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Proteins are great therapeutic candidates as endogenous biomolecules providing a wide range of applications.
However, their delivery suffers from some limitations and specifically designed delivery systems having an
efficient protein anchoring and delivery strategy are still needed. In this work, we propose to combine large pore
stellate mesoporous silica (STMS) with isobutyramide (IBAM), as a “glue” molecule which has been shown
promising for immobilization of various biomacromolecules at silica surface. We address here for the first time
the ability of such IBAM-modified NPs to sustainably deliver proteins over a prolonged time. In this work, a
quantitative loading study of proteins (serum albumin (HSA), peroxidase (HRP), immunoglobulin (IgG) and
polylysine (PLL)) on STMS@IBAM is first presented using three complementary detection techniques to ensure
precision and avoid protein quantification issues. The results demonstrated a high loading capacity for HSA and
HRP (> ca. 350 pg.mg 1) but a moderate one for IgG and PLL. After evaluating the physicochemical properties of
the loaded particles and their stability over scaling-up and washings, the ability of STMS@IBAM to release
proteins over prolonged time was evaluated in equilibrium (static) and flow mimicking (dynamic) conditions and
at different temperatures (25, 37, 45 °C). Results show not only the potential of such “glue” functionalized STMS
to release proteins in a sustained way, but also the retention of the biological activity of immobilized and
released HRP, used as an enzyme model. Finally, an AFM-force spectroscopy study was conducted to decipher the
interactions between IBAM and proteins, showing the involvement of different interactions in the adsorption and
release processes.

1. Introduction protein delivery systems (PDS) able to load and deliver them at the

injured site (Bizeau and Mertz, 2021; Leader et al., 2008; Putney and

Proteins have been studied for decades as therapeutic agents due to
several advantages over synthesized molecules or polymers. Indeed,
there are endogenous biomacromolecules, meaning that there are
biocompatible and biodegradable and that their degradation products
are known as non-toxic. In addition, they are involved in a very broad
range of biological processes, with specified functions such as activation
and inhibition of cellular pathways or biocatalysis, giving also a large
choice for therapeutic applications (cancer therapy, diabetes treatment,
tissue engineering, etc). However, among their disadvantages, proteins
suffer from a short half-life and a conformational fragility, making them
delicate for a direct use in therapy. Thus, there is a need to develop
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Burke, 1998; Yu et al., 2016).

The loading of proteins in PDS can be performed using three main
ways: i) by blending prior to formation of the PDS, ii) by immersion after
formation, which can also be done by dipping or layer-by-layer coating
of proteins on the system, and iii) by immobilization using a covalent
bond. The release of the proteins is also a key aspect of such systems. It
can be performed by a natural diffusion of the protein out of the PDS, or
the PDS can be designed in order to be sensitive to a local stimulus such
as pH (Vander Straeten and Dupont-Gillain, 2020; Wu et al., 2017a;
Zhang et al., 2017), redox (Hsiao et al., 2017; McAvan et al., 2017),
reactive oxygen species (Tong et al., 2018), glucose (Chen et al., 2017)
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or protease degradation (Mumcuoglu et al., 2018). The use of external
stimuli, such as light (Wang et al., 2017), near-infrared irradiation
(Tuncaboylu et al., 2018), magnetic field (Omar et al., 2017) or me-
chanical stress (Xu et al., 2017; Zhang et al., 2019) is of great interest to
better control the release of proteins at a given site. Thus, since decades,
PDS are developed in a range of different formulations to answer the
challenges of the field: nano and microparticles (NPs/MPs), hydrogels,
fibers, films, microneedle patches and macroporous scaffolds. In a very
general way, hydrogels, films and microneedle patches are developed
for the regeneration of soft tissues, such as skin or myocardiac tissues,
while fibers are used to regenerate oriented tissues, notably nerves and
cartilage, but also the skin. Regarding microporous scaffolds, they are
widely developed for hard tissue regeneration, meaning mainly bones
(Bizeau and Mertz, 2021). Combination of these systems are also
formulated and studied, notably with NPs or MPs as it helps to control
more finely the release of proteins. Moreover, these latter are of
particular interest when cellular uptake or the crossing of the blood-
brain barrier are required (Kobsa and Saltzman, 2008), making them a
PDS of choice for applications such as cancer or diabetes treatment
(Bizeau and Mertz, 2021).

Among PDS, mesoporous silica NPs (MSNs) are promising. Meso-
porous silica materials (MCM, Mobil composition of matter) have first
been synthesized in the 1990's by Mobil Corporation laboratories and
first proposed as a drug delivery system in 2001 by Vallet-Regi et al
(Manzano and Vallet-Regi, 2020). In this same year 2001, the synthesis
of MSNs was reported for the first time by different groups. (Wu et al.,
2013) Since then, MSNs are widely studied for drug delivery due to
several structural and physicochemical advantages. Indeed, NPs size and
porous matrix features (pore size, volume and morphology) can be easily
tuned. These particles also have a high surface area and it is easy to
functionalize them by reaction of silanes having versatile chemical end-
groups with the silanol groups largely present on their surface. In
addition, the US Food and Drug Administration (FDA) accepted silica as
“Generally Recognized As Safe”, making it a great candidate for medical
application (Argyo et al., 2014; Manzano and Vallet-Regi, 2020; Tang
et al., 2012). Among silica NPs and MPs, stellate mesoporous silica NPs
(STMS NPs) are particularly attractive as protein carriers, as they pre-
sent a large specific surface area (500 m2.g 1) and pore size of ca. 15 nm
especially adapted for protein dimensions (Zhang et al., 2013a). These
STMS were shown to be easily modifiable and thus were used as bimodal
imaging probes by functionalizing them with quantum dots (Perton
et al., 2019b) or for iron removal from brain mimicking fluid by binding
a deferrioxamine ligand on their surface (Duenas-Ramirez et al., 2020).
In these last cases, the binding was of covalent nature, but for ensuring
therapeutics loading and release, the interactions between silica NPs and
the drug has to be better finely tailored. Indeed, ideal drug release
systems should interact with the therapeutics in a way that is strong
enough to ensure efficient loading but also labile enough to allow their
controlled release. The surface functionalization of silica NPs thus ap-
pears to be a key step in drug delivery approach and the design of a
smart anchoring strategy acting as glue molecules allowing the efficient
retention and then prolonged release of proteins still remains a
challenge.

In this work, we propose to test an original intermolecular glue
strategy at NP interface, based on isobutyramide (IBAM) binders, to
evaluate its potential for protein sustained release in biological aqueous
buffer. IBAM groups were previously shown to form a tight non-covalent
layer with a range of proteins but also other biopolymers such as nucleic
acids or polysaccharides (Mertz et al., 2011, 2012b). This strategy was
demonstrated with several silica shapes and porosities. Furthermore,
upon silica removal, the IBAM groups were able to bind and physically
crosslink the biomacromolecules, leading to the formation of a variety of
self-standed biopolymers/protein hollow capsules biologically active or
loaded with therapeutic molecules (Mertz et al., 2014; Mertz et al.,
2012a; Mertz et al., 2011). Although some protein coatings on IBAM-
functionalized non porous silica were studied to demonstrate the
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formation of such non-covalently biopolymer self-supported capsules,
neither the full quantification of protein loading within IBAM-
functionalized large pore mesoporous silica NPs nor the ability of
these NPs to release the loaded proteins over prolonged time were yet
studied.

Herein, these questions were investigated in depth by using four
proteins: human serum albumin (HSA), horseradish peroxidase (HRP),
immunoglobulin G (IgG) and poly-i-lysine (PLL). HSA was chosen as a
transport protein widely present in the body (He and Carter, 1992;
Sudlow et al., 1975; Wiberg et al., 2004). In addition, it is also widely
used as a model protein in the literature. HRP was chosen in order to
have a protein with a biological activity. Indeed, this enzyme extracted
from horseradish roots is able to catalyze the oxidation of a variety of
substrate in presence of hydrogen peroxide (H205). It is notably the most
studied enzyme of the plant peroxidase superfamily (Huang et al., 2018;
Schejter et al., 1976). The IgG was also selected as it is widely present in
the body. It is actually the most present protein with HSA and the most
represented of the five immunoglobulin classes (80%) and plays an
important role in the immune system as it is an antibody (Papadea and
Check, 1989; Wiberg et al., 2004). The last chosen protein is PLL, a
polypeptide that was shown to enhance cell adhesion, which also makes
it a good candidate for therapeutic applications such as tissue regener-
ation (Zhang et al., 2013b; Zheng et al., 2019). These four proteins were
chosen not only for their properties but also because they offer a large
range of molecular weight and isoelectric point values.

A first aim of this work was to quantify the loading capacity of these
proteins or polypeptides on STMS@IBAM. It is worth noting that the
quantification of proteins is known to be delicate due to several pa-
rameters such as the concentration (detection limit) and structure
(amino-acid sequence) of the protein in the sample and the composition
of the sample (presence of other molecules such as salt, buffer, deter-
gent, solvent, chelating/reducing/thiol-containing agent). Hence here,
three different detections techniques were used to determine with ac-
curacy and precision the loading capacity in our NPs as a function of
their feed weight ratio (FWR) i.e. the quantity of proteins given to the
silica carrier. These three techniques consisted in i) labelling the pro-
teins with fluorescein isothiocyanate (FITC), ii) using their intrinsic
fluorescence due to the tryptophan residue in their amino acid sequence
and iii) using the reactivity of peptide bonds in the Bicinchoninic acid
(BCA) assay. Secondly, after a preliminary study which allowed to set
the physicochemical properties and the chemical engineering conditions
of the protein-coated NPs (such as protein payload, colloidal stability,
surface charge, scaling-up and the stability over consecutive washings),
the ability of the NPs for sustained protein release from STMS@IBAM
NPs in HEPES buffer (pH 7.4, 50 mmol.L’l) was evaluated. HSA and
HRP protein release were investigated in depth over one week at equi-
librium (under static conditions) and by changing buffer each 24 h
(dynamic conditions) and at several temperatures (25, 37, 45 °C). With
the aim to validate the bioactivity of the proteins, the enzymatic activity
of HRP adsorbed on the NPs or released in the aqueous solution was
assessed. Finally, the nature of interactions between IBAM groups and
the proteins was explored at the protein scale. In order to provide in-
sights into the possible interactions involved in the adsorption of pro-
teins with IBAM groups, atomic force microscopy (AFM) in force
spectroscopy mode was conducted with HSA- and HRP-functionalized
tips to obtain force map on IBAM-functionalized silica surface as
compared to bare silica and discuss the potential interactions involved in
the protein binding and release.

The main steps of this work are presented in Scheme 1.

2. Materials and methods
2.1. Materials

All products were used as provided. Citric acid (CgHgO7, CAS 77-92-
9), ethanolamine hydrochloride (CoH;NO-Cl, CAS 2002-24-6), HEPES
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Scheme 1. Representative scheme of the study and its main results. Representation of HSA, HRP and IgG provided on Protein Data Base by Sugio et al. (Sugio et al.,
1999), Berglund et al. (Berglund et al., 2002) and Saphire et al. (Saphire et al., 2001) respectively.

(CAS 7365-45-9), triethylamine (EtsN, CAS 121-44-8) and sodium car-
bonate (NaHCOs3, CAS 144-55-8) were purchased from Sigma Aldrich.
Cetyltrimethylammonium p-toluene sulfonate (CTATos, CAS 138-32-9),
human serum albumin (HSA, 66,478 g.mol’l, CAS 70024-90-7), FITC-
labelled Immunoglobulin G from human serum (IgGFITC, CAS ND) and
Trizma® base (AHMPD, CAS 77-86-1) were purchased from Sigma life
science. Anhydrous absolute ethanol (EtOH, CAS 64-17-5), chloroform
(CHCl3, CAS 67-66-3), dimethylformamide (DMF, CAS 68-12-2) and
sulfuric acid 96% (HySO4, CAS 7664-93-9) were purchased from Carlo
Erba Reagents. Peroxidase from horseradish (HRP, 40,000 g.mol’l,
~150 U.mg ™!, CAS 9003-99-0), IgG from human serum (Mw 150,000 g.
mol~! (Papadea and Check, 1989), CAS ND) and poly-i-lysine hydro-
bromide (30,000-70,000 g.mol_l, CAS 25988-63-0) were purchased
from Sigma. (3-aminopropyl)triethoxysilane (APTES, CAS 919-30-2)
and isobutyrylchloride (IBC, CAS 79-30-1) were purchased from
Aldrich. Sodium cyanoborohydride (NaCNBH3, CAS 25895-60-7) and

tetraethylorthosilicate (TEOS, CAS 78-10-4) were purchased from
Aldrich chemistry. Acetal-PEG-NHS was purchased from Linz University
(Austria), ammonium hydroxide solution (25% in water), (NH4OH, CAS
1336-21-6) from Fluka, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) diammonium salt (ABTS, CAS 30931-67-0) from Alfa Aesar,
dimethyl sulfoxide (DMSO, CAS 67-68-5) from Roth, fluorescein iso-
thiocyanate (FITC, CAS 3326-32-7) from TCI, hydrogen peroxide 35%
(H204, CAS 7722-84-1) from Acros organics and the Micro™ protein
assay kit from Thermoscientific.

It has to be noted that some products were also purchased from other
providers for AFM: Hy05 30% and DMSO were purchased from VWR
chemical, HEPES was purchased from Sigma life science, sulfuric acid
95-98% from Sigma Aldrich, and Et3N from Fluka analytical.
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2.2. Synthesis of STMS

The protocol was used as described previously (Bizeau et al., 2021;
Duenas-Ramirez et al., 2020; Perton et al., 2019a). CTATos (3.8 g) and
AHMPD (0.436 g) were introduced in a 500 mL flask with 200 mL of
deionized water (dH»0) and stirred at 75 °C up to full dissolution (about
30 min). Then, TEOS (30.2 g) was added in the flask and the mixture was
left for reaction under stirring for 2 h at 75 °C. A white precipitate could
then be observed. The mixture was cooled to room temperature then
filtered under vacuum. The CTATos was then removed by calcination at
550 °C for 10 h, giving around 7 g of white powder. A mortar was then
used to crush a part of the STMS NPs in a fine powder prior to suspend it
in around 20 mL of EtOH in a 50 mL tube. Sonication and vortex were
used to suspend the maximum of NPs. A fast centrifugation cycle (30 s,
the time for the centrifuge to accelerate) was then used to make the
residual aggregates fall and the supernatant containing well suspended
NPs was transferred to a new tube. A known volume of the solution was
dried to calculate the STMS concentration and the tube was then stored
on a wheel until use.

2.3. Functionalization of STMS with APTES: STMS@APTES

Basically, 20 mg of STMS was dispersed in 5.5 mL of EtOH in a 15 mL
tube. Then, NH4OH 25% (0.3 mL) and APTES (1.25 mL) were added
sequentially to the tube. The solution was homogenized with a vortex
and then placed on the wheel for 2 h of stirring. Then the NPs were
centrifuged (11,000 g, 10 min) and washed (2*7 mL EtOH and 2*7 mL
DMEF).

2.4. Functionalization of STMS@APTES with IBAM: STMS@IBAM

The previously prepared 20 mg of STMS@APTES was dispersed in 3
mL of DMF in a 15 mL tube while a solution of IBC (0.55 mL) and DMF
(3 mL) was prepared in a 5 mL tube. Then, EtsN (0.4 mL) and the IBC
solution were added sequentially to the tube containing the particles.
The solution turned orange and was homogenized and degassed using
sonication and vortex. The tube was placed on the wheel for 2 h for
reaction and then around 3 mL of dH,O was added to the solution to
dissolve the organic salt. The NPs were then centrifuged (11,000 g, 10
min) and washed (2*7 mL of DMF and 2*7 mL of EtOH). The NPs were
stored in EtOH on the wheel for a maximum of three days.

2.5. FITC labelling of proteins: protein™ ¢

Proteins were labelled with FITC using a molar ratio of 2 FITC for 1
protein and the solutions were protected from light during all the pro-
cedure. Basically, 50 mg of protein was dissolved in 5 mL of NaHCO3
buffer (0.1 rnol.L_l, pH 8.5) to obtain a 10 rng.rnL_1 solution. Then, the
adequate volume of a 10 mg.mL ™! solution of FITC in DMSO was added
and the solution was stirred for 1 h. The solution was then dialyzed for 2
days in dH20 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 consideration the swelling
of the dialysis bag. The solution was then stored at —20 °C.

2.6. Loading of STMS@IBAM with protein: STMS@IBAM@Protein

The procedure was the same for unlabelled and labelled proteins,
with a protection from light with aluminium foil in the case of labelled
protein. In a typical protocol, the previously prepared 20 mg of
STMS@IBAM was washed twice with 7 mL of dH;O (centrifugation
11,000 g, 10 min) prior to be resuspended in 10 mL of dH30. A volume of
1 mL was then transferred in 1.5 mL tube (2 mg of particles). The NPs
were then centrifuged (11,000 g, 10 min) and resuspended in 50 pL of
dH,0. Then 500 pL of protein solutions at known concentrations were
added to the tube. The solutions were vortexed and then stirred for 1 h.
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The NPs were then centrifuged (11,000 g, 10 min) and the loading su-
pernatant collected for quantification.

2.7. Scale-up and standardized washings

A scale-up had to be done for the rest of the study. Thus, 35 mg of
STMS was first functionalized with APTES (9.625 mL of EtOH, 0.525 mL
of NH4OH, 2.1876 mL of APTES) and then with IBAM (5.25 mL of DMF
for resuspension, 0.9625 mL of IBC mixed with 5.25 mL of DMF, 0.7 mL
of EtgN, around 5 mL of dH»0). In both case, the procedure was con-
ducted in a 50 mL tube and the volume of solvent used for the washing
was increased to 10 mL.

For the loading of protein, a fixed FWR of 50% for HSA, 60% for IgG
and HRP and 100% for PLL was chosen. The 35 mg of STMS@IBAM was
centrifuged (11,000 g, 10 min) and resuspended in 7 mL of dH50 in
order to have a concentration of 5 mg.mL*. A volume of 2 mL was then
transferred in 5 mL tubes (10 mg) and the NPs were washed twice with 1
mL of dH0 prior to be resuspended in 250 pL of dH20. A volume of 2.5
mL of protein at 2 mg.mL ! (HSA), 2.4 mg.mL ! (IgG and HRP) or 4 mg.
mL ! (PLL) was added and the NPs were vortexed and then stirred for 1
h.

A standardized protocol was then used for the washing: the NPs were
centrifuged (10,000 g, 10 min) and the first supernatant was collected
(loading supernatant: LS). Then, the NPs were resuspended in 1 mL of
dH»0, put at rest on the block heater (25 °C, 900 rpm) for 10 min and
centrifuged again (10,000 g, 10 min). The first washing supernatant was
then collected (WS1) and the procedure was repeated once to get a
second washing supernatant (WS2). Finally, the NPs were resuspended
in 1 mL of dH,0 (10 mg.mL™Y).

The amount of protein was quantified using the BCA assay and the
loss of NPs was taken into consideration to calculate the exact loading
capacity and to correct the FWR value.

2.8. Release of protein

Two types of conditions were used here: closed system and opened
system. For the closed system, four tubes were prepared and labelled “24
h”, “48 h”, “72 h” and “96 h”. For the opened system, only one tube was
prepared and labelled “fresh”.

In a typical protocol, 0.2 mL of the previously prepared STMS@I-
BAM@Protein was transferred in a 5 mL tube (2 mg) and centrifuged
(11,000 g, 10 min) to eliminate the supernatant prior to be resuspended
in 2 mL of HEPES buffer (50 mmol.L_l, pH 7.4). The tube was then
placed on the block heater programmed to mix at 900 rpm for 24 h at
25 °C, 37 °C or 45 °C. After 24 h, the tubes “24 h” and “fresh” were
centrifuged (11,000 g, 10 min) to collect the supernatant. The NPs in
“fresh” were then resuspended in 2 mL of HEPES buffer and a new cycle
of 24 h was initiated. This procedure was repeated until the tube “96 h”
was collected. The supernatants were stored at 4 °C if not used imme-
diately for quantification with the BCA assay.

2.9. Enzymatic activity

The enzymatic activity of HRP has been evaluated in dH;O by
checking its ability to catalyze the oxidation of ABTS substrate by HyO,.
The oxidation of ABTS was monitored by recording UV-Vis spectra be-
tween 390 and 450 nm. The results were plotted using the maximum
absorption at 420 nm.

In a first experiment, 1 mg of freshly prepared STMS@IBAM@HRP
was resuspended in 500 pL of dH2O in a 1.5 mL tube, which corre-
sponded to an amount of 260.6 pg of HRP (quantified by BCA assay).
Then, 500 pL of ABTS solution at 0.2 mg.mL ! was added, the solution
was vortexed and 1.72 pL of Hy0, at 350 mg.mL’1 was added (molar
ratio ABTS:H04 = 1:97). The solutions were vortexed and covered with
aluminium. The enzymatic activity was assessed in two different ways:
for the first one, the solution was only measured by UV-vis spectroscopy



J. Bizeau et al.

24 h, 48 h, 72 h, 96 h and 162 h after adding ABTS and H50,. For the
second one, 2 pL of ABTS at 50 mg.mL ™! and 1.72 pL of HyO3 at 350 mg.
mL~! were added to the solution to refeed it in substrate and oxidant
after each UV-Vis measurement. A negative control was also prepared
for both condition using only dH,0, ABTS and HyO5 to monitor the
natural oxidation of ABTS. All conditions were performed in duplicate.

In a second experiment, the STMS@IBAM@HRP stored in dH,0 was
vortexed after 48 h of storage. The supernatant was collected ina 1.5 mL
tube and the volume completed to 500 pL with dH2O. The amount of
HRP present in the supernatant was estimated using the release study
results: in static conditions, 13.6% of HRP is released from the NPs,
which in this case correspond to 35.4 ug of released HRP and 225.2 pg
still immobilized on the NPs. The NPs were resuspended in dH50 to have
10 mg.mL ™! and 1 mg were resuspended in 500 pL of dH,0 as in the
previous experiment. Then, 500 pL of ABTS 0.2 mg.mL ™! was added and
the solutions were vortexed prior to add 1.72 pL of Hy05 at 350 mg.
mL~". The solutions were protected from light and UV-Vis spectra were
collectedat1h,2h,3h,4h,5h,6h,8h,10h,24h,48h,120h, 144 h,
168 h. A negative control containing only dH>0, ABTS and Hy0, was
also prepared.

2.10. Characterization methods

2.10.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on an STD Q 600
apparatus (TA instrument). The runs were performed under an air flow
rate of 50 mL.min"! and programmed to heat from room temperature to
800 °C with a heating rate of 5 °C.min"1. TGA was used to measure the
amount of organic material at the surface of STMS and thus quantify the
amount of grafted APTES and IBAM. The measured weight was derived
as a function of the temperature and then the curve was smoothed and
integrated between 117 and 750 °C. Then, the area under the curve was
used to obtain the quantity of organic material in pg of organic material
per mg of STMS as in Eq. (1):
Quantity of organic material (ug‘mgngMs) = IOOO*M

780°C

@

With mygoec the mass of material at 780°C in mg. The amount of
APTES was subtracted from the total amount of organic material found
after the functionalization with IBAM in order to calculate the amount of
IBAM grafted on the NPs.

2.10.2. Dynamic Light Scattering and zeta potential

DLS and zeta potential were performed on a Zetasizer Nano-ZS
(Malvern instruments). DLS measurements were recorded in triplicate
at 25 °C and at a scattering angle of 173° using a 1 cm path length plastic
cell. The measurements were conducted with a concentration of 0.2 mg.
mL~! of NPs in dH,0 and HEPES buffer (50 mmol.L ™}, pH 7.4).

Zeta potential measurements were recorded in triplicate at 25 °C
using a DTS1070 folded capillary cell. The measurements were con-
ducted in dH,O at a concentration of NPs of 0.2 mg.mL™! and as a
function of pH using a titrator (MPT-2 Multi Purpose Titrator, Malvern
instruments).

2.10.3. FTIR spectroscopy

FTIR spectroscopy was performed on a Spectrum Two FTIR spec-
trometer (PerkinElmer). First, some KBr was crushed and one drop of
solution was added to it. The powder was then dried one night at 90 °C.
The powder was crushed again and a press was used to obtain a KBr
pellet. The spectra were obtained by the accumulation of 4 scans

collected from 400 to 4000 cm™" with a resolution of 4 cm ™.

2.10.4. Fluorescence spectroscopy
Fluorescence spectroscopy was performed on a Fluorolog TM
(Horiba Scientific) apparatus to obtain the fluorescence spectra of
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protein based on the fluorescence of tryptophan or of protein’' ' based
on the fluorescence of FITC. In both case, three emission spectra were
recorded and averaged by the software. The quantity of protein loaded
in the particles was calculated using the quantity of free protein still
present in the supernatants. A calibration curve was prepared at each
experiment and for each protein and protein™'C,

Protein: A 1 cm path length quartz cell was used to record the spectra
from 310 nm to 500 nm with a step of 1 nm and an excitation wave-
length of 295 nm. The results were plotted with the fluorescence at 337
nm.
Protein™C: A 1 cm path length plastic cell was used to record the
spectra from 505 nm to 600 nm with a step of 0.5 nm and an excitation
wavelength of 495 nm. The results were plotted with the fluorescence at
519 nm.

2.10.5. Bicinchoninic Acid assay (BCA)

The BCA test has been conducted using a BCA kit from Thermo-
scientific. In a typical procedure, a calibration curve was prepared for
each protein in dH»O in 1.5 mL tube with a volume of 500 pL for each
point. Then, the supernatants were diluted adequately and prepared in
triplicate (500 pL in 1.5 mL tube). The BCA solution was then prepared
as indicated in the provider's protocol by mixing solution A, B and C in
the proportion 50/48/2% respectively. Then, 500 pL of solution was
added to each tube containing the calibration curves points and the
diluted supernatants. The solutions were quickly vortexed and incu-
bated for 1 h at 60 °C. The solutions were then cooled to room tem-
perature using a water bath and the UV-Vis absorbance was measured
(see below).

2.10.6. UV-visible spectroscopy

UV-visible spectroscopy was performed on a Lambda 950 UV/Vis
spectrometer (PerkinElmer precisely) with 1 cm path length bevelled
plastic cell in order to use only 1 mL of solution. It was used for the BCA
assay as described above but also to monitor the enzymatic activity.

BCA: spectra collected from 560 to 570 nm with a step of 1 nm. The
maximum absorption at 562 nm was used for the quantification.

Enzymatic activity: spectra collected from 390 nm to 450 nm with a
step of 1 nm. The maximum absorption at 420 nm was used to plot the
results.

2.10.7. Circular dichroism

The circular dichroism (CD) spectra were recorded on a J-1700 CD
spectrometer (Jasco) combined with a PTC-510 Peltier thermostatted
cell holder for the control of temperature (Jasco) and a 1 cm path length
quartz cell with low intrinsic CD (Starna). The native HRP was dissolved
in dH,0 at a concentration of 0.5 pmolL™!. The released HRP was
collected after a release of 24 h in dH50. A volume of 1 mL of dH,O was
added to the collected 2 mL in order to fill the CD cuvette while diluting
the sample the less possible. The concentration of HRP in the sample was
quantified afterward using the BCA assay. The spectra were collected
between 190 and 250 nm with a step of 0.2 nm, a bandwidth of 0.5 nm, a
scanning speed of 5 nm.min ! and a digital integration time of 2 s. Five
spectra were collected and averaged for each sample.

Curve processing: the CD spectra were analyzed with the online
program BestSel considering that HRP contains 308 residues (Veitch,
2004; Welinder, 1976).

2.10.8. Atomic force microscopy

2.10.8.1. Preparation of silica and silica@IBAM substrate. Several pieces
of silica plate were cut (0.5 x 0.5 cm), washed with EtOH and sonicated
10 min in order to remove residues. Then, the substrates were dried with
nitrogen prior to be immersed overnight in a piranha solution. This step
aimed at increasing the silanol density at the substrate surface. The
substrates were then washed with dH»0 and dried with nitrogen. Half of
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the substrates were kept as they were and half were used for the
following functionalization.

The substrates were incubated 30 min in 5 mL of EtOH, then 250 pL
of NH4OH was added and the solution stirred. A volume of 1 mL of
APTES was added to the solution and the substrates were left to react 1 h
30 min. The substrates were then washed once with EtOH and twice
with DMF prior to be immersed in 3 mL of DMF. A volume of 0.3 mL of
Et3N was added to the solution and the substrates were left to incubate
for 5 min. Then, a solution containing 3 mL of DMF and 0.4 mL of IBC
was slowly added. A white precipitate formed. The mixture was left to
react overnight. Then, 1 mL of dH,O was added to dissolve the organic
salt. The mixture was stirred for 15 min to be sure that all the salt was
dissolved. The substrates were then washed three times with DMF and
one time with EtOH prior to be dried with nitrogen. All substrates were
stored in a closed plastic box.

2.10.8.2. Functionalization of AFM tips. AFM tips were functionalized
with HSA or HRP via a 6 nm-long acetal-PEG linker according to the
protocol published by Hinterdorfer and Dufréne (Hinterdorfer and
Dufrene, 2006) and Francius et al.(Francius et al., 2009). All the glass-
ware was washed with piranha solution, then with NaOH 4 mol.L 7},
dH20 and EtOH prior to be dried with nitrogen to remove all possible
pollutants.

Amino-functionalization of AFM tips. A solution containing 3.3 g of
ethanolamine hydrochloride and 6.6 mL of DMSO was prepared in a
reactor by heating it at 60 °C. The solution was left to cool down after
complete dissolution. A molecular sieve was placed at the bottom of the
reactor as well as a Teflon plate. The cantilevers (MLCT, non-conductive
silicon nitride, Bruker) were washed in CHCl3 (3 x 5 min) and dried with
nitrogen prior to be immersed in the ethanolamine hydrochloride so-
lution. The reactor was closed and the cantilevers were incubated
overnight. The cantilevers were washed with DMSO (3 x 1 min) and
EtOH (3 x 1 min) prior to be dried with nitrogen.

Functionalization of the AFM tips with an acetal linker and with
proteins. A small reaction chamber was placed in a new reactor and
surrounded by a molecular sieve. A portion of 1 mg of acetal-PEG-NHS
was dissolved in 0.5 mL of CHCI3 and transferred into the reaction
chamber. Then, 30 pL of EtsN was added and the solution was mixed.
The cantilevers were immersed in the solution, the reaction chamber
closed and left to react for 2 h. The cantilevers were then washed with
CHCl3 (3 x 10 min) prior to be dried with nitrogen. The cantilevers were
immersed for 10 min in citric acid 1%, washed with dH5O (3 x 5 min)
and dried with nitrogen prior to be placed on a Teflon plate. Then, 100
pL of a 0.2 mg.mL ! protein solution was pipetted onto the cantilevers
and 2 pL of a 1 mol.L ! sodium cyanoborohydride (32 mg NaCNBH3, 50
uL of NaOH 20 mmol.L ! and 450 pL of dH,0) was added and mixed by
up-and-down movement. The Teflon plate was covered to be protected
from dust and left to react for 1 h. Then, 5 pL of a 1 mol.L ™! ethanol-
amine solution (pH 8) was added and mixed into the solution. The
cantilevers were left to incubate for 10 min and then washed with dH,O
(3 x 5 min).

2.10.8.3. Measurement. AFM force spectroscopy was performed on a
Bioscope Resolve (Bruker France SAS, Palaiseau, France) apparatus
using Nanoscope software (Bruker) at room temperature in dH2O. The
experiment was conducted using HSA or HRP-functionalized tips both
on silica surface and silica@IBAM surface. For each combination pro-
tein/substrate, a force map was recorded on a 5 x 5 pm? surface cor-
responding to 32 x 32 points (1024 curves). The hold time was fixed at
100 ms.

2.10.8.4. Curve processing. For each AFM force measurement, a force
map containing 1024 force curves was obtained and analyzed by
Nanoscope analysis (Bruker). Retraction curves were analyzed to
determine the number of adhesive events (negative peaks)
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corresponding to the force of interaction between each couple protein/
substrate. Statistical analysis were performed on the number of detected
peaks on each retraction curve and also on the intensity of the peak
characteristic of the interaction protein/substrate which represents the
required force to break the protein/substrate interaction.

3. Results and discussion
3.1. Synthesis and functionalization of STMS with IBAM groups

The synthesis of STMS has been done as reported previously (Bizeau
et al., 2021; Duenas-Ramirez et al., 2020; Perton et al., 2019a). Briefly,
the NPs were synthesized using the sol-gel method in presence of CTA-
Tos as surfactant in order to obtain a stellate morphology, based on the
work reported by Zhang et al. (Zhang et al., 2013a). A TEM image is
presented in Fig. S1.A and shows that the NPs display the expected
stellate morphology. The STMS diameter and the statistical analysis
obtained from these TEM images are presented in Fig. S1.B and give a
mean diameter value of 124 + 27 nm. The STMS were then function-
alized with APTES using the siloxane condensation reaction in order to
add amines on the NPs surface and the IBAM groups were then formed at
the NPs surface by reaction of the amino groups with the acyl chloride
IBC. The hydrodynamic diameter measured by DLS and the zeta po-
tential measurements of STMS, STMS@APTES and STMS@IBAM pre-
sented in Fig. S2.A and S2.B show that the suspension of the particles
was stable with a zeta potential switching from negative for STMS (—20
4+ 0.6 mV) to almost zero with APTES (—0.7 £+ 0.2 mV) and then to
positive with IBAM (34.7 4+ 0.6 mV). The FTIR spectra (Fig. S2.C and
Table S1) show the specific peaks of the amide bond formed after the
reaction with IBC, bringing confirmation about the chemical IBAM
functionalization of the NPs surface. The amount of APTES and IBAM
grafted on the STMS were determined by thermogravimetric analysis
(TGA). A representative TGA curve is given in Fig. S3.A and the curves
used for the calculation in Fig. S3.B. The amount of organic material
(APTES+IBAM) was determined to be 242 + 55 pg.mg ! STMS in
average, which is in agreement with previous experiments, meaning that
the grafted amount of IBAM is ca. 131 pg.mg~! STMS which represents
ca. 2.3 IBAM/nm? (Bizeau et al., 2021; Duenas-Ramirez et al., 2020).

3.2. Loading of proteins and characterization of STMS@IBAM@Protein

The first step of this work was to study the loading of proteins in the
STMS@IBAM NPs. To do so, the amount of NPs was fixed and the
amount of protein in the loading solution was progressively increased
following the FWR defined by Eq. (2):

FWR = 1 Oo*madded protein )
Mstms

Then, to measure the amount of loaded proteins within the NPs, we
used the indirect quantification method consisting in measuring the
amount of remaining protein in the loading supernatant (LS). At this
point, a challenge was to choose the right detection technique to
perform our measurements.

Indeed, although detection kits are developed since years in order to
answer this problem, the quantification of proteins is not a facile and
routine task, and scientists still encounter problems when performing
such measurements. Such difficulties come from the combination of
several parameters: the amount of protein available for the assay
(sensitivity), the composition of the sample (interferences), the amino-
acid sequence of the protein (sensing specificity) and how tests are
used and reported (operator). As an example, Zaguri et al. identified 19
distinct methods to quantify proteins used by ecologists, and they
notably noted the variability of how a given method can be used (dif-
ference in the incubation time, temperature...) and how the protocol can
be reported (Zaguri et al., 2021). To give a precise example, they found
that only 8% of the studies using the Bradford assay in their corpus



J. Bizeau et al.

reported the incubation time, and only 5% reported the incubation
temperature. They also experimentally showed the influence of protocol
variations on the results. Knowing that, and knowing that all assays
cannot be used with all proteins or that some assays are very sensitive to
the composition of the sample (presence of salts, buffer, detergents etc),
the choice of the adequate technique is already a challenge in the
challenge of quantifying proteins. Some authors proposed decision-
making flow charts to help researchers select the most adequate tech-
nique, taking into account the sample and the buffer compositions
(Noble and Bailey, 2009; Olson and Markwell, 2007). However, these
flow charts often give several assays for a given sample.

Thus, some authors prefer to use several techniques, either to check
which one is the most appropriate by using them on a known sample
(Knight and Chambers, 2003) or to obtain the more accurate value for
their measurement (De Mey et al., 2008). Last but not least, the prepa-
ration of the calibration curve is a key aspect of protein quantification.
Bovine serum albumin is the most commonly used protein for the cali-
bration curve, which was explained by Stoscheck in 1990 by the fact that
it is inexpensive, easy to use and was so much used that comparison is
easy to do between previously reported and newly generated values
(Stoscheck, 1990). IgG was also reported to be used as a standard pro-
tein, but to a less extent. However, Stoscheck already warned the com-
munity that all proteins do not react in the same way in each assay, due
to their secondary and tertiary structure and their environment sensi-
tivity, and that the protein that is aimed to be quantified should be used
for the calibration curve also. At least, the standard protein should be
close to the quantified protein, as reminded more recently by Knight and
Chambers (Knight and Chambers, 2003). Also, it is important to un-
derstand well how tests work to evaluate if the calibration curve has to
be done at each quantification or not. For instance, in the Lowry assay
(Olson and Markwell, 2007), the calibration curve has to be repeated at
each experiment to ensure that the amount of protein would not be
under- or overestimated by a change in the reaction time.

Taking all this information into account, we decided to use three
complementary detection techniques based on fluorimetry or UV-Vis
spectrometry. By doing so, we could investigate the reliability of the
different quantification methods to estimate the loaded and released
proteins, determine their relevance with a given protein and achieve a
more precise quantification. In addition, we performed a calibration
curve for each experiment, using all proteins as their own standard
protein. In a first technique, the proteins were labelled with FITC and the
fluorescence of the bound FITC group was measured. In a second tech-
nique, the intrinsic fluorescence of proteins due to the tryptophan res-
idue was exploited. This fluorescence is due to only one tryptophan
residue that can be found in the structure of HSA (Maciazek-Jurczyk
et al., 2018; Meloun et al., 1975) and HRP (Welinder, 1976). Regarding
IgG, it has been reported that the heavy chain contains in average 7.5
tryptophan residues and the light chain 2.3 tryptophan residues. Thus,
IgG contains around 19.6 tryptophan residues, as this antibody is
composed of twice each chain and depending the IgG subclass used
(Chaplin et al., 1965; Papadea and Check, 1989). These two techniques
are very easy to set but the FITC and tryptophan fluorescence can be
influenced by their environment such as pH or protein conformation
(Chen and Barkley, 1998; Klugerman, 1965; Vivian and Callis, 2001).
Thus, the third technique used was aimed at avoiding such environment-
dependency, so the BCA assay was chosen as it uses the ability of peptide
bonds in proteins to reduce Cu®>* in Cu*. The obtained Cu™ then forms a
complex with two BCA molecules to form a purple metallic complex
detectable by UV-Vis spectroscopy (Smith et al., 1985; Walker, 2009).
Once the amount of unloaded protein was measured, the amount of
loaded protein was calculated as well as the loading capacity (LC) of the
NPs defined as in Eq. (3):

my, i m, in — I, in i
—1 loaded protein added protein protein in LS
LC (ﬂg.mg ) = = 3

mstms Mmgst™ms
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with Migaded protein in pg and mgrys the mass of unmodified STMS in mg.

The calibration curves for each protein and each technique are pre-
sented in Fig. S4, S5 and S6 and the protein loading results as a function
of the FWR are presented in Fig. 1. A good correlation between the three
detection techniques can be seen for HSA and HRP, with a maximum LC
as high as ca. 670 & 7 pg.mg ! for HSA (Fig. 1.A) and ca. 396 + 10 pg.
mg’1 for HRP (Fig. 1.B) (BCA assay values). However, for IgG, Fig. 1.C
shows a huge difference between the LC evaluated with the fluorescence
of FITC as compared to the two other techniques: a maximal LC of ca.
557 + 101 pg.mg ! was detected with IgGF'TC while the maximum was
only ca. 261 + 148 pg.mg~* with the fluorescence of tryptophan and ca.
166 + 22 pg.mg ! with the BCA assay. Even if we do not have a direct
proof of it, we suppose that some local effect could have lowered the
FITC signal and thus underestimate the amount of IgG™'C in the LS. As
the fluorescence of tryptophan and the BCA assay were giving similar
results, we considered these values as the most likely ones. Regarding
PLL, only PLLF'TC is given in Fig. 1.D and shows a maximum LC of ca.71
+ 10 pg.mg !, which is quite low as compared to HSA and HRP. Even if
the BCA assay has been reported for this molecule in the literature
(Higuchi et al., 2006; Shitole et al., 2020; Wang et al., 2018; Wu et al.,
2017b), it was tried on three different batches and did not show reli-
ability here. Hence, this first study clearly shows how tricky it can be to
quantify proteins and the usefulness of several concomitant techniques
to be sure that all the loading results converge to the same value. In
addition, it also showed that the STMS@IBAM was able to load large
amounts of HSA and HRP as compared to IgG and PLL. For the rest of the
study, a working FWR of 71% of HSA (592 + 3 pg.mg ™! LC), 85% of HRP
(396 £10 pg.mg’l LC) and IgG (103 £ 5 pg.mg*1 LC) and 142% of PLL
(71 + 10 pg.mg ! LC) were chosen as they lead to high and optimal LCs
for each protein. If nothing is precised, the label STMS@IBAM @Protein
used in the following sections refers then to these formulations.

The colloidal stability of STMS@IBAM@Protein NPs was then eval-
uated in dH2O for all proteins. As it can be seen in Fig. 2, the NPs form
stable colloidal suspension in dH;O with all proteins, with mean hy-
drodynamic diameters of 180 and 151 nm for HSA and HRP respec-
tively. The mean hydrodynamic diameters of STMS@IBAM@IgG and
STMS@IBAM@PLL were higher, 220 and 340 nm respectively, which
make them less interesting for biological applications as they may
aggregate or rapidly be identified by the immune system. In addition,
the isoelectric points (IEPs) of 5.5 for STMS@IBAM@HSA, and 6.2 for
STMS@IBAM@HRP ensure that these particles would be negatively
charged in biological conditions (pH 7.4), while the IEP of STMS@]I-
BAM@PLL at 8.3 means that these NPs would be mainly positively
charged. HSA- and HRP-loaded NPs are thus of greater interest as
negatively charged particles are less prone to opsonisation and macro-
phages uptakes (Alexis et al., 2008). Regarding IgG, the IEP at 7.4 means
that the NPs would be neutral in biological conditions, which was re-
ported to also reduce NP clearance by phagocytosis (Alexis et al., 2008).
However, unless they have a suitable steric hindrance, neutral particles
may aggregate, which is not desirable for medical application.

The aim of this work was not only to study the STMS@IBAM as an
anchoring surface for the loading of proteins but also to evaluate its
ability to deliver them through sustained release for medical applica-
tion. Given the issues to quantify PLL and IgG by convergent detection
techniques seen above, and the colloidal stability study of the
STMS@IBAM@Protein NPs, we will focus only on STMS@IBAM@HSA
and HRP as suitable systems to investigate in the next sections the
chemical engineering aspects (3.3), the sustained protein release (3.4)
and force-surface interactions (3.6).

3.3. Chemical engineering aspects

As a preliminary and prerequisite study to prepare samples for sus-
tained protein release, we investigated the possibility to scale-up the
protein loading process as well as the stability of the loading (sponta-
neous leaking) over consecutive washings.
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Fig. 1. Loading of A) HSA, B) HRP, C) IgG and D) PLL"™ on STMS@IBAM in function of the protein FWR.

In the objective of using these NPs as PDS for medical application, it
is important to be able to produce a relatively high amount of NPs. Thus,
a scale-up study was performed with the aim to move from mg to the ten
mg-range scale. A schematic representation of the scale-up applied to
each system is given in Fig. 3.A: it consisted in multiplying the masses
and volumes by 2.5 and 5 for HSA and HRP respectively and keeping the
incubation time at 1 h. The comparison of the LC obtained by the as
above-described BCA assay before and after the scale-up is given in
Fig. 3.B and .C. These graphs show that the scale-up had a very low
impact on the LC of HSA as it was reduced by only 18%. Regarding HRP,
the impact was quite higher as the LC was reduced by 33%, maybe due
to the fact that the loading time was kept at 1 h while all the rest of the
conditions were multiplied by five. However, the obtained LC (ca. 264
+ 3 pg.mg 1) was still interesting for protein release applications. Thus,
the label STMS@IBAM@Protein will correspond to a STMS@IBAM NPs
containing 484 + 3 pg.mg’1 of HSA or 264 + 3 pg.mg’1 of HRP for the
release study. It has to be noted that the LC obtained after the scale-up is
the average obtained from 12 to 13 batches, showing a very good
reproducibility of the protein loading process (showed in Fig. 3 D and E).

As the NPs are dedicated to medical applications, it is important to
eliminate any possible pollutant of the process or loosely bound proteins
by several washings. Thus, a standardized washing protocol was
implemented prior to protein release and protein leaks were quantified
(see Fig. S7). Results show that small fractions of proteins are lost upon
two consecutive washings (<8 wt% in total).

3.4. Protein release study

Then, the release of proteins from the STMS@IBAM NPs was studied
in HEPES aqueous buffer (50 mmol.L’l, pH 7.4), to better mimic bio-
logical conditions, and considering two different conditions called closed
or opened systems. The closed system mimics a static condition of protein
release where the particles are kept in the same aqueous solution over
the studied period (four days) and thus where an equilibrium is estab-
lished. Conversely, the opened system mimics a dynamic aqueous flow
where the aqueous solution is changed every 24 h during the period,
displacing the equilibrium every day. The protein release was also
investigated at 25, 37 and 45 °C in order to get insights on the release
profiles at respectively a preparation temperature, the human biological
temperature and a characteristic temperature of magnetic hyperther-
mia. Indeed, iron oxide NPs with controlled size and shape are good
heating agents under magnetic stimuli (among other stimuli) (Cotin
et al., 2018) and the addition of a stellate silica shell around these iron
oxide NPs was already reported and showed good heating properties too
(Adam et al., 2021; Perton et al., 2019b). Thus, a combination of this
magnetic core and our protein loaded-STMS shell could be considered to
couple different therapeutic effects in a single nanocarrier. The
STMS@IBAM@Protein were thus resuspended in HEPES buffer and the
NPs colloidal stability was checked and showed good results (see Fig. S8)
as previously in dH0.

The closed system, schematically represented in Fig. 4.A, consisted in
reproducing static conditions where the STMS@IBAM@Protein NPs are
dispersed in the aqueous HEPES buffer during a given period in equi-
librium conditions. Thus, to achieve this study, 5 mL tubes were
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Fig. 3. A) Schematic representation of the scale-up study operated for each protein. Comparison of the LC obtained before and after the scale-up for B) HSA and C)
HRP. Reproducibility of the loading of D) HSA and E) HRP on STMS@IBAM after the scale-up.

prepared for each time point (24, 48, 72, 96 h), meaning that the NPs
were in solution during all the corresponding time. The cumulative
release obtained for HSA and HRP are presented in Fig. 4.B and .C
respectively. In both cases, no influence of the temperature could be
seen. Also, a burst release of ca. 28 & 0.3% for HSA and ca. 14 £ 0.2%
for HPR can be observed during the first 24 h, but then, the amount of
protein in solution does not increase anymore over time. Such a diffu-
sion profile could mean that the system has already reached an equi-
librium at 24 h and that no more protein can be desorbed in the system if
left as it is. The application of mathematical models on the data suggests
that a Fickian diffusion would drive the release in this condition (see the
Supporting Information S9, Fig. S9 and Table S2 and S3 for more details)
which is in agreement with the fact that once an equilibrium is reached,
no more protein is released.

The opened system, schematically represented in Fig. 5.A, consisted in
mimicking, as a first approximation, the dynamic conditions than NPs
would encounter when administered as a therapeutic treatment. To do
so, only one 5 mL tube was prepared and the buffer was collected and
replaced every 24 h. The results are presented in Fig. 5.B for HSA and .C
for HRP. Here again, no influence of the temperature could be seen.

10

However, unlike the results obtained in the closed systems, what can be
observed here is that the release of proteins was continuous after the first
24 h burst release. Indeed, an average linear release of 6.4% per 24 h and
8.4% per 24 h were observed for HSA and HRP respectively. This
continuous release is a very good result for therapeutic application as it
means that the proteins would be released slowly over time in a sus-
tained way. Here also, mathematical models were applied to the data to
estimate the possible mechanism involved in the release (see the Sup-
porting Information S9, Fig. S9 and Table S2 and S3 for more details).
The results suggest that the release of HSA in this opened condition
would also be driven by Fickian diffusion while the release of HRP
would be attributed to a mix of diffusion and eventually erosion of the
NPs. Indeed, it has been shown these last decennia that silica NPs can
degrade in various physiological media such as phosphate-buffered sa-
line (PBS), fetal bovine serum (FBS) or even Dulbecco's modified Eagle's
medium (DMEM), among the reported media (Chen et al.,, 2015;
Croissant et al., 2017; Hao et al., 2012; Moller and Bein, 2019). Thus, it
is not excluded that in our dynamic condition, some slight silica
degradation would happen and then would participate in the release of
proteins. Especially in the case of HRP which has a half quantity
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adsorbed on STMS@IBAM as compared to HSA, the layer of HSA may
protect the NPs from erosion longer than the HRP.

3.5. Enzymatic activity of immobilized and released HRP

One important element to check when releasing proteins through
PDS is that their activity is retained despite the loading and release
processes. Thus, the enzymatic activity of HRP was monitored using the
ABTS substrate and HyO5, as the bio-catalytically obtained radical cation
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ABTS'® is green and can be detected by UV-Vis spectroscopy.

A first experiment was to investigate the biocatalytic activity of HRP
when it is immobilized on STMS@IBAM. Hence, freshly prepared
STMS@IBAM@HRP NPs were incubated with ABTS and H;0, with or
without a daily feeding in ABTS and Hy02 The amount of HRP was
measured to be 260.6 pg and a molar ratio ABTS:H,02 of 1:97 was
chosen. The same amount of ABTS and HyO, were added every 24 h in
the “daily feeding” condition. The control experiment was the natural
oxidation of ABTS in presence of HyO, without any HRP in the solution
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(and without NPs). The results are presented in Fig. 6.A. First of all, it is
noticeable that the control shows only a very negligible natural oxida-
tion of ABTS when the solution is daily fed in ABTS and HO, (dark blue,
round symbols). Also, no oxidation could be seen when the solution was
not refed (pale blue, cubic symbols). Then, regarding the STMS@I-
BAM@HRP NPs incubated with ABTS and H30», the simple mix of NPs
with the reactants (pale yellow, cubic symbols) shows that the immo-
bilized enzyme-induced oxidation occurs mainly during the first 24 h
but with a low continuous activity during the next days. Nonetheless,
when the solution was refed (dark yellow, round symbols), the signal
kept increasing in a clear way, meaning that a great amount of ABTS was
converted every 24 h, and thus meaning that the HRP kept its activity
over time.

In a second test, we aimed at comparing the activity of the released
HRP to the activity of the immobilized HRP. To do so, the supernatant
was collected after 48 h of storage and completely used for the bio-
catalytic study. The amount of HRP in the supernatant was estimated to
be 35.4 pg using the results obtained in the release study (see the ma-
terials and methods section for more details). The amount of remaining
HRP on the STMS@IBAM was thus calculated to be 225.2 pg. The results
presented in Fig. 6.B show that both released HRP and immobilized HRP

A
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Fig. 6. A) Enzymatic activity of HRP immobilized on STMS@IBAM with and
without daily feeding in substrate and oxidant. B) Comparison of the enzymatic
activity of HRP released from STMS@IBAM and immobilized on STMS@IBAM.
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are active, and have similar catalytic conversion levels while the amount
of immobilized HRP is ca. 6 times more as compared to released HRP.
This indicates that enzymatic activity is quite affected by the immobi-
lization on the NPs and is increased when released in buffer.

Altogether, the enzymatic activity experiments showed that the HRP
is able to catalyze the oxidation by HyO2, whether released from or still
immobilized on the NPs.

As the conformation of protein is an important parameter that ensure
their biological properties, we investigated it by performing circular
dichroism spectroscopy on the native and released HRP and by
extracting their secondary structure using the online program BestSel
(Micsonai et al., 2021; Micsonai et al., 2018; Micsonai et al., 2015). The
graphs presented in Fig. S10.A show a profile similar to what is expected
for proteins containing mainly a-helix, as reported by Greenfield and
Fasman (Greenfield and Fasman, 1969). The analysis of the secondary
structure (Fig. S10-B-D) confirms it, but also show a difference between
the native and the released HRP (lower amount of a-helix and higher
amount of p-sheet in the released HRP). Thus, the loading and release
processes has an impact on the HRP conformation, but results only in a
reduction of its enzymatic activity, keeping its bio-functionality and
interest as a PDS.

Up to now, this study showed the interest in using STMS@IBAM NPs
to load and to deliver proteins in a sustained way when submitted to
dynamic conditions. While HSA and HRP have similar properties in
terms of molecular weight _ 66,478 and 40,000 g.mol ™! respectively —
and IEP - 4.7 for HSA (Carter and Ho, 1994) and 4.8 for HRP (see
Fig. S11) their levels of adsorption (maximum 670 + 7 pg.mg ™~ for HSA
versus 396 + 10 pg.mg " for HRP) and release (48 + 0.5% for HSA versus
37 + 0.4% for HRP, dynamic conditions) were found quite different and
protein-dependent. In a last section of this work, we attempt to decipher
and quantify the interactions involved between IBAM surface and each
of the two proteins through AFM-force study on planar substrates (sili-
cium-SiO2@IBAM surface). The results are compared to the interactions
involved in the absence of IBAM groups (bare silica surface).

3.6. Protein-surface interactions: AFM-force measurements

Hence, in this section, with the aim to provide some quantitative
insights in the interactions of proteins with IBAM groups at the protein
scale, an AFM spectroscopy study in the force mode was used. AFM is
renown as a powerful tool that allows to better understand physical
interactions between two elements at nm- and even sub-nm scales
(Cappella and Dietler, 1999; Janshoff et al., 2000). The principle of this
technique has been represented and explained in Scheme S1. Briefly,
HSA or HRP were covalently conjugated to the AFM tip using a PEG-
acetal linker. The protein-attached AFM tip was then used to sense the
local force at play between the proteins and planar substrates. To
emphasize the input of IBAM surface chemical modification, in-
teractions of proteins with silica@IBAM (Si-SiO-IBAM) were compared
to bare silica (Si-SiO, a silicon chip with a natural passivated SiOs
layer).

The first analysis performed on the obtained force map (1024 curves)
was a statistical analysis on the number of peaks present in each curve
(Fig. S12). This analysis showed that the protein/substrate interaction
was mainly broken with limited unfolding of the protein, as the curves
presented only one peak in 85 to 97% of the cases. However, it can be
noted that 11% of the curves presented two peaks in the case of HSA/
SiO9-IBAM, meaning that some unfolding could happen in few cases for
this couple.

Then, the statistical analysis on the force was performed and the
results are presented in Fig. 7.A (HSA) and .B (HRP). In the case of HSA,
it appears that there are more interactions between HSA and SiO5-IBAM
than between HSA and SiO,, as only ca. 0.6% of the curves in the HSA/
SiO9-IBAM force map showed no peak against ca. 76% in the HSA/SiO4
force map. Adhesion force histograms indicate that the main adhesion
force was determined at 137 + 51 pN for HSA/SiO, (with some cases at
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389 + 515 pN) while the main adhesion force for HSA/SiO,-IBAM was
at 1400 + 478 pN (with some cases at 308 + 321 pN) (Fig. 7.A). These
values clearly show that the interactions between HSA and IBAM are of
intermolecular nature and are stronger than between HSA and SiOs.
Regarding HRP, the results shown in Fig. 7.B lead to quite different
conclusions. Indeed, first, ca. 85% and ca. 67% of the curves showed no
peak for the HRP/SiO, and HRP/SiO2-IBAM respectively, meaning that
there are few interactions between HRP and the two surfaces, with a low
preference with the IBAM-functionalized substrate. Second, as it can be
seen in the inset, the main adhesion forces were also quite similar, as it
was ca. 217 + 167 pN for HRP/SiO, and ca. 145 + 55 pN and 286 + 255
pN for HRP/SiO2-IBAM. Altogether, these results show that the inter-
action between HRP and IBAM is not much higher than with SiOa.
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Complementary to the AFM study, we have compared the loading
contents of HSA and HRP on bare STMS and STMS@IBAM in the exact
same loading conditions. Considering the IEPs of HSA and HRP, the
proteins are thus mainly negatively charged in these conditions, like the
STMS NPs, while the STMS@IBAM NPs are positively charged. The re-
sults presented in Fig. 8.A show that the loading of HSA was much more
efficient when functionalizing the NPs with IBAM, as the LC was only ca.
120 +9 pg.mg_1 on STMS and ca. 443 + 31 pg.mg_1 on STMS@IBAM.
However, in the case of HRP, the LC was quite similar on both surfaces:
ca. 219 + 7 pg.mg ™' on STMS and ca. 271 + 8 pg.mg ™' on STMS@IBAM
(Fig. 8.B). At any point, and considering that the force of interactions
found by AFM can be correlated to the protein loading extent, both
studies tend to similar results in terms of force adhesion and protein
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adsorption.

These both analysis (AFM and protein loading studies) not only give
us information about the difference of interactions between a protein
and the two substrates (IBAM vs BARE), but they also give insights on the
types of interactions involved between the adsorbed protein and these
substrates. Indeed, it has been reported that forces measured by AFM are
usually ca. 60 pN for van der Waals interactions, ca. 200 pN for
hydrogen bonds (H-bonds) and ca. 650 pN for hydrophobic interactions
which provide us a kind of scale-force to interpret results in term of
intermolecular interactions (Cappella and Dietler, 1999). Specific in-
teractions between an antibody and its antigen were also studied and
can give values up to 340 pN (streptavidin/biotin (Janshoff et al.,
2000)).

In our case, the obtained values when HSA (137 + 51 pN) and HRP
(217 + 167 pN) proteins are in contact with the bare SiO5 substrate
suggest that the main interactions involved between the silanols groups
of SiO5 and the polypeptide chains of proteins correspond to H-bonds.
This result is also supported by the non-negligible loading of these two
proteins on bare STMS (12 wt% for HSA and 22 wt% for HRP) despite
the repulsive electrostatic interactions occurring between STMS and the
proteins.

Regarding the interactions of the tip-attached proteins with SiO,-
IBAM substrate, the AFM and protein loading studies show that HSA and
HRP have different behaviours.

The value in the range [145-286] pN obtained for HRP in contact to
SiO2-IBAM substrate strongly suggests that H-bonds interactions occur
also between the IBAM bonds and the proteins with a similar level than
the silanols of the bare substrate. The close loaded amounts of HRP
measured on STMS@IBAM as compared to STMS (27 vs 22 wt%) are also
in agreement with a protein loading mediated by such H-bond in-
teractions. Interestingly, while the interaction of silica@IBAM with HRP
is favourable in terms of surface charge, the electrostatic forces do not
seem to contribute here to the protein binding.

Regarding now the noticeable high value of 1400 + 478 pN
measured in the couple HSA/SiO»-IBAM, and taking into account
favourable electrostatic charges of HSA and silica-grafted IBAM, it is not
excluded that this huge adhesion force value results from a combination
of intermolecular forces: H-bonds, electrostatic forces and even hydro-
phobic interactions. Indeed, regarding hydrophobic aspects, it is well
known that HSA possesses hydrophobic pockets in his two subdomains
I1A and ITIA and that theses pockets are the principal binding sites of the
protein for a broad range of molecules (He and Carter, 1992; Kumari
et al.,, 2014; Shahabadi et al., 2013; Trynda-Lemiesz, 2004). Hydro-
phobic interactions may thus happen between HSA and the terminal
methyl groups of IBAM. It can be noted that the ability of HRP to form
hydrophobic bonds was also demonstrated in the literature, and it is
even suggested that the hydrophobic “patch” due to three phenylalanine
groups is involved in the binding of substrates near the heme region of
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this protein (Gajhede et al., 1997; Huang et al., 2018; Schejter et al.,
1976; Zhang et al., 2012). However, the value obtained in our study does
not allow us to think that such interactions occur here, highlighting
again the different behaviour between HSA and HRP. At last, the higher
loading value amount of HSA measured on STMS@IBAM as compared to
STMS (44 vs 12 wt%) underlines the association of these three favour-
able interactions helping the protein loading. HSA could thus be
adsorbed on a higher quantity on the STMS@IBAM NPs thanks to the
different types of interactions involved in the process.

Furthermore, the latter point would also explain the different
amounts of protein released when the STMS@IBAM@Protein are incu-
bated in a buffer at physiological pH (7.4) in Figs. 4 and 5. At this
slightly higher pH, it is hypothesized that the electrostatic interactions
between HSA and IBAM would be reduced due to the decrease of the
IBAM charge, leading to the observed burst release of 28% of HSA,
which is the double of the one observed for HRP. As described above for
HRP, the electrostatic interactions would not play a role in the protein
release.

4. Conclusion

In this study, a specific attention was given to the loading and sus-
tained release of various proteins from STMS@IBAM NPs.

Thus, the rigorous quantification of proteins and polypeptide (HSA,
HRP, IgG, PLL) was achieved by combining three different quantifica-
tion techniques (FITC labelling, intrinsic tryptophan fluorescence and
BCA assay) to evaluate precisely the protein loading capacities as a
function of the FWR. This work allowed to attribute the relevance of
each technique with the different proteins. We showed here that the
three techniques were reliable for HSA and HRP while only one tech-
nique was relevant for IgG and PLL, respectively the BCA and FITC
labelling. Regarding physicochemical properties and chemical process
aspects, after setting up the working FWR (71% for HSA, 85% for HRP
and IgG and 142% for PLL) DLS and zeta potential experiments indicated
a good colloidal stability of the STMS@IBAM@Protein.

Preliminary to the sustained protein release study, chemical engi-
neering aspects of the synthesis of STMS@IBAM@Protein NPs, such as
scale-up, reproducibility and stability over washings, were investigated
with standardized protocols. Then, we showed that such STMS@I-
BAM@Protein were very efficient and promising materials for sustained
protein release (HSA and HRP) upon incubation in HEPES buffer during
four days at three different temperatures (25, 37 and 45 °C). The release
conditions achieved in closed (static) and opened (dynamic) systems
mimicking respectively equilibrium and continuous flow presented both
a burst release after the first 24 h, but the continuous protein release was
demonstrated in the dynamic conditions while immobilized protein did
not release further in the static conditions.

Furthermore, the enzymatic activity of HRP either immobilized on
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the NPs or released was assessed and showed that the protein can still
preserve and ensure its biological function for potential therapeutic
application.

Finally, an AFM-force spectroscopy study was used as a relevant
technique allowing to quantify the weak interactions at play in the
adsorption of HSA and HRP on the NPs at the nanoscale. The IBAM-
protein interactions were investigated by functionalizing the AFM tip
with HSA and HRP proteins. The results suggested different modes of
interactions involved between proteins and STMS@IBAM NPs. HSA
would interact merely from a combination of several non-covalent
forces (electrostatic, hydrogen bonding and hydrophobic interactions)
while HRP would interact merely through hydrogen bonding. These
results could explain the different adsorption levels of these proteins on
STMS@IBAM NPs as well as the higher burst release observed for HSA
compared to HRP.

In the future, the combination of magnetic NPs with such IBAM-
functionalized STMS as core-shell NPs could lead to a bi-functional
therapeutic system ensuring MRI, hyperthermia and protein sustained
release for anticancer applications. Indeed, as no influence of the tem-
perature could be seen on the release of proteins, the use of magnetic
hyperthermia with an IO@STMS@IBAM@Protein NPs could be per-
formed without impacting the release of therapeutic proteins.
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