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Powerful Protein Nanoreservoirs Based on Stellate
Mesoporous Silica Embedded in Composite Hydrogels:
From Burst Release to Retention

Joëlle Bizeau, Morgane Rabineau, Julie Buisson, Théo Lucante, Cédric Leuvrey,
Ksenia Parkhomenko, Philippe Lavalle, and Damien Mertz*

In the biomaterials field, one major issue with hydrogels (HGs) loaded with
active therapeutics is the spontaneous leaking of the cargo occurring rapidly,
usually over several hours. However, biological processes involved in
regenerative medicine would require to have a sustained drug delivery lasting
over weeks/months or be triggered only when a specific biochemical stimulus
(enzymatic, cellular, or antimicrobial) is applied. In this work, this challenge is
addressed by demonstrating that the spontaneous protein release from an
agarose HG (used as model HG) can be partially or totally blocked by the
incorporation of stellate mesoporous silica (STMS) nanoparticles (NPs, ≈150
± 28 nm size, 15 nm pore) within the HG. It is shown here that the porous
silica NPs act as sub-micrometer size reservoirs ensuring precise level
retention simply by playing on the amount of STMS embedded in the HG.
Further, this effect is shown for various proteins demonstrating the versatility
of this concept.

1. Introduction

Proteins have been studied as therapeutic agents since decades as
they present several advantages compared to synthesized drugs.
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Indeed, the endogenous source of these bio-
macromolecules makes them intrinsically
biocompatible and biodegradable with non-
toxic degradation products, and their in-
volvement in a lot of biological processes al-
lows their use in a wide range of therapeutic
applications (cancer therapy, diabetes treat-
ment, tissue engineering, etc.). The disad-
vantages of using such bio-macromolecules
are also well known (short half-life, poor
membrane permeability, and conforma-
tional fragility) and led to the development
of a lot of protein delivery systems (PDSs)
to counteract these drawbacks.[1–4]

Among the possible PDS formulations,
hydrogels (HGs) present a certain interest
in the delivery of proteins for tissue engi-
neering as they are 3D polymer networks
able to absorb a high amount of water.
This ability makes them quite suitable for

the encapsulation of proteins as their water pockets provide a
hydrophilic environment that can encapsulate them while pro-
tecting them, which notably avoids their denaturation and loss
of biological activity.[5–7] In addition, HGs are quite easily tun-
able, as their water absorption capacity and viscoelasticity can be
modulated by playing on the cross-linking density of the poly-
mer, which is already a challenge to perform without using toxic
molecules.[8,9] However, a huge challenge that researchers are
still facing when developing HG for protein delivery, and drug
delivery in general, is to avoid the spontaneous leakage of the
therapeutic molecule due to the loading strategy.[6] Indeed, the
molecules are loaded in the water pockets, but these are usually
of a higher size and do not retain the therapeutic molecules. Spe-
cific efforts should thus be put in the development of HGs able
to finely control the release of proteins in order to avoid a burst
release that would empty the system too quickly and may lead to
negative side effects due to the presence of a too high amount of
proteins.[10]

To our knowledge, most of the HGs are developed to get a sus-
tained release, which is still an improvement compared to the in-
jection of aqueous solutions of protein.[1] The strategies reported
are mainly to render the HGs sensitive to internal (temperature,
pH, ionic strength, etc.)[5–7,11,12] or external stimuli.[13,14] Some
articles also use the protein immobilization into the HGs, as re-
ported by Wang et al. who developed a photoresponsive HGs by
using the ability of the C-terminal adenosylcobalamin binding
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domain in CarH protein to form a tetramer in the dark by binding
to adenosylcobalamin AdoB12.[13] Other examples are the work
reported by Zhang et al. in which they used the ability of ap-
tamer to specifically bind to proteins[15] and the work reported by
Delplace et al. who used the SH3 binding peptide.[16] An interest-
ing work is the one reported by Awada et al. in which a fibrin HG
was loaded with tissue inhibitor of metalloproteinases-3 (TIMP-
3) and heparin-protein coacervates made with basic fibroblast
growth factor (FGF-2) or stromal cell-derived factor-1𝛼 (SDF-1𝛼).
This allowed the desired burst release of TIMP-3 while FGF-2 and
SDF-1𝛼 were slowly and continuously released for a better cardiac
tissue regeneration.[17] Another strategy is to develop composite
HGs by including a nanomaterial in this structure, which has
been reported with poly(lactic-co-glycolic acid) (PLGA) nanopar-
ticles (NPs),[18] heparin microparticles,[19] poly(lactic acid) (PLA)
short electrospun fibers,[20] and nanosilicates.[21] However, most
of the release profiles reported in these studies present a
burst release[6–11,16,18,22–26] and few actually works on reducing
or even stopping it. Among the 26 papers checked, we found
only four that worked in this direction, and they correspond
to the one reporting composite systems,[18–20] except for the
nanosilicates that were first used to improve the HGs’ mechan-
ical properties,[21] and the coarcervate system.[17] For example,
Dai et al. clearly express that they combine PLGA NPs and
chitosan/𝛽-glycerophosphate thermosensitive HGs for the deliv-
ery of protein to the inner ear to counteract the fast elimination
of NPs and the protein fast leaking from HGs.[18]

There is thus a real need to develop new HG systems which
would ensure controlled protein retention and ultimately de-
sired controlled pulsatile release. To address this challenge,
composite HGs in which a nanomaterial would be used as a
protein reservoir embedded in an HG seem to be a promising
route as they would better control the protein delivery but also
increase the HG mechanical strength and can present external
field-responsive properties if used activable nanoparticles.[27]

Among the possible protein reservoirs, mesoporous silica micro-
and nanoparticles are of particular interest as it is simple to
synthesize via surfactant-assisted sol–gel methods, biocompat-
ible and robust systems that were already reported for protein
delivery.[1] More specifically, we reported the use of stellate
mesoporous silica (STMS) nanoparticles, particularly suitable
for macromolecule delivery as the pore size is around 15 nm,[28]

for the sustained release of human serum albumin (HSA) and
horseradish peroxidase (HRP) under dynamic conditions after
the functionalization with isobutyramide, a moiety acting as a
molecular glue.[29] Even if we reported the HG self-assembly of
peptides fibers from enzyme bound to STMS quite recently,[30]

no work to date envisioned the use of STMS as sub-micrometer
size protein reservoirs.

Herein, with the aim to address the challenge of the sponta-
neous protein release from HGs, we investigated the ability of
new composite HGs, made from STMS NPs dispersed in an
agarose HG, to block and even to tune the spontaneous pro-
tein release (concept represented in Scheme 1). Agarose coming
from agar–agar or agar-bearing marine algae was used here to
produce model HGs as it is biocompatible, biodegradable, and
cost-effective. In addition, agarose HGs are easily formed with-
out covalent cross-linkers with easily tunable mechanical prop-
erties (elastic moduli), as they are linked to the agarose content.

We report here that incorporating STMS NPs allows us to switch
the protein behavior from a spontaneous release without any par-
ticles to a total protein retention within the agarose HG using a
high amount of NPs (5 wt%). In the first part, we investigated the
effect of the NPs formulation within the HG to control the pro-
tein burst release or its retention using HSA as a model protein.
In the second part, with the aim to demonstrate the versatility of
the approach toward various proteins, three other proteins (en-
zymes) were studied in depth: HRP, alkaline phosphatase (ALP),
and lysozyme (LYS). To validate the mechanism of protein re-
tention where the STMS plays the role of sub-micrometer size
protein reservoirs, HG structures bearing large pore silica mi-
croparticles and loaded with the four fluorescently labeled pro-
teins were imaged in details by confocal microscopy. Then, the
biological features of the proteins were investigated first using
circular dichroism on the four proteins and second performing
enzymatic activity tests on HRP and ALP. Even if the conforma-
tion of the four proteins seems to change while released from
agarose HG, the enzymatic activity of HRP and ALP was found
to be maintained whether these enzymes were released from an
STMS-free agarose HG or immobilized on STMS NPs, showing
the potential of such systems to be used for medical applications.

2. Results and Discussion

2.1. Effect of the STMS Amount within the HG on the
Spontaneous Release of HSA

The first objective of this work was to evaluate the impact of the
STMS content on the loading and spontaneous release of a model
protein from an agarose/STMS composite HG. To do so, we de-
cided to work with a fixed volume of HG of 2 mL at 1 wt% and a
fixed amount of HSA of 2 mg. To evaluate the amount of loaded
protein, we used the indirect method by quantifying the amount
of unloaded protein in the loading supernatant (LS) and in the
washing supernatant (WS) and converted it into the loading con-
tent (LC) defined as given in Equation (1)

LC
(
𝜇g mL−1

)
=

mloaded protein

VHG
=

madded protein − munloaded protein

VHG

(1)

with mloaded protein in μg and VHG being the volume of HG in mL.
We also defined the loading efficiency (LE) as given in Equa-
tion (2)

LE (%) =
mloaded protein

madded protein
× 100 (2)

with all the masses in μg.
In addition, we choose the bicinchoninic acid (BCA) assay

as quantification technique as it was shown to be one of the
most powerful and robust techniques as compared to other
methods.[29] The corresponding calibration curve in deionized
water (dH2O) is given in Figure S1 (Supporting Information).

The STMS NPs with a size of ≈150 ± 28 nm were synthesized
and characterized as reported previously[29,35–37] (Figure 1A–C)
and washed three times with dH2O prior to be used to fabri-
cate the HGs. The composite HGs were then prepared by mixing
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Scheme 1. Representative scheme of the study and its main results. Representation of HSA, HRP, ALP, and LYS provided by Protein Data Base by Sugio
et al.,[31] Berglund et al.,[32] Kim and Wyckoff,[33] and Muraki et al.,[34] respectively.

equal volumes of a 2 wt% agarose solution and a 2*x wt% STMS
solution, x being the final concentration of STMS in the HG, as
schematically represented in Figure 1D. A picture of the obtained
HGs is given in Figure 1E.

The impact of such STMS embedding in agarose HG in terms
of mechanical properties was investigated by performing strain
sweep measurements at a fixed frequency of 1 Hz and at 25 °C.
The results, presented in Figure 2, confirm that the systems are
in a hydrogel state, as the storage modulus G′ remains higher

than the loss modulus G″. What can also be seen is that the addi-
tion of STMS increases the linear viscoelastic linear region of the
hydrogel, without a clear impact of the amount of STMS though.
However, increasing the amount of STMS clearly decreases the
storage modulus G′ from 5711 ± 613 Pa (0 wt%) to 3056 ± 108
Pa (5 wt%) but without affecting its gelation property.

We then investigated the loading and release of proteins, which
was the main objective of this work. The basic procedure of
the HG loading, in which conditions were established thanks
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Figure 1. A) SEM image of the STMS NPs. B) TEM image of the STMS NPs. C) Size distribution of STMS NPs with the Gaussian fit of the curve. D)
Schematic representation of the preparation of agarose/STMS composite HG. E) Picture of the obtained agarose/STMS composite HGs.

to preliminary experiments, is schematized in Figure 3A, and
the loading results are shown in Figure 3B. As can be seen, the
STMS loading contributes to increase the loading of HSA in the
agarose/STMS composite HGs as the LC ranges from ≈772 ± 5
μg mL−1 (STMS free) to ≈953 ± 20 μg mL−1 (5 wt% STMS) which
corresponds, respectively, to an LE ranging from ≈77 ± 0.5% to
≈95± 2%. These results correspond to the final loading, so taking
into account the protein lost in the WS. But we quantified inde-
pendently the LS and the WS to evaluate the amount of HSA that
were just deposited on the surface of the HG and thus eliminated

by the quick washing. To do so, the mloaded protein was evaluated us-
ing only the values measured in the LS and then the percentage
of lost protein was expressed as a fraction of this loaded amount,
as shown in Equation (3)

Percentage of lost protein (%) =
mprotein in WS

2000 − mprotein in LS
× 100 (3)

with all the masses in μg.
The results presented in Figure S2 (Supporting Information)

indicate small losses for the STMS-free HG as ≈4.7 ± 0.2% of the

Figure 2. A) Representative curves of the storage and loss moduli evolution through strain sweep measurements for three agarose/STMS composite
HGs. B) Evolution of the storage modulus G′ in function of the amount of STMS.

Macromol. Chem. Phys. 2024, 2400035 2400035 (4 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 3. A) Schematic representation of the preparation of the
agarose/STMS composite HG. B) LC of HSA in the HG in function of the
amount of STMS.

total amount of loaded protein is lost during the washing. For the
STMS-loaded HGs, the losses are still even lower (from ≈3.8 ±
0.4% loss with 0.5 wt% of STMS to ≈0.6 ± 0.1% loss with 5 wt%)
meaning that the loading is very efficient with a good integration
of almost all the HSA inside the agarose/STMS composite HGs.

We then studied the release of HSA from the agarose/STMS
composite HGs over 144 h (6 days) and in dH2O. We investigated
this release at three different temperatures: 4 °C that would be a
storage temperature, 37 °C that is the human biological temper-
ature, and 45 °C that is a characteristic temperature in hyperther-
mia. We wanted to explore the release at this last temperature in
addition to the others, as our team also has an expertise in the syn-
thesis of iron oxide core@STMS shell nanoparticles (IO@STMS)
that were already shown to be great heating agents under mag-
netic field stimulus and near infra-red light irradiation.[28,38,39]

Such a study was then performed in order to evaluate the pos-
sible combination of protein release with magnetic or photonic
hyperthermia, or even the improvement of protein release by hy-
perthermia. The release profiles of all the conditions are repre-
sented in Figure 4, and Figure 5 regroups the release profiles at
37 °C for a better comparison. As it can be seen, the temperature
did not impact significantly the release of HSA. However, and
more importantly, the higher the STMS loading, the lower the
HSA release, or the higher the HSA retention. Indeed, we de-
creased the HSA release from the totality (100%) without STMS
to ≈44 ± 1.2% with only 0.5 wt% of STMS and to ≈1.4 ± 0.9%
with 5 wt% of STMS.

From here, we considered our system as a protein retention
system.

2.2. Versatility of the System toward Other Proteins

Following these very encouraging first results obtained with
HSA, and with the aim to generalize this concept, we investigated
the possibility of using agarose/STMS composite HGs for the re-
tention of other proteins. Thus, we translated here the previous
study to different proteins with a release performed in phospate-
buffered saline (PBS) at physiologic pH (7.4). We added HRP,
ALP, and LYS to the study, where main characteristics are pre-
sented in Figure 6A, and we performed exactly the same exper-
iments. The quantification technique used was still the BCA as-
say, with a calibration curve prepared for each protein in each
solvent (see Figures S3 and S4 in the Supporting Information for
the calibration curves in dH2O and in PBS, respectively). By do-
ing so, we verified that there was no impact of the PBS buffer
on the BCA assay. For all proteins used, and by increasing STMS
amount from 0 to 5 wt%, the loading results (Figure 6B) gave
similar trends than in the previous study, i.e., the protein loading
was again improved by a higher amount of STMS. Further, the
LE was again very high and improved as it ranged from ≈77.1 ±
0.6% to ≈94.8 ± 0.7% for HSA, ≈77.1 ± 0.6% to ≈99.3 ± 0.2% for
HRP, ≈77.3 ± 1.2% to ≈80.8 ± 2.2% for ALP, and ≈87.0 ± 0.4%
to ≈94.7 ± 0.6% for LYS. In addition, the loss during washing
was also very low for all proteins (maximum ≈5.4 ± 0.2%, which
corresponds to HRP loaded in agarose HG with 0 wt% STMS)
with again a strong reduction of this loss with the increase of the
STMS amount (Figure S5, Supporting Information).

The protein release was also studied at the three temperatures
with the same conditions used for HSA release over 144 h. For all
the proteins, similar results than previously were obtained. First,
the release profiles (Figure 7) show no impact of temperature in-
crease on the release, except for ALP with a slight increase. More
importantly, the comparison of the final release at 37 °C (Figure
8) also shows an increased retention of the proteins with the in-
crease of the STMS loading as the protein release was reduced
from ≈99.2 ± 5.2% without STMS to ≈45.1 ± 2.1% with only
0.5 wt% of STMS and ≈9.4 ± 7.2% with 5 wt% of STMS in the
case of HSA, which correlates well with the results obtained in
dH2O. Regarding the other proteins, the release dropped down
from 100% for HRP and ALP to ≈33.6 ± 2.3% (0.5 wt% STMS)
and ≈10.4 ± 0.7% (5 wt% STMS) in the case of HRP and to ≈74.7
± 1.1% (0.5 wt% STMS) and ≈41.9 ± 1.9% (5 wt% STMS) in the
case of ALP. The decrease of the release was even more impres-
sive for LYS as it went from ≈92.4 ± 12.8% (0 wt% STMS) to
≈15.0 ± 1.3% (0.5 wt% STMS) and ≈2.5 ± 0.2% (5 wt% STMS).

Thus, these experiments demonstrated i) the impressive load-
ing efficiency of agarose/STMS composite HGs obtained with
the four proteins, and ii) the clear retention of protein effect asso-
ciated with the presence of STMS in the HG, which demonstrates
the versatility of the approach toward various proteins.

2.3. Protein Retention Mechanism

As said in the “Introduction,” we used the STMS NPs expecting
them to act as sub-micrometer size protein reservoirs embedded
in the agarose HG. However, due to the temperature needed to
prepare agarose HG (T > 80 °C), it was impossible to directly
embed protein-loaded STMS inside the HG, and we thus had to

Macromol. Chem. Phys. 2024, 2400035 2400035 (5 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. Release profiles at three temperatures of HSA when released from agarose/STMS composite HGs containing A) 0 wt%, B) 0.5 wt%, C) 1 wt%,
D) 2 wt%, E) 3 wt%, and F) 5 wt% of STMS.

load the agarose/STMS composite HGs with proteins after fab-
ricating them (postloading procedure). By doing so, we hypoth-
esized that, following the protein addition and migration inside
the agarose/STMS composite HG, the proteins were preferen-
tially adsorbed to the embedded STMS. Hence, it was assumed
that the proteins were stably immobilized on the STMS NPs and
that only the remaining proteins loaded in the HG water pockets
were released over the 144 h study, as schematized in Scheme 2.
Thus, when there is enough STMS to “fix” all the proteins, we
see a complete retention when performing the release study.

To validate our hypothesis that the proteins are specifically re-
tained in the porous silica NPs, we used confocal microscopy and
fluorescein isothiocyanate (FITC)/ Rhodamine B-isothiocyanate

Figure 5. Release profile of HSA from different agarose/STMS composite
HGs at 37 °C.PB.

(RITC)-labeled proteins to image their localization inside the
nanocomposite HG. However, knowing that optical microscopy
reaches at best ≈300–400 nm spatial resolution and that our

Figure 6. A) Representation of the four proteins of the study provided
by Protein Data Base by Sugio et al.,[31] Berglund et al.,[32] Kim and
Wyckoff,[33] and Muraki et al.,[34] respectively, together with their molecu-
lar weight and isoelectric point (IEP). B) LC obtained for the four proteins
in different agarose/STMS composite HG.

Macromol. Chem. Phys. 2024, 2400035 2400035 (6 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 7. Release profiles at three temperatures of A) HSA, B) HRP, C) ALP, and D) LYS when released from an agarose/STMS composite HGs.

STMS has an average size of ≈150 ± 28 nm, we needed thus
to increase significantly the size of the silica particles in order
to be able to visualize them individually inside the agarose HG.
Thus, we synthesized bimodal silica microparticles (BMS) follow-
ing the protocol first reported by Schulz-Ekloff et al.,[40] and with
the separation technique described by Wang and Caruso.[41] We
selected this protocol as it allows the synthesis of spherical silica
particles of micrometric size and with pore sizes of 2–3 and 10–
40 nm, which was good for us considering the pore size of ≈15

Figure 8. Final amount of released protein at 37 °C from the different
agarose/STMS composite HGs.

nm that we usually got with STMS.[28] Then, after their synthesis,
the particles were characterized by scanning electron microscopy
(SEM), TEM and nitrogen adsorption–desorption measurement,
and results are shown in Figure 9. As it can be seen, we obtained
particles with a size of 1.61 ± 0.64 μm with a Brunauer–Emmet–
Teller (BET) surface of 529 m2 g−1 and representative mesopore
sizes of ≈4 and ≈13 nm, which were suitable for our application.

Thus, we fabricated agarose/BMS composite HGs contain-
ing 0.5 wt% of BMS following the same protocol than for
agarose/STMS composite HGs and we loaded them with
HSAFITC, HRPFITC, ALPFITC, or LYSRITC. For each condition, we
prepared an HG that was imaged right after loading and an HG
from which we released the proteins for 48 h. The images pre-
sented in Figure 10 (and taken in a representative interior section
of the HG) show that, just after loading, we have the fluorescent
proteins present on the HG part (background for HSA, HRP, and
ALP) and on the BMS (co-localization between fluorescence and
bright field images for all four proteins). After 48 h of protein
release, these images show only a co-localization of FITC/RITC
fluorescence with the BMS, which confirms the protein retention
effect and that the released proteins were the ones present in the
agarose HG part.

Regarding the fluorescence backgrounds (Figure 10, after load-
ing), we can notice that the intensities are in the order ALPFITC

> HSAFITC > HRPFITC > LYSRITC. Especially for LYSRITC, no fluo-
rescence can be seen in the agarose part of the HG after loading,
meaning that all the LYSRITC were fixed on the BMS. These re-
sults are in total agreement with the amount of released protein
as shown in Figure 8; the addition of only 0.5 wt% of STMS corre-
sponds to a protein spontaneous release of 74.7± 1.1% (ALPFITC),
45.1 ± 2.1% (HSAFITC), 33.6 ± 2.3% (HRPFITC), and 15.0 ± 1.3%

Macromol. Chem. Phys. 2024, 2400035 2400035 (7 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Scheme 2. Schematic representation of the protein retention mechanism in the agarose/STMS composite HGs.

Figure 9. A) SEM and B) TEM images of the BMS microparticles. C) Size distribution of the BMS microparticles with the Gaussian fit curve (from SEM
images). D) Nitrogen adsorption–desorption isotherm. E) BJH desorption pore volume plot.

Macromol. Chem. Phys. 2024, 2400035 2400035 (8 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 10. Confocal microscopy images (xy sections) of FITC/RITC-labeled protein-loaded agarose/BMS composite HGs after the loading and after 48
h of release.

(LYSRITC) for these four proteins. Here too for LYSRITC, this high
reduction is then explained by the fact that in the HG, the LYS
preferentially goes to the BMS even with a very low amount
of particles. Such an increase of the LYS retention with a low
amount of silica particles may come from higher affinity be-
tween LYS and silica surface than other proteins and silica sur-
face. Strong electrostatic interactions are actually a possibility, as
silica surface is negatively charged in dH2O and the isoelectric
point (IEP) of LYS is 10.5–11, much higher than the ones of HSA,
HRP, and ALP.

Further, the imaging of the total section of the HGs, from top
to bottom, after 48 h of release (Figure 11) shows that this phe-
nomenon is homogeneous in the whole agarose/BMS composite
HG. This protein retention in BMS is really obvious for HSAFITC,
HRPFITC, and LYSRITC while it is less marked for ALPFITC. It is
important to notice that the case of ALPFITC was not that homo-
geneous. Indeed, as shown in Figure S6 (Supporting Informa-
tion), we could observe that the BMS located at the top of the HG
(which means the part that is in contact with the protein solution
during the loading and with the buffer during the release) did not

Macromol. Chem. Phys. 2024, 2400035 2400035 (9 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 11. A) Schematic representation of the internal layer of
agarose/BMS composite HGs imaged by confocal microscopy. B)
Confocal microscopy images (xz sections) of the internal layer of
FITC/RITC-labeled protein-loaded agarose/BMS composite HGs after 48
h of release.

display fluorescence: neither after the loading, nor after 48 h of
release. This could come from a difference in the interactions at
play between silica surface and ALP.

Finally, this confocal microscopy imaging experiment showed
that the BMS act as retention systems inside the agarose HG by
fixing the proteins and prevent their release, and that only the
proteins present in the agarose part are then released.

We then wanted to see if these latter results could be extrapo-
lated to our STMS NPs. In the first step, we evaluated the LCs in
protein, referred to the STMS amount (μg mg−1) when the STMS
are embedded in the HG. To do so, we considered that all the pro-
teins that are in the agarose HG part were released after 144 h,
which seems quite reliable regarding the release profiles shown
in Figure 7, which then means that all the remaining proteins are
adsorbed on the embedded STMS. This allowed us to calculate
the LC in μg of protein per mg of STMS in the HGs. We then de-
fined the feed weight ratio (FWR) in protein regarding the STMS
amount as shown in Equation (4)

FWR (%) =
mprotein

mSTMS
× 100 (4)

with all the masses in μg. We calculated that the HG containing
0.5 wt% of STMS corresponds to a FWR of 20% and that the HG
containing 5 wt% of STMS corresponds to an FWR of 2%.

In the second step, we performed the adsorption of the four
proteins on STMS dispersed in water (dH2O) with the same
FWRs. We first started with the low FWR, as it corresponds to
the HG containing 5 wt% of STMS, which seemed to be the best
condition to adsorb proteins given the almost complete retention
of proteins in the release study. The results gave a quite good
correlation between the LC on STMS embedded in the HG and
the LC on STMS dispersed in water (Figure 12A). The LCs are
in the range of tens of μg of proteins per mg of STMS, but it
is also interesting to give a look at the corresponding LE values
(Figure 12B). Indeed, the LE was ≈85.9 ± 1.0% for HSA, ≈88.9
± 0.8% for HRP, and ≈92.3 ± 0.6 for LYS when STMS were em-
bedded in an HG versus ≈98.8 ± 0.2% for HSA and 100% for
HRP and LYS when the STMS were dispersed in water. These
values mean that there is a very good affinity between these three
proteins and silica with no influence of the environment on the
adsorption process. In the case of ALP, the LE values were ≈52.8
± 2.9% (in HG) and ≈34.3 ± 0.7% (in water), showing a lower
affinity with silica than the other proteins.

We then worked with an FWR of 20%, corresponding to an
HG containing 0.5 wt% of STMS, to see how these values were
affected by a change of FWR. The LC values were higher in this
case (Figure 12C), as they ranged from ≈36.4 ± 6.0 μg mg−1 (ALP
on STMS dispersed in water) to ≈186.1 ± 0.2 μg mg−1 (HRP on
STMS dispersed in water). However, the correlation here was re-
stricted to HSA and ALP, with notably a huge difference for LYS
as its LC was ≈154.8 ± 3.3 μg mg−1 when STMS were embedded
in the HG versus ≈53.0 ± 2.1 μg mg−1 when STMS were dis-
persed in water. These results show an influence of the environ-
ment on the global diffusion of proteins in the HG. Again, the LE
values are very interesting (Figure 12D), especially if we compare
them to the LE values obtained in the case of a low FWR. Indeed,
the LE globally decreased with the increase of the FRW, meaning
that in both HG and water, we reached the adsorption equilib-

Macromol. Chem. Phys. 2024, 2400035 2400035 (10 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 12. Comparative LC of protein regarding the STMS and LE when the NPs are embedded in an agarose HG or dispersed in water in the case A,B)
of a low FWR and C,D) of a high FWR.

rium and got a fraction of proteins adsorbed on the STMS and
a fraction of proteins dispersed in the environment. This result
is in total agreement with the release profiles and results that we
show in Figures 7 and 8 and with the confocal microscopy results.
Even the still high LE obtained for LYS in an HG with a high FWR
(≈77.4 ± 1.7%) correlates well with the sharp decrease of the LYS
release with only 0.5 wt% of STMS in the agarose HG and the ab-
sence of fluorescence background observed in the agarose/BMS
composite HG after loading (Figure 10). In addition, the low LE
obtained for ALP with both FWR values, together with the con-
focal microscopy observations, shows that the ALP does not ad-
sorb with a very high efficiency on silica particles (BMS or STMS)
whatever be the environment. As suggested after analyzing the
confocal microscopy results, this difference could come from a
difference of interaction between ALP and the silica surface com-
pared to the other proteins and can explain the curve network
shown in Figure 7C. Indeed, the LE obtained for ALP was almost
the same whatever the environment or the FWR. This means
that, unlike the other proteins, the increase of the STMS amount
does not increase the amount of “fixed” ALP; thus, the retention
is not really controlled by the amount of STMS and then we ob-
tain the curve network as the fraction of adsorbed ALP on STMS
and the fraction of ALP dispersed in the HG are not very different
whatever the amount of STMS.

Regarding other proteins, all these results indicate that a low
FWR in protein regarding the STMS amount maybe lead to a low
LC, but to an LE of almost 100% and thus to an almost complete
protein retention. In contrast, a high FWR will lead to a higher
LC, but will reduce the LE, meaning that in the HG, the proteins
will be partially adsorbed on the STMS and partially spread in the
agarose HG part. This situation will then lead to an only partial
retention of the proteins. In few words, controlling the FWR of
protein regarding the STMS amount in an HG leads to the con-
trol of the protein retention inside the HG.

This experiment allows us to conclude that the protein adsorp-
tion occurs on the STMS embedded in the agarose HG in the
same way than on the BMS embedded in the agarose HG. This
confirms the protein retention mechanism by specific adsorption
of proteins on the STMS NPs, that thus act as sub-micrometer
size reservoirs in the HG.

2.4. Protein Structure and Biological Functions

2.4.1. Protein Conformation

In this section, we wanted to check the potential use of such
nanocomposite HG to deliver active proteins. First, as it is well-

Macromol. Chem. Phys. 2024, 2400035 2400035 (11 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 13. CD spectra of native and released proteins A) for HSA, B) for HRP, C) for ALP, and D) for LYS.

known that the conformation of proteins is an important parame-
ter ensuring their biological activity, we investigated this charac-
teristic by performing circular dichroism (CD) spectroscopy on
the four native and released proteins. As we previously saw that
the released proteins were the one located in the agarose part of
the HG, we decided to perform this experiment using STMS-free
HG, and to collect the released proteins after 24 h of release in
triplicate from three similar HG samples. This allowed us to have
enough proteins in our supernatant for the CD measurements
and to check for potential changes from one HG to another. For
this experiment, the release had to be performed in dH2O as PBS
was found to absorb light below 200 nm (A > 2), rendering this
buffer unsuitable for such a measurement.

First of all, the measured ellipticity 𝜃 was converted into molar
ellipticity [𝜃] using the following equation (Equation (5))

[𝜃]
(
mdeg cm2 dmol−1) = 𝜃 × 106

10 × L × C
(5)

with 𝜃 in mdeg, L the cuvette path length in cm, and C the protein
concentration in μmol L−1. Such a conversion was performed in
order to normalize the curves and allow their comparison. As it
can be seen in Figure 13, the CD spectra of released proteins have
similar shapes as compared to the CD spectra of native ones for
the four tested proteins. However, the intensity differs for most
of them.

We then analyzed more in details these CD spectra by using
the online program BestSel,[42–44] which allows the calculation of
the secondary structure content (% of 𝛼-helix, parallel and an-
tiparallel 𝛽-sheets, turn and others). As can be seen in Figure
14 (numerical values can be found in Tables S1–S4, Supporting

Information), some differences can be observed between native
proteins and released proteins, but also between released pro-
teins themselves. To give a short example, the proportion of an-
tiparallel secondary structure increases between native HSA and
released HSA, with a similar value for all released HSA. How-
ever, the proportion of these antiparallel secondary structures is
different for all measured HRP.

This analysis shows that the process of loading and release of
the proteins has an impact on their conformation. However, it
is unsure that these changes detrimentally impact the biological
activity of these proteins and thus prevent the use of such systems
for medical application. Thus, we tested the enzymatic activity of
two enzymes of our study: HRP and ALP.

2.4.2. Enzymatic Activity of Released and Immobilized Proteins

Here, we wanted to check the activity of HRP and ALP on their
well-known substrates. So, we used the ability of HRP to catalyze
the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) by H2O2, giving the radical cation
ABTS+●, in which conversion can be followed by UV–visible
spectroscopy at 420 nm, and the ability of ALP to hydrolyze
4-nitrophenyl phosphate disodium salt hexahydrate (pNPP–Na)
into pNPP, where conversion can also be followed by UV–visible
spectroscopy but at 405 nm. We considered two possibilities of
performing these tests: either the protein would be released from
the agarose HG, or the protein-loaded STMS NPs would be in-
ternalized by cells after degradation of the agarose HG. Thus,
we performed the enzymatic activity on protein released by an
STMS-free agarose HG and on protein immobilized on STMS

Macromol. Chem. Phys. 2024, 2400035 2400035 (12 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 14. Secondary structure content obtained for A) HSA, B) HRP, C) ALP, and D) LYS.

NPs. In both cases, we also performed the test with the native
protein solution to convert the absorbance value into relative ac-
tivity. The results are given in Figure 15 and show that the HRP
is still very active whatever the situation. Regarding ALP, the ac-
tivity is still very good when immobilized on STMS NPs but is
reduced when the ALP is released from an agarose HG. How-
ever, we can see that the relative activity is increasing with time
so the protein still has a good activity.

So, we could show here that the proteins were still active what-
ever they were released directly from the HG or immobilized on
STMS.

3. Conclusion

In this work, we have investigated the properties of a new kind of
PDS consisting in a nanocomposite HG formed from large pore

Macromol. Chem. Phys. 2024, 2400035 2400035 (13 of 17) © 2024 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 15. Relative enzymatic activity of A) HRP and B) ALP when they are immobilized on STMS NPs or released from an agarose HG.

STMS NPs embedded in an agarose HG. The main properties of
such a system are summarized as follows:

i. By using HSA as a model protein, the protein burst release
and the protein retention in the HG could be efficiently and
simply tuned by playing on the NPs amount dispersed within
the HG. For instance, the spontaneous protein release col-
lapsed from 100% without any loaded particles up to 1%
when the HG was loaded with 5 wt% of STMS, indicating
the powerful retention effect of the NPs.

ii. By applying this study to the three other proteins HRP, ALP,
and LYS that notably are enzymes and importantly are of dif-
ferent hydrodynamic sizes and IEPs, we showed the versatil-
ity of this behavior toward various proteins.

iii. The mechanism of the protein retention was demonstrated
by confocal microscopy using micrometer-sized BMS parti-
cles. Data showed that the porous silica particles act as pro-
tein reservoirs retaining the proteins while spontaneous re-
lease was attributed to proteins diffusing from the HG wa-
ter pockets of the agarose HG. This mechanism could be ex-
trapolated to the agarose/STMS composite HG by comparing
the loading of protein regarding the STMS amount when the
NPs were embedded in the HG or dispersed in water.

iv. Even if the CD spectroscopy showed a change of the sec-
ondary structure content between native and released pro-
teins, the biological activities of HRP and ALP enzymes were
validated whether they were released over 144 h from an
STMS-free agarose HG or immobilized on STMS NPs. This
showed that the enzymes would still be active whether they
are released from the water pockets of the agarose HG or in-
ternalized by cells in the form of adsorbed protein on STMS
NPs due to cell-induced agarose HG degradation.

Due to the ease of fabrication of this system and its versatil-
ity toward various proteins, it could be envisioned to use it as a
platform composite HG that could be stored and loaded with the
desired protein only when the time requires it.

4. Experimental Section
Materials: The materials were used as provided. Cetyltrimethylammo-

nium p-toluene sulfonate (CTATos, CAS 138-32-9), Trizma base (AHMPD,
CAS 77-86-1), HSA (66 478 g mol−1, CAS 70024-90-7), and RITC (CAS
36877-69-7) were purchased from Sigma life science. Peroxidase from
horseradish (40 000 g mol−1, ≈150 U mg−1, CAS 9003-99-0), Lysozyme
from human (16 500 g mol−1, CAS 12671-19-1), and phosphate-buffered
saline (PBS) were purchased from Sigma. ABTS (CAS 30931-67-0), pNPP-
Na (CAS 4264-83-9), and (1-hexadecyltrimethyl) ammonium bromide
(CTAB, CAS 57-09-0) were purchased from Alfa Aesar. Sodium carbon-
ate (NaHCO3, CAS 144-55-8) and ALP (80 000 g mol−1, CAS 9001-78-
9) were purchased from Sigma–Aldrich. Dimethyl sulfoxide (DMSO, CAS
67-68-5) and ethyl acetate (C4H8O2, CAS 141-78-6) were purchased from
Roth. Hydrogen peroxide 35% (H2O2, CAS 7722-84-1) was purchased
from Acros Organics, tetraethylorthosilicate (TEOS, CAS 78-10-4) from
Aldrich chemistry, anhydrous absolute ethanol (EtOH, CAS 64-17-5) from
Carlo Erba Reagents, QA-agarose multipurpose (MW ND, 9012-36-6) from
MP Biomedicals, metasilicate de sodium anhydre (Na2SiO3, CAS 6834-92-
0) from Fluka, FITC (CAS 3326-32-7) from TCI and the MicroTM protein
assay kit from Thermoscientific.

Synthesis of Silica Particles: Synthesis of STMS. For the synthesis of
STMS, the protocol was used as described previously.[29,35–37] A 500 mL
flask was used for the reaction in which CTATos (3.8 g), AHMPD (0.436 g),
and 200 mL of dH2O were introduced and stirred at 75 °C up to full dis-
solution (about 30 min). The TEOS was then added (30.2 g) prior to leave
the reaction under stirring for 2 h at 75 °C. After 2 h, a white precipitate
could be observed and the mixture was cooled before being transferred
into 50 mL centrifugation tubes and centrifuged (13,000 g, 20 min). The
precipitates were then collected and the CTATos was eliminated by a cal-
cination step of 10 h at 550 °C. The final amount of powder was generally
between 4 and 5 g. The resuspension of the STMS was done first by using
a mortar to crush the white powder into a fine powder. This fine powder
was then transferred in a 50 mL tube and resuspended in 20 mL of EtOH
using the sonication bath for 30 min and regularly the vortex. The residual
aggregates were then eliminated with a fast centrifugation cycle (30 s with
the centrifuged programmed for 10 min at 11 000 G). The supernatant was
transferred to a new tube, and the concentration was evaluated by drying
and weighting a known volume of the solution. The tube was stored on a
wheel until use.

Synthesis of BMS. The synthesis of BMS particles was performed ac-
cording to the protocol reported by Schulz-Ekloff et al.,[40] and adapted by
Wang and Caruso.[41] The CTAB (9.8 g) and Na2SiO3 (5 g) were added to a
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500 mL flash with 175 mL of dH2O and dissolved under magnetic stirring
at 30 °C. Then, a volume of 17.5 mL of ethyl acetate was added and the
mixture was stirred for 30 s. The flask was then removed from the oil bath
and the mixture was left to age for 5 h at an ambient temperature (21 °C).
After this ageing time, the flask was put back in the oil bath at 90 °C, and
the reaction was performed 48 h under magnetic stirring. The BMS were
collected by multiple sedimentation steps in 50 mL centrifugation tubes.
Basically, the solution was transferred to four tubes and left to sediment
for 5 min. The supernatant was then collected with a 10 mL pipette and
transferred to new tubes. The sedimentation was repeated five times. The
particles were then washed twice with 20 mL of EtOH (centrifugation step:
5 min, 1000 g). The organic materials were eliminated by calcination (10
h at 600 °C).

Fabrication of Agarose/Particles Composite HGs: The protocol here is
described for the preparation of four HGs at 1 wt% of agarose and 0.5 wt%
of STMS. The HGs were prepared in 12.5 mL glass vials (neck diameter
= 30 mm). First, the 20 mg mL−1 agarose stock solution was prepared by
dissolving 100 mg of agarose in 5 mL of dH2O in a 50 mL centrifugation
tube. The tube was then placed in an oven at 80 °C and manually shaken
regularly until the agarose was dissolved. In parallel, the adequate volume
of STMS NPs stock solution was collected in order to have 45 mg of STMS.
The particles were then washed three times with dH2O (centrifugation 10
min, 13 000 g) and resuspended in 4.5 mL of dH2O in order to have 10
mg mL−1.

To prepare the HGs, 1 mL of the STMS solution was transferred in the
glass vial and placed in the oven at 80 °C. A volume of 1 mL of agarose was
then added and the solution was mixed up and down with a paster pipette.
The glass vial was then removed from the oven, closed, and placed in the
fridge once the HGs were formed (10 min later). The final HGs were kept
at 4 °C prior to be used between 1 h and 3 days.

Labeling of Proteins: HSA, HRP, and ALP were labeled with FITC using
a molar ratio of two FITC for one protein and the solutions were protected
from light during all the procedure. Basically, 50 mg of protein was dis-
solved in 5 mL of NaHCO3 buffer (0.1 mol L−1, pH 8.5) to obtain a 10
mg mL−1 solution. Then, the adequate volume of 10 mg mL−1 solution of
FITC in DMSO was added, and the solution was stirred for 1 h. The solu-
tion was then dialyzed for 2 days in dH2O to remove the free FITC with a
change of water every 2 h. Finally, the solution was collected and the final
volume measured to calculate the exact concentration taking into consid-
eration the swelling of the dialysis bag. The solution was then stored at
−20 °C.

LYS was labeled with RITC using a molar ratio of one RITC for one LYS.
Here also, the solution was protected from light during all the procedure.
The general protocol was the same except that the protein and the RITC
were dissolved in PBS at pH 8.4 and that the RITC concentration was 2 mg
mL−1.

Loading of HGs or STMS with Proteins: Loading of HG. The loading
process of HG with proteins was the same for unlabeled and labeled pro-
teins except that the vials were protected from light when using labeled
proteins. Briefly, it was decided to use 2 mg of proteins added in 200 μL
for 2 mL of HG. Thus, a stock solution of 10 mg mL−1 of protein in dH2O
was prepared, and 200 μL was added on the HG. The vial was closed with
the cap and placed at 4 °C for 24 h. Then, the 200 μL of supernatant was
collected and the HG was washed with 1 mL of dH2O. This washing su-
pernatant was also collected.

Loading of STMS. In case of loading of STMS with proteins, the adsorp-
tion was done in triplicate for the four proteins and at the same time for all
the proteins. Thus, the adequate volume of STMS was collected in order
to get 48 mg, and was washed three times with 10 mL of dH2O (centrifu-
gation 11 000 × g, 10 min) prior to be resuspended in 24 mL of dH2O (2
mg mL−1). A volume of 1 mL of the solution (2 mg) was then collected
and transferred to 1.5 mL tubes prior to be centrifuged (11 000 × g, 10
min) and resuspended in 50 μL of dH2O. Then a volume of 500 μL of pro-
tein stock solution at 0.8 or 0.008 mg mL−1 was added to the tubes (feed
weight ratio in protein of 20% and 2%, respectively). The solutions were
homogenized with the vortex and mixed for 1 h on the wheel. The NPs
were then centrifuged (11 000 × g, 10 min) and the loading supernatant
collected for quantification.

Release of Proteins: To release the proteins, 2 mL of buffer (dH2O or
PBS pH 7.4) was added on the HG in the vials. The vials were closed and
placed in the fridge at 4 °C or in an oven at 37 or 45 °C with a tube of the
buffer. The 2 mL supernatant was collected and replaced by fresh buffer at
the corresponding temperature at each time point. The supernatants were
kept at 4 °C prior to be used for quantification.

Enzymatic Activity: The enzymatic activity was performed on HRP and
ALP immobilized on STMS and released by an agarose HG (0 wt% of
STMS) after 144 h. The control was performed using the protein solution
that was used to load the HG in order to have the same age of the solution.
In addition, the control corresponding to the protein released by an HG
was prepared with the same amount of PBS to be in the exact same buffer.

HRP enzymatic activity. The enzymatic activity of HRP was evaluated in
dH2O by checking its ability to catalyze the oxidation of ABTS substrate by
H2O2. The oxidation of ABTS was monitored by recording UV–vis spectra
between 415 and 425 nm. The results were plotted using the maximum
absorption at 420 nm. In a general procedure, 0.5 mL of the HRP solution
was prepared and quickly mixed with 0.5 mL of an ABTS solution (0.2 mg
mL−1). The solution was then transferred into a 1 cm path length beveled
plastic cuvette (1 mL capacity) that was positioned in the UV–visible spec-
trometer. A volume of 2 μL of H2O2 (350 mg mL−1) was then added and
the chronometer started. The absorbance was measured at 30 s and 1–2–
3–4–5–6–8–10–20–30–40–50–60 min.

An amount of 125 μg of STMS@HRP was used for the assay, which
represented a quantity of 23.3 μg of HRP. The same amount was then used
for the control.

The concentration of HRP in the supernatant “144 h” was measured to
be 41.17 μg mL−1 and a volume of 500 μL of this solution was used for the
assay, corresponding to 20.585 μg of HRP in 500 μL of PBS. The HRP stock
solution was at 10 mg mL−1 in dH2O. Thus, the control was prepared by
diluting 4.117 μL of the HRP stock solution in a final volume of 1 mL of
PBS. The volume of dH2O was considered to be negligible.

ALP enzymatic activity. The enzymatic activity of ALP was evaluated in
NaHCO3 (50 mmol L−1, pH 8.5) by checking its ability to convert pNPP-Na
to pNPP. The conversion of pNPP-Na was monitored by recording UV–vis
spectra between 400 and 410 nm. The results were plotted using the max-
imum absorption at 405 nm. In a general procedure, 1 mL of ALP solution
was mixed with 1 mL of pNPP-Na (0.1 mg mL−1) in a 5 mL centrifugation
tube. The tube was then covered with aluminum and kept at 37 °C with
a water bath. The absorbance was measured at 10–20–30–40–50–60–90,
and 120 min.

An amount of 0.5 mg of STMS@ALP was used for the assay, which
represented a quantity of 23.3 μg of ALP. The same amount was then used
for the control.

The concentration of ALP in the supernatant “144 h” was measured to
be 70.48 μg mL−1. A volume of 1 mL at 20 μg mL−1 in NaHCO3 buffer
was prepared by diluting 284 μL of this supernatant that was in PBS. The
control was prepared by first preparing a solution at 70.48 μg mL−1 in PBS
with the ALP stock solution and then by preparing 1 mL at 20 μg mL−1 in
NaHCO3 buffer using the same dilution than for the supernatant. Thus,
the quantity of PBS was the same in the sample and in the control.

Characterization Methods: Dynamic light scattering (DLS). DLS mea-
surements were recorded in triplicate at 25 °C and at a scattering angle
of 173 ° using a 1 cm path length plastic cell and a Zetasizer Nano-ZS
(Malvern instruments). The measurements were conducted to check the
good dispersity of STMS NPs after resuspension in EtOH.

Transmission electron microscopy (TEM). TEM images were acquired
with a JEOL 2100 TEM instrument operating at 200 kV after depositing the
STMS on carbon-coated copper grids. The size distribution of STMS was
then determined using the software Image J.

Scanning electron microscopy (SEM). SEM images were acquired with
a Gemini SEM 500 microscope equipped with a field emission gun (SEM-
FEG) and operating at 1 kV. The InLens signal, using secondary electrons,
was used to get the images. The sample was prepared by depositing one
drop of the BMS in EtOH on a silicium wafer. After evaporation of the
solvent, the sample was coated with 10 nm of carbon.

Rheology. The rheological measurements were performed on a Discov-
ery Hybrid Rheometer HR-3 from Waters/TA Instruments using a Peltier
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plate geometry and an upper parallel plate with a diameter of 25 mm.
Strain sweep tests were performed from 0.01% to 100% at a fixed fre-
quency of 1 Hz at 25 °C. The gap was set around 2.4 mm and adjusted
for each HG. To ensure proper measurements, 3 mL of HGs was prepared
in small Petri dish (diameter 35 mm), and a round cutter with a diame-
ter of 25 mm was used to obtain the right HG diameter. Each type of HG
(0–2–5 wt% STMS) was tested in triplicate.

Nitrogen adsorption. N2 adsorption–desorption measurements at
−196 °C were performed in order to obtain the specific surface area and
the pore size of the particles. To do so, the BMS were degassed under vac-
uum at ambient temperature (around 20 °C) for 3 h to desorb the mois-
ture before analysis. The BET method was used to calculate the specific
surface area and the Barrett–Joyner–Halenda (BJH) method was used to
determine the pore volume and pore size distribution using the desorp-
tion branch. Finally, the Horvath–Kawazoe model was used to determine
the pore size distribution in a micropore analysis from a single adsorption
isotherm (dosing of nitrogen = 2 cm3, stability time = 3 h).

Bicinchoninic Acis assay (BCA). The BCA assay relies on the reactiv-
ity of the peptide bonds in proteins toward copper ions. Indeed, the pep-
tide bonds are able to reduce Cu2+ into Cu+, which then forms a purple
metallic complex with two BCA molecules, making it detectable by UV–
vis spectroscopy.[45,46] The BCA test was conducted using a BCA kit from
Thermoscientific. In a typical procedure, a calibration curve was prepared
for each protein with a volume of 500 μL for each point in dH2O or in PBS in
1.5 mL tube. Then, the supernatants were diluted adequately in a final vol-
ume of 500 μL in 1.5 mL tube. The provider’s protocol was followed to pre-
pare the BCA reactive solution by mixing solutions A (tartrate–carbonate
alkaline buffer), B (bicinchoninic acid solution), and C (copper sulfate so-
lution) in the proportion of 50%, 48%, and 2% respectively. Then, 500
μL of the BCA reactive solution was added to each tube. The tubes were
vortexed and incubated for 1 h at 60 °C. The solutions were then cooled
to room temperature using a water bath and the UV–vis absorbance was
measured between 560 and 570 nm. The value at 562 nm was used for
the quantification. Based on the difficulty to quantify proteins studied in a
previous paper,[29] in the literature and experimentally, a calibration curve
was performed for each protein in each solvent. The minimal concentra-
tion of protein reliably detected by these assays was determined to be 1 μg
mL−1 for HSA from previous experiments. A concentration as low as 1.25
μg mL−1 was determined for HRP, ALP, and LYS with no need to check for
lower detectable concentration.

UV-visible spectroscopy. UV–vis spectroscopy was performed on a
Lambda 950 UV/Vis spectrometer (PerkinElmer precisely) with 1 cm path
length plastic cell (beveled or not depending the experiment).

Confocal laser scanning microscopy. Confocal laser scanning mi-
croscopy images were captured with a Zeiss LSM 710 microscope (Carl
Zeiss, Germany) using a x63 PLAPO (1.4 Numerical Aperture). The flu-
orescence of fluorescein was measured with an excitation wavelength of
488 nm and an emission wavelength between 596 and 540 nm, and the
fluorescence of RITC was measured with an excitation wavelength of 561
nm and an emission wavelength between 566 and 703 nm.

Circular dischroism (CD). CD spectra were recorded on a J-1700 CD
spectrometer (Jasco) using a 1 cm path length quartz cell with low intrin-
sic CD (Starna). An accumulation of 3 spectra was performed, collected
from 250 to 190 nm with a step of 0.2 nm, a bandwidth of 0.5 nm, a scan-
ning speed of 5 nm min−1, and a digital integration time of 2 s. Due to
absorbance of PBS below 200 nm, all the measurements were performed
in dH2O.

The native proteins were diluted to 0.5 μmol L−1 for HSA, HRP, and LYS,
and to 0.25 μmol L−1 for ALP in order to avoid signal saturation according
to preliminary measurements. The released proteins were collected after
loading and 24 h release from STMS-free HG using dH2O as the releasing
solvent, and further diluted to ≈0.4 μmol L−1 for HSA, HRP, and LYS and to
0.15 μmol L−1 for ALP. The calculation for such dilutions was based on the
release studies and the targeted concentrations were lowered to be sure
not to saturate the signal on the CD apparatus. The exact concentrations
were quantified afterward using the BCA assay.

CD curve processing. A conversion of the signal from the ellipticity 𝜃

to molar ellipticity [𝜃] was performed using the following equation (Equa-

tion (5)) in order to normalize the signal, and allowing a better comparison
of the curves

[𝜃]
(

mdeg cm2 dmol−1
)
= 𝜃 × 106

10 × L × C
(6)

with 𝜃 in mdeg, L being the cuvette path length in cm, and C be the protein
concentration in μmol L−1.

The CD spectra were then analyzed with the online program BestSel
considering that HSA, HRP, ALP, and LYS contain 585,[47–49] 308,[50,51]

1028,[52–54] and 130[55–57] residues, respectively.
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