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Adsorption of immunomodulatory proteins over
silica nanoparticles and the in vitro effect

Exequiel David Giorgi,?° Sofia Genovés,®® Maria Eugenia Diaz,®° Sofia Municoy,®
Martin Federico Desimone () 1*© and Mauricio César De Marzif**°

Silica NPs (SiNPs) used as a platform to deliver molecules have huge potential for biomedical
applications. In order to generate new immunomodulatory tools, 2 variants of SiNPs were synthesized
and 3 proteins were adsorbed over their surface: bovine serum albumin and the cytokines IL-1f and
TGF-B. Protein adsorption was analyzed according to Langmuir and Freundlich models. The adsorption
isotherm of IL-1B on both SiNP variants had a good fit to the Freundlich model, indicating the formation
of a protein multilayer around the NPs. For BSA and TGF-p isotherms, the fit to the Langmuir model was
better, evidencing the presence of a protein monolayer on the NPs. SINPs@TGF-B complexes were
tested in THP-1 cells (human monocytes cells). The complexes reduced cellular metabolic activity and
did not cause an increase in nitric oxide expression, which is related to the immunosuppressive activity
of TGF-B, but was potentiated and prolonged over time compared to the cytokine alone. These
nanocomplexes could be important tools for use as nanoinmunomodulators (NIMs) for the therapeutic
treatment of inflammatory diseases.

Introduction

Metal oxide nanoparticles (NPs) have been used in several
industries and consumer products. There is evidence showing
that NPs could generate reactive oxygen species (ROS), which
endow them with antimicrobial activity but, on the other hand,
can induce oxidative stress which could be harmful to the cell
membrane and cause DNA damage.™ Moreover, when pro-
teins interact with the NP surface, the adsorption forces can
disrupt non-covalent interactions in the protein structure, so a
denaturation process could occur.” In biological systems, a
layer of proteins formed on the NP surface is called the protein
corona (which includes proteins, lipids, and ions that are
immediately adsorbed onto the NP surface),®” and is an entity
that can change over time.>®

Silica NPs (SiNPs) are among the most widely used NPs for
the development of potential delivery tools®*'° and they can be
found in several food and cosmetic products.' Indeed, SiNPs
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have been used in clinical trials and clinical studies. They are
mostly employed for oral delivery or bioimaging studies.***

Although the biological effects of SiNPs in vivo are not fully
understood, it is clear that high specific surface areas are
associated with increased cytotoxicity in most cases.'™* Orally
ingested SiNPs can be tolerated at high doses, but when
inhaled they could lead to chronic inflammation."* There is
evidence of degradation of silica particles into silicic acid in
biological media, which can be excreted through the urine.'®
However, it is not possible to establish a general degradation
kinetics for different SiNPs because it is a process that not only
depends on the particle characteristics, such as surface area,
functional groups, pore size, and others, but also on the
degradation medium characteristics (i.e., temperature, pH, and
concentration).">'® Moreover, SiNPs’ biocompatibility depends
on their properties such as size and surface properties.””

It has been reported that the presence of a protein corona
could mitigate the toxicity of these NPs and also change the way
they interact with cells, altering their internalization efficiency
compared to SiNPs without the protein corona.®?**!

Bovine serum albumin (BSA) is a common protein model
used in NP adsorption studies.”*** Some studies have been
carried out on the adsorption of BSA on various surfaces of
inorganic and polymeric NPs in biological media and the pH
effects on this process.>**” Since oxide NPs are postulated as
transporters for therapeutic drugs, immunomodulatory mole-
cules, or antigens, it is necessary to understand the character-
istics of protein corona formation under different conditions
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and for different proteins of biological interest. Herein lies the
importance of the biological effect of NPs, because the inter-
action between cells and NPs depends on the proteins immo-
bilized on their surface, which will determine the biological
action and fate of the NPs.?® In this sense, since BSA has similar
properties, molecular weight, and amino acid sequence to its
human variant, human serum albumin (HSA), it is an excellent
study model since HSA is the most abundant protein in the
blood and is present in different body fluids.>>*

In addition to the importance of using BSA as a protein
model, several proteins of high interest with immunomodula-
tory activity have been identified that could be adsorbed on NPs
to obtain NIMs (nanoimmunomodulators) with potential for
use in the treatment of various pathologies. Interleukin 1 beta
(IL-1B) is a pro-inflammatory cytokine produced by several
cells, but in particular, by macrophages in tissues or lymphoid
organs in response to inflammatory signals.>* Moreover, IL-1f
secreted by activated Antigen Presenting Cells (APCs) induces T
Helper 1 immune response demonstrating its beneficial effect
against infections.®® On the other hand, Transforming Growth
Factor beta (TGF-B) is a regulatory molecule with pleiotropic
effects over cell proliferation, differentiation, migration, and
survival and it is implicated in several biological processes such
as tissue development, carcinogenesis, fibrosis, cicatrization,
and immune response. It has 3 different isoforms (TGF-f1,
TGF-B2, and TGF-B3) but TGF-B1 is the most expressed by
immune cells. However, all isoforms present similar in vitro
properties.”® TGF-B has different effects on each type of
immune cells, sometimes stimulating their proliferation but
in other cases inhibiting them. TGF-f inhibits the activation
and differentiation of macrophages. The inhibitory capacity of
TGF-f on macrophages can resolve the inflammatory process
and prevent the development of immunopathologies (as seen
in autoimmune diseases). It is also a key protein in the
cicatrization process because of its anti-inflammatory and
chemoattractant capacity of monocytes in the context of tissue
damage. Not less important, it can promote cellular prolifera-
tion of chondrocytes, osteoblasts, fibroblasts, and endothelial
cells, among others, and it can also favor extracellular matrix
deposition.**

Due to all the above mentioned reasons, the immobilization
of different proteins on NPs could result in the generation of
nanocomplexes capable of reproducing or improving their
immunomodulatory activity on human immune cells such as
monocytes. These nanocomplexes, named NIMs, could offer
new options for the treatment of different pathologies. Parti-
cularly, NPs have shown high potential as immunomodulators,
stimulating the immune system in the context of immuno-
suppression or regulating the exacerbated immune response in
processes such as infections, allergies, or hypersensitivity
reactions.®* There are also great advances in nanomaterial-
based drug delivery of immunomodulatory factors for bone
and cartilage tissue engineering.>*>* The inclusion of anti-
inflammatory drugs and cytokines in nanomaterials is one of
the approaches used. These would favor M2-type macrophage
development, promoting tissue regeneration.*®
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In this work, to develop NIMs for future use in targeted
therapies, different proteins of immunological interest were
adsorbed on conventional and modified SiNPs, obtaining
stable complexes and testing some of them in vitro as possible
immunomodulators in human monocytes.

Experimental

Synthesis of silica nanoparticles

Bare SiNPs were obtained by the Stober method.?® In this method,
when the concentration of the silica precursor is higher than
solubility, the nucleation phenomenon takes place and generates
homogeneous particles. Briefly, as was described by Baudou
et al,"”'® tetraethyl orthosilicate 98% w/w (TEOS, Sigma-
Aldrich) was added dropwise to a solution of ultrapure water,
absolute ethanol (Biopack) and ammonium hydroxide (25% w/v)
under stirring. The solution was stirred overnight at room tem-
perature. Particles were washed twice with absolute ethanol, once
with deionized water, and then centrifuged (10000g). The
obtained pellet (SIOHNPs) was dried in a vacuum, resuspended,
and stored in 10 mM KCl at 4 °C. Half of these NPs were mixed
with 3-aminopropyltriethoxysilane (APTES) at 500 rpm for 24 h.
This reagent chemically modified the SiOHNP surface by adding
amine groups to obtain the other variant (SiNH,NPs). Finally, they
were analyzed by dynamic light scattering, zeta potential measure-
ments, and transmission electron microscopy.

Hydrodynamic diameter and surface charge

Dynamic light scattering (DLS, Brookhaven Instruments) was
used to determine the hydrodynamic diameter of SiNPs. Using
the same instrument, the zeta potential was also measured on
the same samples to determine the surface charge at pH 7.
SiNPs were suspended in a 10 mM KCI aqueous solution; the
suspensions obtained were sonicated in an ultrasonic bath for
10 min and then the measurements were performed. Samples
were analyzed in triplicate/quadruplicate for media and stan-
dard deviation determination.

Transmission electron microscopy

TEM was performed on a Zeiss EM109T at 200 keV. For the
analysis, SINP suspensions were diluted 1:20 in milliQ water,
and 10 pL were deposited in carried grids (S147-4, Plano GmbH,
Germany) and allowed to dry under ambient conditions before
imaging. The particle size was determined using Image]
software.*®

Scanning electron microscopy

SiNPs were evaluated by SEM using a Zeiss Crossbeam 340 at
3.00 kv. For the analysis, SINP suspensions were diluted 1:20 in
milliQ water, and 10 uL were deposited in carried grids and
allowed to dry under ambient conditions before imaging.

Surface area (BET) measurements

The surface area of SiNPs (BET measurements) was determined
by N, adsorption at 77 K (AUTOSORB-1, Quantachrome); before

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis, the samples (ca. 0.45 g) were outgassed at 120 °C
for 12 h.*

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) analysis was
performed on different samples using a Nicolet iS 50 FT-IR
spectrophotometer, with a KBr beam splitter. Spectra were
obtained with a resolution of 2 ecm™" using a DTGS detector.
The samples were measured using the attenuated total reflec-
tance (ATR) technique. For this, 150 uL of the samples were
dried under a nitrogen flow and the powder was then placed on
the attenuated total reflection accessory of the spectrometer,
and the spectra were recorded. FT-IR spectra were conducted to
confirm the presence of Si-O-Si bonds (with absorption bands
at 1100 cm™ ') and silanol groups (Si-OH) (absorption bands at
960 cm’l) in SiNPs, and S-S bonds and amide I, II, and III
(characteristic absorption bands for proteins) to corroborate
the adsorption of proteins over SiNPs.>**7°

Protein adsorption studies

Different proteins of immunological interest such as BSA, TGF-
B and IL-1P were used for immobilization on NPs. A protein
stock solution (2 mg mL ™" in the case of BSA and 0.50 mg mL ™"
for the other proteins tested) was prepared in phosphate buffer
solution (PBS). Serial dilutions of this protein stock solution
were made (until 0.05 mg mL ") for subsequent use. SIOHNPs
and SiNH,NPs (8 mg mL ") were dispersed in the same buffer.
Equal volumes of protein solution and SiOHNPs or SiNH,NPs
suspension were mixed and incubated at 25 °C in 25 mM PBS
pH 7.4 overnight under stirring to favor protein adsorption on the
NP surfaces. Finally, the mix was centrifuged and supernatants
(SNs) were removed and stored. The pellet (NPs@protein) was
washed and centrifuged 3 times with 25 mM PBS pH 7 and stored
in 300 pL of the same work buffer for characterization. SNs with
non-adsorbed protein were isolated and stored at —20 °C for later
protein quantification by Bradford determination. The NPs@pro-
tein was resuspended in 1 mL of PBS 1X. Data on the adsorption
of different amounts of proteins onto a fixed amount of NPs were
collected.

The protein content adsorbed on NPs was calculated as the
difference in concentration of the protein in the SN before
and after adsorption. Protein concentration was determined
using a standard calibration curve of BSA by the Bradford
micro-method.*"*> These results were corroborated by estimat-
ing the protein content using SDS-PAGE and comparing it with
BSA samples of known concentrations. The percentage of
adsorption efficiency was calculated as shown below:

AE% = Ptotal — Psupernatant
Photal

Also, adsorption capacity was calculated as follows:

AC = mgprolein immobilised

mgnanoparlicles

where Py, is the initial amount of protein in the mixture and

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Pgypernatant is the amount of free protein in the supernatant after
immobilization and centrifugation.

From AC and Pgypernatant data, adsorption isotherms were
composed and their adjustment to Langmuir and Freundlich
models was calculated.*>**

Langmuir adsorption model assumes that there are a finite
number of interaction points in the surface of NPs where proteins
can bind. For that, there is a maximum amount of protein that
could be adsorbed, which is represented by the maximum adsorp-
tion capacity (MAC) forming a monolayer on the NP surface.*"*>
The model equation can be represented as follows:

 MACHC,
4 =T1hc,

Ce: equilibrium concentration (mg L™"); g.: the amount of the
adsorbate in the absorbent at equilibrium (mg g~ '); MAC: max-
imum amount of the adsorbate in the absorbent at equilibrium
(mg g~ "); and b: Langmuir isotherm constant (dm® mg™").

From this model the K, value can be obtained, which
represents the equilibrium concentration necessary to reach
50% of MAC.*

The Freundlich adsorption model assumes a heterogeneous
surface with high and low affinity regions but with a progressive
reduction of adsorption affinity due to lateral repulsion
between the adsorbed molecules.”” The model is represented
by the following equation:

qe = Kf Cé/n

Ce: equilibrium concentration (mg L™'); g.: the amount of the
adsorbate in the absorbent at equilibrium (mg g~ '); Kz Freun-
dlich isotherm constant (mg g~ ') (dm® mg™")"; and n: adsorp-
tion intensity.*?

Protein release studies

In vitro release of adsorbed proteins was determined by sus-
pending the protein-loaded NPs in 1 mL of PBS solution at a
final NP concentration of 4 mg mL™". All suspensions were
placed in an Eppendorf mixer (100 rpm, 4 °C). The amount of
released protein was determined by removing the SN after
centrifugation (6800g, 10 min) and replacing it with buffer
(1 mL) at specified time points (0.5; 1; 2; 4; 8; 24; 48; 96; 192;
384 and 720 h). Desorbed proteins were measured in the SNs by
the Bradford method.

Effect of nanoparticles on cell proliferation

Human monocyte cell line THP-1 (TIB-202™) from American
Type Culture Collection (ATCC) were cultivated in complete
RPMI 1640 medium (10% fetal bovine serum) at 37 °C and 5%
CO, atmosphere. For assays, cells were placed in 24-well plates
at a final concentration of 1 x 10° cells per mL with 1 mL as the
final volume. Cell proliferation in the presence of NPs alone or
NPs carrying different proteins was measured for 24-72 h. For
this purpose, a concentration of 300 pg mL™' of NPs or
nanocomplexes was employed.

Metabolic activity as an indicator of cellular proliferation
was determined with MTT assay as described previously.'”*’

Mater. Adv., 2024, 5,777-787 | 779
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Results were expressed as mean + standard deviation for
triplicate experiments.

Nitric oxide expression

Secreted nitric oxide by monocytes is quickly oxidized to
nitrites and nitrates by oxygen. Due to this, it is possible to
use nitrite concentration as an indicator of NO production.
Nitrite determination was performed by the Griess reaction as
described by De Marzi et al.'” Cells cultured without particles
were used as controls.

Results and discussion
Characterization of silica nanoparticles

Monodisperse spherical bare SiNPs were obtained by the Stober
method. Samples were analyzed by TEM. Spherical NPs were
observed, shown in Fig. 1(A) and (D). Particle diameters were
measured from microimages obtained by employing Image]
Software. The mean diameters for SiNPs were 111 £+ 11 nm
(SIOHNPs) and 114 + 12 nm (SiNH,NPs) (Fig. 1(B), (C), (F), and
(G)). TEM images reveal that the particle mean diameter was not
significantly affected by surface modification. Surface area (BET)
measurements were 15 m”> g~ for SiOHNPs and 11 m® g~ for
SiNH,NPs. These results are in accordance with what was described
by Ali et al. (2022) who reported surface areas in the same range for
commercial Stober nanoparticles.”® On the other hand, it is
important to highlight the importance of the surface area since,
as Zych et al. described, nanoparticles of similar size can present
quite different specific surface areas. In these cases, the high
specific surface area is related to the presence of a relatively high
number of micropores (pores with sizes less than 2 nm).*’
Further analysis by SEM confirms the spherical shape with
smooth surface for both types of SiNPs (Fig. 1(D) and (H)). FTIR
spectra of SIOHNPs and SiNH,NPs show the characteristic
absorption bands for Si-O-Si bonds at 1100 cm™ ' and for
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silanol groups at 960 cm™ " (Fig. 2).>”*° For SiOHNPs and
SiNH,NPs, zeta potentials ({) were —23.6 mV and 13.3 mV,
respectively, and their hydrodynamic diameters were also mea-
sured by DLS (Table 1). In this way, highly homogeneous
negative and positive charged SiNPs were obtained at physio-
logical pH (7.4).

Protein adsorption and release studies

After obtaining NPs with a homogeneous size but different Z
potential due to the chemical modification performed (as
corroborated by physicochemical characterization), the adsorp-
tion of different proteins of interest on SiNPs was evaluated.

To evaluate the ability of SiNPs to adsorb and release
proteins, different proteins were mixed with SIOHNPs and
SiNH,NPs in different proportions, maintaining a fixed amount
of NPs. This allowed us to obtain the values of adsorption
capacity and equilibrium concentration required to draft
adsorption isotherms and to analyze how well they fit the
Langmuir and Freundlich models. For the interpretation of
this analysis, some properties of the proteins immobilized such
as their pI and molecular weight were considered (Table 2).

It was observed that the adsorption process was quick and it
reached the equilibrium with a constant amount of adsorbed
protein after 2 hours of incubation at room temperature and
constant stirring. To better comprehend these phenomena,
adsorption isotherms graphics were analyzed according to the
adjustment of the data to Langmuir and Freundlich models.**
Based on these models, it is possible to obtain theoretical
values such as Maximum Adsorption Capacity (MAC), Km,
and other parameters.

The Langmuir adsorption model assumes the formation of a
protein monolayer, which indicates a finite number of sites of
immobilization. The MAC obtained by this model indicates
when all these sites are occupied by molecules. Km values
indicate the equilibrium concentration necessary to reach an

&
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N0 02 P
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100 nm

H
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B) histogram of size distribution of SIOHNPs from analysis using ImageJ; (C) mean

and standard deviation of SIOHNP diameter; (D) SIOHNPs' mlcr0|mages by SEM; (E) SINH,NPs microimages by TEM; (F) histogram of size distribution of
SiNH,NPs from analysis using ImageJ; (G) mean and standard deviation of SINH,NP diameter; (H) SINH,NPs" microimages by SEM.
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Fig. 2 FTIR analysis of SIOHNPs (orange) and SiNH,NPs (blue).

Table 1 Hydrodynamic diameter by DLS and Z potential of NPs

Hydrodynamic diameter (nm) Z potential (mV)

SiOHNPs
SiNH,NPs

151 £ 9
154 £ 8

—23.7
+13.3

Table 2 Adsorbed proteins and their characteristics

Protein  Molecular weight Isoelectric point Net charge at pH 7.4
BSA 66.46 kDa 4.7 =)
IL-1B 17.5 kDa 6.1 =)
TGF-p1  25.62 kDa 8.8 )

AC of 50% MAC. The Freundlich model assumes the formation
of multiple layers, which can indicate that not all the proteins
are in direct interaction with NP surfaces. From this model
were obtained the K; and n values, related to the AC and the
adsorption intensity, respectively.*®

One of the characteristics of the proteins that is essential for
adsorption is the net charge at the medium pH. It is considered
that when proteins present an opposite charge to NPs, the
adsorption could be favored by electrostatic interactions. It is
also important how large the difference is between the iso-
electric point of the proteins and the pH of the medium, since

View Article Online
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the greater this difference, the more charge the proteins will have
and therefore the greater the electrostatic repulsion between
them, which makes the process of adsorption on the surfaces of
NPs. Choosing a pH medium near pI could boost the adsorption
efficiency, because protein-protein repulsions are minimized,
allowing high compaction over NPs.>*® Moreover, there is
evidence that not only electrostatic interaction is important
in protein-NP interaction.”” It has also been reported that
BSA adsorption is optimal at isoelectric point 4.7 at room
temperature.*® According to R* values presented in Table 3 and
to the adsorption curve shown in Fig. 3, BSA immobilization on
SiOHNPs had a better adjustment to the Langmuir model (R* =
0.9802) than to the Freundlich model (R> = 0.9281). The MAC
calculated from the Langmuir isotherm model was 285.8 mg g
SiOHNPs. In the case of BSA adsorption on SiNH,NPs a similar
adjustment to Langmuir model was obtained (R* = 0.9780) but for
the Freundlich model a higher R*> value was calculated (R*> =
0.9652). Also, according to the Langmuir model, almost double
MAC was obtained (540.2 mg BSA per g SiNH,NPs) in comparison
with SiOHNPs, which clearly indicates a higher cargo capacity.
In both cases, protein release was not detected after several washes.
This is a sign of the great stability of the nanocomplexes formed.

When IL-1 was absorbed into NPs, a different pattern was
presented as can be seen in Fig. 4. On one hand, the values
obtained in the adsorption of IL-1 over SIOHNPs presented a
poor adjustment for the Langmuir model (R* = 0.7996) but a
better one for the Freundlich model (R* = 0.9350). MAC and km
values were out of range. On the other hand, the K¢ and n values
of the Freundlich model were very high, showing a high
interaction of the protein over the surface. Due to the absence
of highly heterogeneous surface, the formation of multilayer
could be correlated with protein-protein interactions. When IL-
1B adsorption was performed over SINH,NPs, similar R* values
were obtained for the Langmuir and Freundlich models (0.8265
and 0.9210 respectively). The K; value was lower than the one
presented in SIOHNP adsorption, but the n value was similar.
IL-1B pI is 6.1, so it is possible that at pH 7.4 the repulsion
between proteins is not too strong to make the adsorption
process difficult. Furthermore, IL-1f3 presents a lower molecu-
lar weight (17.5 kDa) than BSA (66.46 kDa), which can explain
the differences in the adsorption pattern.

Table 3 Langmuir and Freundlich models’ statistics values and percentage protein release

SiOH NPs

SiNH, NPs

Protein adsorbed Langmuir model

Freundlich model

Langmuir model Freundlich model

BSA MAC = 285.8 mg g~ ' NPs K¢ =267.4 MAC = 540.2 mg g~ ' NPs K = 433.0
K = 0.1265 mg mL ™ n=0.3636 Ky = 0.4181 mg mL™? n=0.6151
R* =0.9802 R>=0.9281 R>=0.9780 R* =0.9652
Protein percentage release = no detected Protein percentage release = no detected

IL-1B MAC = exceeds the range K¢ = 30380 MAC = exceeds the range K¢ = 10790
K, = exceeds the range n=1.891 K, = exceeds the range n=1.870
R*=0.7996 R*=0.9350 R* =0.8265 R*=0.9210
Protein percentage release = 4.74% Protein percentage release = 6.18%

TGF-B1 MAC = 94.62 mg per cg NPs K =215.2 MAC = 37.61 mg g~ ' NPs K¢ =100.4
K = 0.1998 mg mL™* n=0.8219 K = 0.05415 mg mL ™" n=0.5978
R*=0.9530 R*=0.9548 R*=0.7890 R*=0.8208

Protein percentage release = 22.53%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Adsorption isotherms of BSA over SiOHNPs (A) and SiNH,NPs (B)
with representation of Langmuir and Freundlich curves in orange and
green, respectively.

In both NP variants, a low protein release was found over
time, that was observed at 30 minutes with no further releases
in all other times measured (as far as a month). The protein
release percentages for SIOHNPs and SiNH,NPs were 4.74%
and 6.18% respectively (Table 3). Once again, it seems that the
obtained nanocomplexes presented great stability despite the
several washes with PBS through time.

In another sense, it was previously reported that the
presence of BSA on the surface of NPs alters their charge state
and improves their dissolution kinetics. Perhaps this reduces
its useful life but improves protein delivery.*®

When TGF-f adsorption was analyzed over SiOHNPs (Fig. 5),
R* = 0.9530 was obtained for the Langmuir model and R*> =
0.9548 for the Freundlich model. The MAC was 94.62 mg TGF-$3
per g SIOHNPs. On the other hand, the data obtained for TGF-
adsorption on SiNH,NPs presented lower adjustment to the
Langmuir and Freundlich models (R* = 0.7890 and R” = 0.8280
respectively). MAC was lower, presenting a value of 37.61 mg
TGF-p per g SiNH,NPs. The protein release percentages for
SiOHNPs and SiNH,NPs were 22.53% and 40.54% respectively
and it was detected in the first hour, with no more detectable
released protein after that (Table 3). Taking all this data
together it is clear that not only MAC was lower for SiNH,NPs,
but also a higher percentage of protein was lost in the first
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Fig. 4 Adsorption isotherms of IL-1B over SIOHNPs (A) and SiNH,NPs (B)
with representation of Langmuir and Freundlich curves in orange and
green, respectively.

washes with PBS. Despite that, both nanocomplexes seem to
present good stability at least for a month at 4 °C.

The differences of adjustment to the models between the
adsorption in TGF-f and the adsorption of IL-18 over the two
types of NPs can be related to the protein corona formed and
the interactions presented. When the data fit better to the
Langmuir model, as seen for the adsorption of TGF-f, a protein
monolayer is probably formed around the NPs.

Although in some combinations, NPs and proteins did not
have opposite charges, successful adsorption was achieved.
This was also reported in previous studies. Indeed, Villarruel
et al. reported the adsorption of recombinant human growth
hormone (hGH), which presents an isoelectric point around 5,
over silica NPs (synthesized by the Stober method) in phos-
phate buffer.>® At this point, both NPs and hGH should have
presented a net negative charge, but the immobilization was
still accomplished.

Effect of nanoparticles on cell proliferation

The effect of bare SIOHNPs and SiNH,NPs of similar sizes over
the metabolic activity of THP-1 cells at a concentration of
0.6 mg mL™" (600 ug NPs mL™~ ") was previously analyzed."® It
was observed that SIOHNPs generated a decrease in cell meta-
bolic activity while SINH,NPs did not. Given the precedent, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effect of nanocomplexes on cell metabolic activity was analyzed
in comparison with the effect generated by bare NPs to identify
differences due to the protein coating. SIOHNPs@TGF-f and
SiNH,NPs@TGF-f} were tested as model NIMs because TGF-f
activity is related to a wide variety of immunological processes
and has been reported to be associated with immunosuppres-
sion and immunotolerance.*>>">

The nanocomplexes used in THP-1 culture were produced
from a mix of NPs and TGF-3 in a proportion of 1: 20 because at
this point the AE% was still near 50%. At higher proportions
of TGF-B:NPs, an important decrease of AE% was observed.
The treatment with NPs and nanocomplexes was made with a
final concentration of 300 pg NPs per mL. At this concentration
of nanocomplexes, the concentration of TGF-f adsorbed was
around 8 ug mL . Initially, the effect of TGF-B was analyzed at
that concentration (8 pg mL™"). Fig. 6(A) shows the curves of
proliferation considering the value of metabolic activity of
unexposed cells, at 24 h as 100%. A decrease in metabolic
activity of cells treated with TGF-f at 48 and 72 h can be
observed, reaching at the last time a decrease of ~25%. In
this way, the TGF-p biological activity over human monocytes
was corroborated.

When the effect of SIOHNPs and SiOHNPs@TGF-B over
THP-1 cells was analyzed (Fig. 6(B)), SSOHNPs@TGF-p showed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a higher effect in the reduction of the metabolic activity. At
24 h, cells treated with SIOHNPs@TGF-3 presented an activity
~15% below the activity of the ones treated with bare
SiOHNPs. At 48 h, the difference was higher, with an activity
of 65% for the nanocomplex (taking the 100% as the value of
activity of cells treated with SiOHNPs at 24 h). At 72 h, cells
treated with SIOHNPs@TGF- showed even less activity, show-
ing 3-fold lower activity than cells treated with SiOHNPs. The
inhibitory effect of TGF-p was enhanced and maintained
through the time when it was immobilized over SIOHNPs.

SiOHNPs’ effect over metabolic activity at 24 h is similar to
what was observed in previous studies by De Marzi et al. and
Mitarotonda et al., where SiOHNPs generated a decrease in
THP-1 cell proliferation.’”'® In particular, for NPs around
~150 nm, this effect was evident but not as important as in
bigger particles (~500 nm).

In Fig. 6(C) the proliferation curves of cells treated with
SINH,NPs and SiNH,NPs@TGF-$ are presented. While
SiNH,NPs did not affect the growth rate of THP-1 cells,
SiNH,NPs@TGF-$ generated a decrease in metabolic activity.
In comparison with the metabolic activity of cells treated with
SiNH,NPs at 24 h (100%), SiNH,NPs@TGF-B presented an
activity reduction of ~20%, ~36%, and ~54% at 24, 48, and
72 h respectively. The good biocompatibility presented by
SiNH,NPs was also previously reported by Mitarotonda et al
and Baudou et al."®*’

As the tendency seemed to be similar for both complexes,
the metabolic activities of cells treated were compared with
control cells’ activity. At all the times tested a difference in
metabolic cell activity of around 8% between cells treated with
SiNH,NPs@TGF-§ and the ones treated with SIOHNPs@TGF-f3
was found (Fig. 6(D)). As the amount of TGF-f adsorbed over
NPs was similar in both cases, the only attributable difference
between the complexes was the protein percentage release
(~20% for SIOHNPs@TGF-B and ~45% SiNH,NPs@TGF-B),
which could explain the slighter increased effect of the
SiOHNPs@TGF-f over monocytes.

These results could indicate that NPs-TGF-f complexes
maintain their biological activity over time, even more than
TGF-f alone, not only because of the slow release that the NPs
would perform but also because of the stability that the NPs
provide to the protein. Another point of great interest is that
nanocomplexes presented a similar tendency over cells despite
the Z potential of the original NPs (Table 1) used for immobi-
lization. As can be seen in the comparison with NPs alone, their
typical effects of them are completely changed by the presence
of TGF-B on the surface of the nanocomplexes. So, the use of
NPs previously characterized as adsorption platforms of differ-
ent proteins of interest can have a big impact on their biologi-
cal effect and fate.

Nitric oxide expression

It has been described that TGF-B (in conjunction with IL-10)
regulates arginase expression on several immune cells, so it
also has an important role in the suppression of NO production
mediated by arginase.>®>* This is why NIMs transporting TGF-B
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could have a crucial effect on macrophage polarization
M1/M2.>® Nitrite concentration in monocyte cell cultures was
analyzed as an indicator of cell activation.

No significant differences were observed when comparing
nitrite concentration in exposed and non-exposed cells to TGF-
B at all times (Fig. 7). Only cells treated with SiIOHNPs pre-
sented high concentrations of nitrites (~4.5 uM) at 24 h.
A similar tendency in the induction of nitric oxide expression
in THP-1 cells by SiOHNPs was reported in a previous study.'®
In the rest of the cases, even when significant differences were
found, it did not reach higher values than 2 uM. Therefore, it is
considered that nanocomplexes did not generate cell activation,
despite the effect that bare NPs could generate. Furthermore, cell
cultures treated with SIOHNPs@TGF-$ and SiNH,NPs@TGF-3
did not present significant differences in nitrite concentration
between them at any time, which indicates a similar behavior for
both nanocomplexes.

The evidence collected shows that the effect of nanocom-
plexes over monocytes metabolic activity and their expression of
NO seems to be correlated with the effect of the TGF- adsorbed
and presented on their surface, determining the interaction
between NPs and cells. TGF-§ activity could also be altered by
conformational changes suffered in the adsorption process.’
Nanocomplexes obtained demonstrate that immobilized TGFf
not only maintains biological activity but that it is better than
soluble TGFp.

These nanocomplexes could be the basis for a new genera-
tion of immunomodulators, called NIMs. However, it is still
necessary to have a wider comprehension of the effects of these

784 | Mater. Adv, 2024,5, 777-787

NIMs over THP-1 cells and to test them in another model that
better emulates the natural physiological environment and cell
phenotypes such as 3D models and PMBCs.

As far as we know, this is the first time that TGF-f is
adsorbed over silica NPs to provide a potential therapeutic tool.
Two studies from the last years incorporate different isoforms of
TGF- in a 3D scaffold to achieve a controlled release in the
context of cartilage damage. One of them presented a hydrogel
with TGF-B1 and bone marrow-derived mesenchymal stem cells
encapsulated with cartilage regeneration properties, demonstrat-
ing the high potential of TGF-f as part of complex therapeutic
systems for regeneration and different disease treatments.>® On
the other hand, Shen et al. demonstrated that the incorporation of
a nanomaterial with TGF-B3 adsorbed in a 3D scaffold improved
the long-term release and therefore its in vivo effect.””

Herein, the obtained NIMs with an apparent immunosup-
pressive activity represent true candidates to be tested in a
chronic inflammation model and analyze their immunoregu-
latory capacity. Moreover, these NIMs could be also incorpo-
rated into hydrogels and applied to damaged articular cartilage.

Conclusions

In this work, negatively and positively charged SiNPs capable of
efficiently adsorbing different proteins on their surface are
described. In this sense, all the proteins under study were able
to be adsorbed on the surface of both synthesized NPs, but in
the case of BSA, SiNH,NPs showed greater adsorption capacity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The results obtained with IL-1 suggest the formation of a
protein multilayer around the NPs while with TGF-B a higher
MAC was obtained for the SiOHNPs. This indicates that the
adsorption, as expected, was more favored when the NPs
presented an opposite charge to the proteins.

The SiOHNPs@TGF-f and SiNH,NPs@TGF-$ nanocom-
plexes similarly inhibited monocyte metabolic activity, with
SiNH,NPs@TGF-B having a slightly smaller initial effect. Both
nanocomplexes did not induce important increases in NO,
indicating the absence of cell activation.

These observations differ from the effect generated by bare
NPs, demonstrating that nanocomplexes have novel properties
regardless of the original chemical nature of the NP surface.

Therefore, SiNPs are proposed as potential platforms for deli-
vering immunoregulatory molecules to increase their effects on
immune cells. Thus, SiNPs present a potential immunomodula-
tory tool (NIMs) for future use in treating immunological diseases
such as hypersensitivity reactions and autoimmune diseases.
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