start to decompose at 270 °C
and PN-PB at 340 °C. The residue amount decreases even
further towards higher temperatures, burning completely at
temperatures close to 500 °C.

PtBA/PS
PNIPAM

Pre-
Hydrolized
TEOS

Calcination > -

)

Fig. 2
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Each new block co-polymer was used as a templating agent
to produce mesoporous SiO, thin films. To this end, poly-
mers were added to ethanol solutions of prehydrolized TEOS,
ethanol and hydrochloric acid. Sols showed a colorless clear
appearance in all cases. Nevertheless, it should be noted that
high molecular weight hydrophobic blocks (polymers PN-PB-48
and PN-PS-48) presented limited solubility under the tested
conditions. The increase in the hydrophobic-block molecular
weight lowers polymer solubility and therefore the amount
of template dissolved limits the pore volume, as will be
discussed later.

The sols were spun onto glass substrates and thermally
treated to obtain the mesoporous oxides (Fig. 2). The thermal
treatment was chosen according to TGA results. Although the
polymers are completely decomposed above 500 °C, when they
are used as templating agents, the effect on the oxide structure
should be taken into account. Due to their curvature and thin
wall thickness, mesoporous materials are sensitive to tempera-
ture, and sintering occurs approaching 500 °C, affecting the
porous structure (see Fig. S3, ESIT). Therefore, a temperature
above 370 °C (burning temperature of PN-PS and the second
drop in mass for PN-PB) and below 500 °C was chosen for
calcination. Calcination was done at 400 °C for two hours, the
total amount of residues left was below 25% and 10% for PN-PB
and PN-PS respectively.

The surface of the thin films obtained was analyzed by
Scanning Electron Microscopy (SEM). SEM images, presented
in Fig. 2, show a great variety of pore morphology ranging from
low to high polydispersity and well-defined and shapeless
pores. The information is summarized in the histograms in
Fig. 2. Statistical analysis of the SEM images was performed to
estimate pore distribution and mean pore size of each sample.
Additionally, thin films were studied through ellipsometry at

%V,

2%V, 52%V,, 15%V,,

10 20 30 40 10 20 30 40 10 20 30 40

Pore diameter / nm

10 20 30 40

(A) On the left scheme of the synthesis of the MTF. (B) Histogram showing pore distribution based on SEM images for MTF based on the

synthesized templates: PN-PB-24 (a), PN-PB-48 (b). PN-PS-12 (c), PN-PS-24 (d). The surface was homogenous though the whole sample, pore count
ranges from 25 to 110 depending on the pore density. Pore volume was calculated through ellipsometry measurements at O and 100% humidity.
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0 and 100% humidity to estimate the pore volume accessible to
water vapor.

The two different PN-PB templates (Fig. 2c and d, respec-
tively) allowed for the creation of a MTF with highly mono-
disperse porosity, with a pore diameter that increased with the
molecular weight. The template PN-PB 48 presents a larger
hydrophobic block compared to PN-PB 24, while both PN-PB-24
and PN-PB-48 were designed to achieve a 2-3 fold higher
molecular weight compared to PN-PB-12 (see Fig. S4 and Table
S1, ESIY). This increment in polymer weight was reflected in an
increase of the pore size and porous volume, leading to a 16 nm
mean pore size in the case of PN-PB-24 and 24 nm pore
diameter for PN-PB-48. In this latter case, the length of the
hydrophilic block was two times the hydrophobic block length
and thus the film presented a limited pore volume due to poor
interconnectivity. This was attributed to a decrease in solubility
as the hydrophobic chain increases, limiting the pore size
attainable by this strategy. In the case of PN-PS polymers, well
defined pores were obtained for the MTF based on PN-PS-12
with the smallest molecular weight, with general features
similar to those of PN-PB-24 (both with similar molecular
weight and tail to head ratio), a pore volume of 31% and a
pore diameter of 15 nm. PN-PS-24 MTF, with a higher hydro-
phobic: hydrophilic block ratio, presented a sponge-like struc-
ture with poorly defined pores and wide pore size distribution.
For this case, undefined micelles are responsible for the pore
structure, and undefined aggregates act as molecular spacers.
The increase of the hydrophobic block decreases solubility
dramatically, and the hydrophobic-hydrophilic balance reaches
its solubility limits, preventing any pore structure formation for
PN-PS-48.

This variety on pore morphology accounts for several aspects
regarding hydrophobicity, solubility, block molecular volumes,
and micelle surface area, as described briefly by Israelachivili.*”
A quantitative study would need a meticulous analysis on each
of these variables and the dynamic aspect such as the meso-
structure organization, inorganic condensation, and the ther-
mal treatments. However, a qualitative analysis can be done
taking into account thermodynamic, geometric and kinetic
aspects. From a kinetic point of view, small molecules organize
swiftly, giving rise to more organized structures and therefore
less polydispersity. In contrast, bigger molecules need more
time to self-assemble, in an extreme case working as molecular
spacers. On the other hand, from a thermodynamic point of
view, the hydrophobic/hydrophilic balance is crucial for the
phase separation process. Solubility on ethanol of the high
molecular weight hydrophobic blocks significantly limits the
chances of creating homogenous thin films with high pore
interconnection and with high pore volume. Low solubility
entails low amounts of template molecules and compromises
the mesoporous thin films formation, giving rise to spread-out
pores and poor connectivity as seen in the case of PN-PB-48.
In the worst-case scenario, no pores are found for the final
films as for PN-PS-48. In a more detailed analysis, geometrical
parameters should be considered, as well. The molecular volume
of both the tail (hydrophobic) and the head (hydrophilic) of the
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synthesized polymers are one of the main features that define
micelle size and mesophase morphology and are computed into a
parameter known as compact factor. As the ratio of hydrophobic
to hydrophilic volume increases pore size, eventually, globular,
cylindrical, and lamellar mesophases could be formed.*

MTF-PN-PB-24 Comparison to MTF-F127

According to the results and the discussion presented in the
last section, PN-PB-24 showed the best performance as a
porogenic agent for creating MTF with pore sizes above
15 nm. PN-PB-24-based MTF leads to highly interconnected
pores, with a porous volume above 50%. This outstanding new
MTF was chosen for further characterization and comparison
with mesoporous thin films obtained through commercial
block co-polymer, Pluronic F127, commonly used in the
literature."®>*?> SEM images, environmental ellipsometric por-
osimetry (EEP), X-ray reflectometry (XRR) at 0 and 100%
humidity, and grazing incidence small angle X-ray scattering
(GI-SAXS) for both thin films are shown and compared in Fig. 3
and 4, respectively. Additional AFM and SEM cross section of
PN-PB-24 templated films are presented in Fig. S5, ESL

As can be seen from the SEM images, pores sizes for films
obtained using PN-PB-24 are much wider than the ones
obtained with Pluronic F127, a mean diameter size of 17 nm
is obtained in contrast to a mean size of 7 nm for the
commercial polymer; this results matches perfectly with pore
size distribution measured by EEP and relate to a surface area
of 380 m*> ¢ and 270 m® g~ measured following BET model.
XRR measurements (Fig. 4a and b) show well-defined Kiessig
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Fig. 3 SEM analysis of the films surface for MTF-F127 (a) and MTF-PB-PB-
24 (b) samples. EEP isotherm (b) and pore distribution analysis (c) for
MTF-PN-PB-24 (green) and MTF-F127 (blue)
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Fig. 4 X-ray Reflectometry results obtained at low and high RH for (a)
MTF-PN-PB-24 and (b) MTF-F127. Insets: Critical angle displacement
upon water adsorption. GI-SAXS patterns for (c) MTF-F127 and (d) MTF-
PN-PB24.

fringes for both films exhibiting smooth surfaces and thickness
was calculated to be approximately 200 nm and 300 nm for
MTF-F127 and MTF-PN-PB-24, respectively. XRR measurements
performed at 0% RH and 100% RH confirm a porous volume
accessible to water above of 50% for MTF-PN-PB-24 sample.
These results are in agreement with the data acquire by EEP
measurements which shows a porous volume of 53% and 45%
for MTF-PN-PB-24 and MTF-F127, respectively. Additionally,
interplanar distance of 7 nm along the Z-axis could be calcu-
lated from XRR for MTF-F127 sample. Data from MTF-PN-PB-24
samples show a much less clearly defined interplanar distance
along the Z-axis of 15 nm.

Finally, GI-SAXS measurements (Fig. 4c and d) confirm a
more ordered structure for the F127 templated sample. This
sample presents a uniaxially contracted body centered cubic
Im3m mesostructure, as reported elsewhere.*® The MTF-PN-PB-
24 sample, on the other hand, shows a local order but not an as
well-defined structure as the F127 based ones, in agreement
with XRR measurements. Nevertheless, these measurements
allow to calculate interplanar distances within the X-Y-plane for
both systems, being 26,6 nm and 12,2 nm for PN-PB-24 and
F127, respectively. It is worth noting that interplanar distances
within X-Y plane are much larger (around 70% larger) than
those perpendicular to the Z axis due to contraction in Z
direction after thermal treatments, typical of mesoporous thin
films (Fig. S5, ESI).*®
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Biomolecules infiltration

While mesoporous silica was demonstrated to be a compelling
candidate for the implementation of biotechnological applica-
tions requiring protein confinement and immobilization, the
understanding of protein behavior upon physical adsorption
into silica pores is limited. Infiltration of proteins and, in
particular, enzymes into porous structures has been exploited
as a key strategy for sensing purposes, biocatalyst platforms*®
or fuel cells.***%! Furthermore, encapsulation of enzymes has
been seen as an outstanding way to improve enzyme stability®>
and was exploited for catalytic purposes and even soil or water
remediation.>® From another perspective, the possibility to
avoid protein infiltration may give these materials the ability
to sieve small molecules from complex solution, such as blood
or saliva, for sensing purposes.>

Infiltration of macromolecules has been described pre-
viously by several authors®>” by indirect methods to assess
general adsorbed protein, such as Fourier-transform infrared
spectroscopy and activity assays or depletion from solution.
However, the limitation of these methods to distinguish spatial
protein arrangement within the pores and the outer surface
compromise future applications. In particular, Caruso’s and
Jiskoot’s groups studied infiltration of proteins in mesoporous
particles,* nevertheless their study based on silica particles has
spatial resolution limitations. MTF open the door to specific
characterization techniques able to discriminate between the
deposition of molecules inside the pores from the deposi-
tion on the top surface of the film through widely available
techniques such as ellipsometry, XRR or optical waveguide
spectroscopy (OWS).

In this work, infiltration of biomolecules within MTF was
carried out to analyze the potentialities of the new wide pores.
For this purpose, a concise infiltration study was performed in
MTF-PN-PB-24, and similar studies were done on MTF-F127 for
comparison purposes. Multi-mode OWS, through a careful
study of the changes of the guided modes in the thin film,
allows us to distinguish infiltration of proteins to the outer
interface due to the refractive index change in distinct layers
(examples and more details are provided in Fig. S6 and S7,
ESIt).”® Thus, OWS is the technique of choice for a systematic
study on the infiltration of biologically relevant proteins in
mesoporous thin layers.

Five proteins of different molecular weights with isoelectric
points above 5 were selected to test the infiltration: adenosine
deaminase, neutravidin, glutaminase, amino acid oxidase, and
urease. The influence of ionic strength and isoelectric point
was taken into account to determine the best conditions for
infiltration (see Table S2, ESIt). The isoelectric point was care-
fully selected to be above the working pH, since this will
determine a positive protein charge and avoid charge exclusion
to hinder any protein infiltration. Lactalbumin is used to test
the importance of the isoelectric point in the infiltration: at
Ph = 7 lactalbuminis negatively charged and, despite its small
size, is not able to infiltrate.

Additionally, we prove that an increase in ionic strength
may favor protein infiltration (Table 1 and Table S2, ESI), in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3qm00378g

Open Access Article. Published on 13 July 2023. Downloaded on 2/20/2024 5:44:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

View Article Online

Materials Chemistry Frontiers

Table1 Change in refractive index of MTF-PN-PB-24 and in the thickness of the polymer layer on top. Characteristic data of the enzymes is added for

comparison

Protein Molecular weight (kDa) Isoelectric point pH Buffer ARefractive index AThickness (nm) Diameter range (nm)
Lysozyme 14 10 5 PBS 0.061 (27% pore filling) 5 3-5

Neutravidin 66 6.3 4.5 PBS 0.023 (10% pore filling) 10 4-6

Glutaminase 110 5.4 4.5 PBS 0.024 (10% pore filling) 6 6-10

Amino acid oxidase 110 6.3 4.5 PBS 0.026 (11% pore filling) 7 5-11

Urease 440 5.2 4.5 PBS 0.008 23.3 14-20

Table 2 Change in refractive index of MTF-F127 and in the thickness of the polymer layer on top. Characteristic data of the enzymes is added for

comparison

Protein Molecular weight (kDa) Isoelectric point pH Buffer ARefractive index AThickness (nm) Diameter range (nm)
Lysozyme 14 10 5 PBS 0.012 (7% pore filling) 23 3-5

Lysozyme 14 10 5 PBSx 10" —0.01 10 3-5

Lactalbumin 14 4 7 PBS —0.003 0 2-4

Neutravidin 66 6.3 4.5 PBS —0.009 5 4-6

agreement with work reported by Lazzara et al. and Caruso’s
group.®®®® The results are summarized in Table 1 for the
system MTF-PN-PB-24 and Table 2 for system MTF-F127. It is
worth noticing that for MTF-F127 the smallest enzymes were
studied (lysozyme, lactalbumin and neutravidin) as no infiltra-
tion occurs for larger molecules.

The results show that proteins above 110 kDa are not able to
infiltrate MTF-PN-PB-24 porous matrix. In contrast, all proteins
are adsorbed on top of the MTF layer, with a layer thickness
that increases as the molecular weight becomes larger. This
tendency is disrupted by neutravidin, for this protein the over-
layer thickness doubles the molecule size. Although the model
parameters (refractive index of the porous layer and thickness
of the overlayer) is limited to the number of guided modes
(TM, and TE,) and no gradient can be modeled, this anomalous
result may account for some protein infiltration in the pores
close to the surface, before a complete pore blocking. This
results are in agreement with recent publication on myoglobin
infiltration and condensation at pores entrance.'*® Results of
infiltration of glutaminase and amino acid oxidase show an
increased overlayer deposition close to the enzyme diameter.
In case of urase the infiltration into the structure seems to be
hindered and an overlayer thickness similar in value to the
enzyme diameter was measured.

Infiltration of proteins through MTF-F127 layers is only
feasible for low molecular weight proteins. Lysozyme does not
infiltrate the whole pore structure (pore filling 7%) as could
be seen for MTF-PN-PB-24 (pore filling 27%), nevertheless,
the protein layer thickness triples the enzyme mean diameter
value. Therefore, we can argue that the enzyme infiltrates the
first layer of pores before a complete blockage. In the same way
as described for neutravidin in the MTF-PN-PB-24 system, here
we are in the presence of a limiting case where infiltration
is hindered partially and limited to the superficial pores.
Therefore, bigger proteins are not be able to infiltrate the
structure. This assumption is supported by the inability of
neutravidin to infiltrate. These results clearly demonstrate that
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the preparation of mesoporous thin films with wider pores
give rise to more accessible materials for macromolecules and
biomolecules incorporation, as exemplified here with protein
infiltration.

Experimental

Materials

N-Isopropylacrylamide (NIPAM, TCI-Chemicals, 97%), and 2,2'-
Azobis-(methylpropionitrile) (AIBN, Akzo Nobel, 98%) were
recrystallized twice from toluene/hexane (3:1) and methanol
and dried. tert-Butylacrylate (‘BA) and styrene (St) were pur-
chase from Sigma Aldrich and passed through a basic aluminum
oxide column before use. All other chemicals were obtained from
commercial sources and used without further purification. Diethyl
2,2'~(thiocarbonylbis(sulfanediyl))bis(2-methylpropanoate) was
synthesized following a procedure published earlier*® using
ethanol instead of butanol as solvent. Ethanol, pluronic F127,
tetraethyl ortosilicate (TEOS), hydrochloric acid, Potassium
hydroxide, were purchased from Sigma-Aldrich. Ultrapure water
(Resistivity = 18 MQ cm ") was used in all of the experiments.

Neutravidin was obtained from Thermo scientific, glutami-
nase (40%) from Sorachim, p-amino acid oxidase (90%) from
Calzyme, and Urease from Canavalia ensiformis (Jack Bean)
type IX (50 000-100 000 units per g), lactalbumin form bovine
milk (85%) and Lysozyme (98%) were provided by Sigma-
Aldrich.

Methods

General procedure for the template synthesis. The RAFT
agent (CTA), NIPAM, AIBN and DMF were introduced in a
reaction vial sealed with a septum (see Table S1 for quantity
of reagents, ESIT). The polymerization solution was deoxige-
nated bubbling argon during 20 min on ice. The vial was taken
to a 70 °C heating block to polymerize for 24 hours. The
resultant solutions were precipitated twice in cold diethylether
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(Fig. S1, ESIt). Molecular mass was determined through size
exclusion chromatography (SEC). This polymer will become the
macro-RAFT agent used on the following polymerization.

Synthesis of the hydrophobic block. The macroRAFT agents,
AIBN, tert-butyl acrylate or styrene, were dissolved in DMF
(see Table 1). The solution was degassed bubbling argon for
20 minutes on ice and divided in three aliquots. The solution
was taken to a 60 °C bath for 12, 24 and 48 hours (Fig. S1, ESIt).
The resultant solution was precipitated on hexane. SEC analysis
reveals monomer conversion and the molecular weight. The
ratio between monomer was studied through Nuclear Magnetic
Resonance (NMR).

Nuclear magnetic resonance. Spectra were measured with
a Varian Unity 300 instrument, using deuterated dichloro-
methane as solvent. The spectra were calibrated to the residual
signal of the solvent.

Size exclusion chromatography. Characterization of all poly-
mer samples was performed with DMAc containing 0.1% (w/w)
of lithium bromide as the eluent using an Agilent 1260 Infinity
system, composed with an autosampler, an isocratic solvent
pump, a PSS GRAM (polyester co-polymer network) precolumn
(8 x 50 mm), three PSS GRAM separation columns (8 x 300 m,
nominal particle size = 10™° m; pore sizes = 30, 10°, and 10° A)
maintained at 45 °C in a column compartment, a 80 Hz UV
detector (set to a wavelength of 310 nm for the RAFT polymers),
and a refractive index (RI) detector. The flow rate of the mobile
phase was 8 x 10~* L min~". The whole setup was calibrated
with a total of 12 PSS/poly(methyl methacrylate) standards
(M, = 0.8 — 1820 kg mol™") of low dispersity with toluene as
internal standard. All samples were filtered through a 450 nm
PTFE syringe filter prior to injection. The concentration of the
polymer samples was 3 g L.

Thermogravimetry Analysis (TGA). Thermal stability of the
polymers was studied on a Netzsch TG 209 F3 Tarsus equip-
ment from ambient temperature to 1000 °C with a heating rate
of 10 °C min~" under an air flow of 10 mL min .

Sols and thin films preparation. Sols were prepared under
continuous stirring. Prehydrolized TEOS®' was added to etha-
nol, subsequently the templating agent and acidic water were
incorporated. The final molar ratios for MTF-F127 sol was: 1
TEOS:0.005 F127:40 EtOH:10 H,0:0.01 HCIL The solution
was aged during two days prior to film preparation. New
polymer - sols solution were prepared by replacing pluronic
F127 for the synthesized polymers. The tested final composi-
tion were: 1 TEOS :X PNIPAM-b-P'BA-b-PNIPAM : 40 EtOH:10
H,0:0.01 HCl and 1 TEOS:X PNIPAM-b-P5-h-PNIPAM : 40
EtOH:10 H,0:0.01 HCI, with X between 0.003 and 0.004
depending on the molecular weight; the mass was kept con-
stant for the different polymers.

MTF were synthesized by spin coating the corresponding
sol at 1500 rpm for 1 minute over glass substrates. After
deposition, the films were subject to a thermal treatment as
follows: 60 °C for 30 minutes, 130 °C for another 30 minutes
and finally at 400 °C for 2 hours, achieved with a temperature
ramp of 3 °C per minute.

4148 | Mater. Chem. Front., 2023, 7, 4142-4151

View Article Online

Research Article

Ellipsometry. Film thickness and refractive index were
measured using a SOPRA GES5A spectroscopic ellipsometer.
Measurement of the ellipsometric parameters ¢ (Phi) and 4
(Delta) were carried out under dry nitrogen flux in order to
avoid water condensation within the mesopores or under
controlled humidity (up to 100% relative humidity). For F127
and PN-PB templated MTF, samples of choice, a complete
isotherm was measured. The measured ¢ and 4 were satisfac-
torily fitted with a one-layer model. A Briiggemann effective
medium approximation (BEMA) was used to determine the
pore volume fraction (V,ore/%) from the refractive index values,
considering two phases made up of silica (7g33n,m = 1.455) and
void pores (n = 1).

Optical waveguide spectroscopy (OWS). For these measure-
ments, the MTFs were attached to gold-coated glass substrate
made of LASFN9 glass. These substrates were cut to a size of
20 x 20 mm and cleaned thoroughly in a 2% solution of
Hellmanex in water under sonication and subsequent rinsing
with water and isopropanol. Vacuum thermal evaporation
(HHV AUTO 306 from HHV LTD) in vacuum better than
10~® mbar was used for the subsequent deposition of 2 nm
of Cr and 50 nm of Au. After thin film deposition, the
gold-coated substrates were stored in argon atmosphere or
immediately used for deposition of MTF.

Measurements were performed using a home-built optical
instrument relying on Kretschmann configuration utilizing
attenuated total reflection (ATR) configuration. It relies on
the resonant optical excitation of surface plasmons (SPs) and
dielectric OW modes at the sensor surface. Shortly, linearly
polarized monochromatic light from a He-Ne laser (PL610P,
Polytec, Germany, power 2 mW, wavelength 4 = 632.8 nm) was
made passing through a chopper (Princeton Applied Research,
USA) and a polarizer, and was coupled to a LASFN9 prism. Onto
the prism base, a LASFNO glass substrate with a 2 nm layer of Cr
and 50 nm thick layer of Au was optically matched using
immersion oil (Cargile, USA). A flow-cell consisting of a rubber
o-ring and a glass substrate with drilled inlet and outlet ports
was pressed against the MTF surface to form a chamber with
approximately 250 pl volume.

The intensity of the light beam reflected at the prism base
was measured using a photodetector and a lock-in amplifier
(Model 5210, Princeton Applied Research, USA). The angle of
incidence of the light beam was controlled using a rotation
stage (Hans Huber AG, Germany). Thereby, the intensity of the
light was recorded as a function of the angle of incidence in
order to monitor changes in the excitation of surface plasmons
(SPs) and optical waveguides modes (OWMs). These modes
can be seen as dips in the recorded spectrum in transverse
magnetic (TM) polarization for SPs, set by the polarizer, and in
both, transverse electric (TE) or transverse magnetic (TM)
polarization for OWMs. The readout signal was recorded using
Winspall software developed at the Max Planck Institute for
Polymer Research, Mainz, Germany.

Grazing-incidence small angle X-ray scattering (GI-SAXS).
Measurements were done with a XEUSS 1.0 (XENOCS, Grenoble)
instrument with a X Ray source GNIX 3D micro focus and a
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PILATUS detector 100 k (Dectris). The sample/detector distance
was 1348 mm.

X-ray reflectometry (XRR). Experiments were carried out with
a Panalytical Empyrean diffractometer using Cu Ko radiation
(A =1,54 A), a 0.38 mm slit and a 10 mm mask. The critical
angle was determined at both 5-10% and 90-95% relative
humidity, and the accessible porosity was determined from
the displacement of this parameter.®>

Protein infiltration. Glass substrates with 2 nm Cr and
50 nm Au were covered with silica thin films deposited by spin
coating at 1000 rpm. The samples were analysed by OWS at TE
and TM polarization before and during immersion in a solution
of the selected protein in PBS buffer (0.5 mg ml~"). PBS buffer
was composed of 140 mM NacCl, 10 mM phosphate buffer, and
3 mM KCIl. The immersion was done for 20 minutes, rinsed
with distilled water two times and dried under a stream of
nitrogen. All measurements were done under nitrogen atmo-
sphere before and after the infiltration.

Scanning electron microscopy (SEM). SEM measurements
were carried out in a Field Emission SEM ZEISS LEO 982
GEMINI. Pore structure, pore size and thin layer thicknesses
were analysed with Image] software.

Conclusions

In this work, we employed RAFT polymerization to develop new
porous materials paving the way for the design of silica-based
materials with new pores size and pore morphologies. Triblock
co-polymer synthetized in work are able to grant a high pore
volume, pore diameter above 15 nm and high interconnectivity
to mesoporous silica, difficult to achieve using other strategies
or commercial attainable block copolymers. This new MTF
system have proven to be of high interest for coupling meso-
porous materials to macromolecular or biologic entities as
enzymes through infiltration, while MTF-F127 based scaffolds
present limitations to such applications due to its small pore
size. In particularly, it was demonstrated that, the limit of
molecular weight for protein infiltration would be approxi-
mately 15 kDa for MTF-F127 and 110 kDa for MTF-PN-PB-24.

The results presented in this work should be taken into
account for the future design of porous scaffolds for sensors,*®
catalysis,®* fuel cells®® and soil remedation®' that required
enzyme, protein or other macromolecule infiltration. In particular,
the information presented is highly relevant for both, encapsula-
tion and sieving purposes of porous silica coatings. Although
activity of the enzymes studied has not been tested in this work,
the presented results provide the foundation for understanding
the relation between infiltration and enzymatic activity, as has
been exemplified in a recent work.>

In summary, this work is an example of rational design
implemented in the synthesis of new porous materials and bio-
hybrid materials starting from the template design to the
infiltration of macromolecules for potential applications. Two
different pathways for functionalizing pores can be ascertained
from this work. In the first case we expanded the strategies for
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custom made block co-polymers to be used for tailor made
functionalization of hybrid thin films.®® In the second, after
template removal, infiltration of macromolecules provides the
functionalization required.
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