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Abstract: The increasing emergence of new strains of Mycobacterium tuberculosis (Mtb) highly resistant
to antibiotics constitute a public health issue, since tuberculosis still constitutes the primary cause of
death in the world due to bacterial infection. Mtb has been shown to produce membrane-derived
extracellular vesicles (EVs) containing proteins responsible for modulating the pathological immune
response after infection. These natural vesicles were considered a promising alternative to the
development of novel vaccines. However, their use was compromised by the observed lack of
reproducibility between preparations. In this work, with the aim of developing nanosystems
mimicking the extracellular vesicles produced by Mtb, mesoporous silica nanoparticles (MSNs)
have been used as nanocarriers of immunomodulatory and vesicle-associated proteins (Ag85B,
LprG and LprA). These novel nanosystems have been designed and extensively characterized,
demonstrating the effectiveness of the covalent anchorage of the immunomodulatory proteins to
the surface of the MSNs. The immunostimulatory capacity of the designed nanosystems has been
demonstrated by measuring the levels of pro- (TNF) and anti-inflammatory (IL-10) cytokines in
exposed macrophages. These results open a new possibility for the development of more complex
nanosystems, including additional vesicle components or even antitubercular drugs, thus allowing
for the combination of immunomodulatory and bactericidal effects against Mtb.

Keywords: Mycobacterium tuberculosis; mesoporous silica nanoparticles; immunomodulatory proteins;
immune system activation; tuberculosis vaccines

1. Introduction

Mycobacterium tuberculosis (Mtb) remains a global health issue accounting for significant morbidity
and mortality worldwide. In 2019, an estimated 2 million deaths occurred from tuberculosis (TB) [1].
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Mtb is so infrequently eliminated by the host that an estimated one-third of humanity is latently
infected for life. Among those initially infected, a small percentage (5% to 10%) fail to control the initial
infection and develop primary TB disease. The majority of humans infected with this microorganism
mount an effective immune response that results in latent infection. However, reactivation of latent
infection can occur years to decades later in a small subset of infected persons, leading to active TB.
Despite the availability of a treatment and a vaccine, TB is still the world’s leading cause of death
from a bacterial infection and paradoxically from a curable infection [1]. Efforts to control the disease
include the development of point-of-care tests, new TB drugs, the use of the BCG vaccine, and the
development of new vaccines [2]. The capacity of Mtb to persist in hosts with intact immunity and avoid
immune-mediated clearance reflects an evolved and coordinated program of immune evasion strategies.
The understanding of the mechanisms that Mtb uses to escape from effective immune responses is of
paramount importance to develop effective treatments. Mtb was shown to produce membrane-derived
extracellular vesicles (EVs) that are highly immunogenic and elicit immune responses dependent
of Toll-like receptor 2 [3]. Mtb EVs have a complex composition including glycolipids and many
proteins, some which have been identified as immunodominant antigens, such as lipoproteins and
Ag85B [3]. Although the mechanism by which such vesicles are produced and exported across the
mycobacterial cell wall is not known, similar vesicles have been described in other microbes with
dense outer membranes walls, such as Gram-positive bacteria and fungi [4]. When Mtb EVs are
instilled in the lung of mice followed by aerosolized infection they elicit a “Koch-phenomenon” with
enhanced inflammatory damage [3]. However, when these vesicles are given intraperitoneally or
subcutaneously before infection, they elicit protective responses that are comparable to those elicited
by BCG vaccination [5]. The fact that EVs, a mycobacterial component, elicit immune responses
that are comparable to BCG with regards to protection is exciting, because it means that it may be
possible to design vesicle-derived vaccines that lack the problems associated with the use of live
vaccines. Nevertheless, there are still some practical aspects of their production that need to be
tailored, since variable protection of independent EVs batches produced under the same conditions
was observed [5]. These observations suggest that naturally produced EVs might not represent an ideal
vaccine candidate. On the other hand, the direct administration of the immunomodulatory proteins
has the problem of the low physico-chemical stability of proteins under physiological conditions until
they reach their target. In addition, intracellular delivery of active proteins into specific cells may
be desired and several proteins are usually unable to cross cell membranes. To solve both problems,
artificial Mtb EVs incorporating recombinantly expressed MEV-associated proteins could be developed
and tested as an alternative vaccine [6].

Nanotechnology is a science in growing development with increasingly relevant applications in
biomedicine [7–10]. Several authors have already designed novel nanosystems to fight against TB,
both with bactericidal purposes against Mtb [11–13] and nanosystems oriented to the development
of new vaccines [14]. In addition, some nanotechnological strategies for functional protein delivery
have been recently developed achieving protein protection and an improved therapeutic effect [15].
Some of the approaches deal with protein conjugation with polymers, protein entrapment into the
aqueous core of lipidic vesicles, wrapping of proteins into polymeric nanocapsules, and the transport
of proteins attached onto the surface of inorganic nanocarriers or inside their structure. In this sense,
mesoporous silica nanoparticles (MSNs) are inorganic nanomaterials widely recognized as versatile
drug delivery systems due to their unique properties [16–19]. These nanocarriers possess tunable
particle size in the 50–200 nm range and narrow pore size distributions of 3–6 nm, large surface areas
and pore volumes, and remarkably high biocompatibility [20]. Furthermore, MSNs have also been
investigated as protein carriers either transporting the proteins trapped in their porous structures or
located on the external surface, in the last case directly attached or even via the coupling of protein
protecting polymeric nanocapsules on the MSNs surface [21–24]. While MSNs have already been
used mainly as nanocarriers of anti-tuberculosis drugs [25–27], they also have been investigated in
vaccine development as antigen carriers [28] as well as acting as adjuvants [29]. Furthermore, in vivo
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studies have shown MSN safety, immunogenicity, and protection against some pathogens [30–34].
Therefore, MSNs represent a very attractive platform for the transport of immunodominant antigens
that mimic the Mtb’s naturally produced EVs.

Based on all of the above, this work focuses on the development of novel nanosystems based on the
use of MSNs as nanocarriers of immunomodulatory and vesicle-associated proteins (Ag85B, LprG and
LprA) against TB. After the synthesis of the nanosystems and a deep analytical characterization,
their cytotoxicity and immunostimulatory capacity is investigated.

2. Materials and Methods

2.1. Reagents and Equipment

An inert atmosphere was used for the reactions of chemical modification of the silica surface.
Fluorescein isothiocyanate (FITC), tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB),
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl), 2-morpholinoethanesulfonic
acid (MES), Bradford reagent, lipopolysaccharides from Escherichia coli (LPS) and water (HPLC grade) were
purchased for Sigma-Aldrich (Madrid, Spain). 3-Aminopropyltriethoxysilane (APTS) and 3-(triethoxysilyl)
propylsuccinic anhydride (TESPSA) were purchased from ABCR GmbH (Karlsruhe, Germany) and
Co.KG. M. tuberculosis Ag85B, LprG and LprA proteins were recombinantly expressed in E. coli
as previously reported [35]. All recombinant proteins were extensively purified by size-exclusion
chromatography to achieve non-detectable levels of LPS. The amount of residual LPS in the protein
preparations was evaluated using a Limulus Amebocyte Lysate (LAL) test kit (Lonza, Basel, Switzerland)
according to the manufacturer’s instructions. Purified endotoxin-free M. tuberculosis proteins were
filter sterilized and frozen at −70 ◦C.

The analytical methods used to characterize the synthesized compounds were as follows:
Mass spectrometry (MS), thermogravimetric and differential thermal analysis (TGA), chemical microanalyses,
solid state magic angle spinning (MAS) NMR and cross polarization (CP) MAS NMR spectroscopy,
low-angle powder X-ray diffraction (XRD), N2 adsorption porosimetry, electrophoretic mobility
measurements to calculate the values of zeta-potential (ζ), dynamic light scattering (DLS),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The equipment
and conditions used are described in the Supporting Information.

2.2. Materials Synthesis

The external surface functionalization of MSNs with carboxylic acids was performed onto the
pore surfactant containing material (34.6% wt.). Approximately a quarter of the specific surface area
of the free-surfactant material (1368.4 m2/g) was considered to be functionalized [36]. First, 1 g of
CTAB-containing MSNs (0.654 g MSNs) was dehydrated at 80 ◦C under vacuum for 3 h in the
dark. Subsequently, TESPSA (0.2032 g, 10% exc.) was dissolved in 15 mL of dry toluene and
added to a vigorously stirred suspension of the CTAB-containing MSNs dispersed in dry toluene
(60 mL), under N2 atmosphere. The reaction mixture was heated to 110 ◦C overnight in the dark.
Afterwards it was centrifuged and the modified MSNs were exhaustively washed with toluene and
acetone and finally dried. The surfactant extraction was carried out by heating a well-dispersed
suspension of the obtained solid in EtOH (360 mL), water (40 mL) and HCl (10 mL) overnight at 60 ◦C.
Finally, the solid was washed with water and EtOH. This process was repeated for 2 h and the solid
dried under vacuum. The experimental value of –COOH groups in this material is 6.74 × 10−4 mol/g
MSN-COOHext, calculated from the organic content (5.4%) due to the functionalization, as determined
by thermogravimetry.

Prior to the conjugation of the immunomodulatory proteins, the carboxylic acid groups on the
surface of MSNs-COOHext were activated. For this activation, different amounts of MSNs-COOHext

(0.1122 g, 0.2615 g and 0.1705 g, respectively for each Ag85B, LprG and LprA protein anchorage) were
well dispersed in water and, subsequently, EDC.HCl (10 equiv per –COOH group) was dissolved in
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water and added over the MSNs-COOHext suspension. The mixture was stirred at room temperature
for 3 h in the dark. Then, the solid was centrifuged and rinsed with water to remove the residuals of
the activating agent. The amount of MSNs-COOHext material was calculated taking into account the
mass of the protein and the following molar ratio 1.4 × 10−3 mol protein per –COOH mol, as previously
established in our former work [22]. Activated MSNs-COOHext were re-dispersed in MES monohydrate
(50 mM, pH depending on the protein) under gently stirring. After that, each protein (3.4 mg of Ag85B
(1.0586 × 10−7 mol), 5.6 mg of LprG (2.4171 × 10−7 mol), and 3.9 mg of LprA (1.6238 × 10−7 mol)) was
dissolved in MES monohydrate 50 mM (pH 4.8, pH 6.7, and pH 4, respectively, for each protein) and
added over the material suspension. The mixture was stirred overnight in the dark, centrifuged, and the
solid was washed and finally dried. The nanosystems were denoted as MSNs-Ag85B, MSNs-LprG,
and MSNs-LprA, respectively.

2.3. Cytotoxicity Assay

RAW 264.7 cells were seeded on 96-well plates and exposed to 5, 10, and 50 µg/mL of the
nanomaterials for 24 and 48 h. After each contact time, 20 µL of 3-(4,5-dimethyl-thiazol-2-yl)
2,5-diphenyl tetrazolium bromide (MTT, 5 mg/mL) were added to each well and incubated for 5 h
at 37 ◦C. Then, the MTT solution was removed and 100 µL of dimethyl sulfoxide were added to
dissolve the insoluble purple formazan products. The absorbance at a 595 nm was determined
using a microplate reader (TECAN) and the cell viability calculated through the relation between the
absorbance of treated cells and the absorbance of control cells. The final results were calculated on the
basis of 5 replicates of the experiment.

2.4. ELISA

RAW 264.7 cells were seeded in P60 plates and stimulated with 10 µg/mL of MSNs-Ag85B,
MSNs-LprG or MSNs-LprA for 24 h. Lipopolysaccharide (LPS) from Escherichia coli was used as
positive control. Cells were exposed to a solution of LPS at 100 ng/mL for 24 h. After stimulation,
cell culture media were collected and frozen. To evaluate the levels of the pro-inflammatory cytokine
TNF, and the anti-inflammatory cytokine, IL-10, ELISA procedures were used according to the
manufacturer’s instructions (mouse TNF DuoSet ELISA kit, RyD systems; mouse IL-10 ELISA kit,
Novex Life Technologies (Madrid, Spain). This experiment was carried out in triplicate.

3. Results and Discussion

3.1. Immunomodulatory Proteins

With the aim of mimicking naturally produced EVs, we selected Ag85B, LprG and LprA proteins
based on the facts that: (i) They were identified in Mtb’s EVs [3,37], (ii) they were shown to be
responsible for the immunogenicity of similar EVs [5]; and they are common immunodominant
antigens in Mtb. Such proteins were characterized by MALDI-TOF mass spectrometry prior to their
anchorage on the external surface of the mesoporous silica nanoparticles. The mass spectrum of
the Ag85B protein exhibited a peak at m/z 32,117.49, which corresponded to the molecular peak of
the Ag85B antigen (Figure S1A). In the case of the mass spectra obtained for the two lipoproteins,
LprG (Figure S1B) and LprA (Figure S1C), both the molecular peak at m/z values of 23,168.44 and
24,017.55, respectively, as well as peaks at m/z values corresponding to doubly and triply charged
peaks with respect to molecular mass, were observed. This characterization allowed confirming the
expected molecular weight of the proteins obtained which presented a high level of purity.

3.2. Synthesis and Characterization of the Immunomodulatory Nanosystems

Figure 1 shows the synthetic route to obtain three hybrid nanosystems consisting of MSNs
externally functionalized with proteins from Mtb (MSNs-ProtMtb). MSNs (Figure S2A–D) were first
functionalized with carboxylic acids on the external surface following a post-synthetic approach
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under water free conditions and using the surfactant containing MSNs to favor the distribution of the
alkoxysilane on the outer MSNs surface [38,39]. In a second step, the proteins were covalently grafted
to the MSNs-COOHext material through stable amide bonds following our previous methodology [22].
The carboxylic acid groups were activated and condensed through carbodiimide chemistry with
some of the free primary amino groups on the Mtb proteins, present in lysine and arginine amino
acids. Considering the steric hindrance effects that take place when macromolecules are employed
to functionalize the silica surface, the amount of MSNs-COOHext material was calculated taking
into account the mass of the protein and the molar ratio 1.4 × 10−3 mol protein per –COOH mol.
This methodology allowed us to use in the synthesis the amount of protein that is closest to the amount
that can be anchored due to steric factors. Another important factor to consider for anchoring the
proteins onto the surface of the silica is the isoelectric points of the proteins and the pH of the reaction.
Therefore, the pH of the condensation reaction was adjusted below the isoelectric point of the proteins
(IEPAg85B 5.62 [40], IEPLprG 7.78 [41], and IEPLprA 5.00 [42]), leading to the protonation of their amino
acids residues and avoiding electrostatic repulsion with the negative surface of the silica nanoparticles
(MSNs-COOHext) [43].
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Thermogravimetric analysis was performed to confirm the incorporation of the carboxylic acids
and the proteins in the sequential synthetic steps (Table 1). An expected increase of the organic
content with respect to bare MSNs was produced for the MSNs-COOHext due to the alkoxysilane
incorporation. Additionally, for the three MSN-ProtMtb materials, there was an increase of the organic
content with respect to the carboxylic acid functionalized MSNs due to the proteins, which was
very similar for the three materials. Furthermore, the quantification of the non-attached protein was
measured by the Bradford assay to determine the efficiency of anchorage. The absorbance due to the
free protein in the supernatant of the reaction medium was used to compare the concentration of the
remaining free protein after the attachment with the concentration of the protein added in the reaction.
As shown in Table 1, the efficiency of anchoring was 99% for MSNs-Ag85B and MSNs-LprG and 95%
for MSNs-LprA.

Table 1. Organic content from thermogravimetric analysis of MSNs and functionalized MSNs materials.
Concentration of non-anchored protein from Bradford assay of protein functionalized MSNs.

Material Org. Content
(wt%)

[ProteinMtb] Nominal
(µg/mL) 2

[Non-Anchored
ProteinMtb] (µg/mL)

% Anchored
ProteinMtb

MSNs 3.9 — — —
MSNs-COOHext-CTAB 34.6 1 — — —

MSNs-COOHext 5.4 1 — — —
MSNs-Ag85B 8.1 1 91.9 0.64 99%
MSNs-LprG 8.7 1 67.47 0.56 99%
MSNs-LprA 8.6 1 71.96 3.89 95%

1 Organic content (wt%) was determined from the TGA weight losses, excluding the weight loss due to the desorption
of water (up to 125 ◦C) and further corrected by the weight loss of the remaining alkoxysilanes after the sol-gel
reaction (surfactant extracted unmodified MSNs). 2 The nominal concentration of each protein was calculated
considering the amount of proteins utilized in the volume of reaction.

The zeta-potential (ζ) values of the nanosystems in water media were measured to follow the
functionalization process (Table 2 and Figure S3). Bare MSNs showed a negative ζ-potential due to the
presence of –SiO− groups of silica surface according to Equation (1). A shift to more negative ζ-potential
value compared to the bare MSNs was produced after the grafting of TESPSA alkoxysilane, ascribed to
the presence of negative –COO− groups from the carboxylic acid functionalities (Equation (2)) [44].
The subsequence introduction of proteins onto MSNs-COOHext did not affect much, provoking a slightly
change towards less negative ζ-potential. These values reflect that only few –COOH groups reacted
to form amide bonds because of steric hindrance effects of the proteins. Furthermore, the anchored
proteins must be above or close to their isoelectric point in the water media, hence being negatively
charged or close to neutral and; therefore, not influencing the final value much.

R-Si-OH + H2O
 R-SiO− + H3O+ pKa ≈ 6.8 (1)

R-COOH + H2O
 R-COO− + H3O+ pKa ≈ 4.8 (2)

Table 2. ζ-potential values and hydrodynamic particle size in water medium of MSN materials.

Material ζ-Potential (mV) Hydrodynamic Size (nm)

MSNs −19 ± 8 176 ± 13
MSNs-COOHext −28 ± 7 223 ± 29

MSNs-Ag85B −24 ± 6 178 ± 18
MSNs-LprG −27 ± 7 192 ± 18
MSNs-LprA −25 ± 8 182 ± 20

The hydrodynamic size of the nanosystems was assessed through dynamic light scattering (DLS)
measurements of the materials in water medium (Table 2 and Figure S3). All materials showed
monomodal hydrodynamic size distributions centered around 200 nm, in accordance with the negative
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ζ-potential values, which are high enough for the nanoparticles to be in the colloidal stability zone [45].
The maximum of the hydrodynamic size distribution was not significantly altered from the bare MSNs
to the carboxylic acid and the Mtb proteins functionalized nanosystems, although alkoxysilane grafting
slightly increased the hydrodynamic size of the MSNs. Nevertheless, when the Mtb proteins were
attached to the external surface of MSNs-COOHext, a shift to smaller values was produced, reflecting the
contribution of steric effects due to the presence of organic macromolecules to the electrostatic repulsion
and therefore decreasing the size of the aggregates in solution.

Solid-state MAS NMR spectroscopy was used to further analyze the functionalization of
mesoporous silica nanoparticles. Spectra of MSNs, MSNs-COOHext and MSNs-ProtMtb materials in the
sequence of synthesis were recorded, using MSNs-LprG as a representative example of MSNs-ProtMtb.
All the 13C {1H} CP MAS NMR spectra of the nanosystems (Figure 2 and Figure S4) exhibited two peaks
at 64 and 15 ppm, corresponding to methylene and methyl groups, respectively, ascribed to the ethoxy
groups from incomplete hydrolysis and condensation of the tetraethyl orthosilicate precursor during
the sol-gel synthesis of MSNs [46]. The MSNs-COOHext material spectrum (Figure 2a) showed a broad
signal at ca. 178 ppm corresponding to the carbonyl moiety of the carboxylic acid groups. Then, the CH
adjacent to the carboxylic acid group showed a peak at 43 ppm (signal d) and the peak at 37 ppm
corresponding to the sum of CH2 groups closed to the carboxylic acid group (signal c and e). The peak
at 21 ppm matched with the methylene carbon in the chain (signal b) and, finally, the methylene
carbon directly attached to silicon atom showed a peak at 13 ppm (signal a). Figure 2B shows the
spectrum of the MSNs-LprG nanosystem. The carbonyl signal at around 178 ppm broadens because
in addition to the remaining carboxylic acid groups from the former MSNs-COOHext, the protein
structure contributes with carboxylic acid groups and amide bonds. In addition, a new signal appeared
at ca. 155 ppm, which confirms the formation of amide-like bonds corroborating the covalent union
between the protein and the nanoparticles.
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Figure 3 shows solid-state 29Si MAS NMR spectra of the bare MSNs, the functionalized
MSNs-COOHext and the MSNs-LprG nanomaterials. Cross-polarized (CP) measurements were
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registered to assess the existence of T units [R-Si(OSi)n(OX)3−n] (X = H, C) due to the presence
of the functionalizing trialkoxysilane in the materials. Signals at −57 and −67 ppm in Figure 3A come
from T2 [R-Si(OSi)2(OX)] and T3 [R-Si(OSi)3] units, respectively, of the functionalized MSNs-COOHext

and MSNs-LprG nanomaterials. Furthermore, quantitative measurements (Figure 3B and Table 3) were
employed to calculate the populations of the silicon Qn and Tn environments. The Q2 [Si(OSi)2(OX)2],
Q3 [Si(OSi)3(OX)] and Q4 [Si(OSi)4] silicon sites give resonances at ca. −93, −102, and −112 ppm,
respectively, in all spectra (X = H, C). As shown in Table 3, after the covalent grafting of the alkoxysilane
TESPSA on the silica surface, there was a decrease in the Q2 and Q3 peak areas and an increase in the
Q4 population. This effect is due to the conversion from Si-OH to fully condensed Si-O-Si species in
MSNs-COOHext. Interestingly, Q2 and Q3 environments were still preserved, as pointed out by the
(Q2 + Q3)/Q4 relative ratio of partially to fully condensed silicon sites, confirming that the inner surface
of the mesochannels has been preserved from functionalization. As expected, there was no variation
in the populations of Qn sites from MSNs-COOHext to MSNs-LprG material because the protein is
attached without involving silicon sites. The relation of Qn/Tn environments was also maintained,
supporting the anchorage of proteins through the carboxylic acid groups.
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Figure 3. 29Si cross polarization (CP) MAS NMR spectra (A) and 29Si MAS NMR spectra (B) of MSNs,
MSNs-COOHext and MSNs-LprG materials.

Table 3. Chemical shifts and populations (%) of the silicon Qn and Tn environments and peak area
relations, (Q2 + Q3)/Q4 and Qn/Tn units, on the basis of the deconvolution of 29Si MAS NMR spectra of
MSNs materials.

Material
δ, ppm (Peak Area, %) Peak Area Ratio δ (ppm) Peak Area Ratio

Q2 Q3 Q4 (Q2 + Q3)/Q4 T2 T3 Q/T

MSNs −93.2 (6.2) −102.3 (44.6) −112.0 (49.1) 1.0 — — —
MSNs-COOHext −93.6 (3.2) −102.7 (36.5) −112.0 (60.2) 0.6 −57.8 −66.9 15.3

MSNs-LprG −93.7 (2.7) −102.6 (35.5) −112.5 (61.8) 0.6 −57.3 −66.7 15.2

The textural properties of these MSNs-based nanosystems were analyzed by N2 adsorption-
desorption measurements (Figure 4 and Table 4). As expected, the surfactant-containing material
(MSNs-CTAB) exhibited a characteristic isotherm of a non-porous material possessing a very low
surface area (104.2 m2/g). After functionalization with the carboxylic acids and subsequent removal of
the surfactant, MSNs-COOHext showed a higher surface area (557.2 m2/g) and a large pore volume
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(0.274 cm3/g). However, these values were lower than values obtained for the bare surfactant extracted
MSNs, confirming the alkoxysilane grafting. Pore diameter was 2.73 and 2.03 nm, very similar for
both MSNs and MSNs-COOHext materials, respectively. Furthermore, both materials exhibited type
IV Brunauer–Emmett–Teller (BET) isotherms with no observed hysteresis loop, corroborating the
presence of a cylindrical one-dimensional channel-like mesoporous structure in the nanoparticles.
The N2 isotherms present a sharp inflection at a relative pressure of 0.25–0.35 and 0.20–0.30,
respectively, for MSNs and MSNs-COOHext materials, which corresponds to the phenomena of capillary
condensation and evaporation within channel-type uniform mesopores. Hence, in concordance with
the Si-OH population revealed by 29Si MAS NMR analysis, the TESPSA anchorage took place preferable
on the external surface instead of the internal surface of the mesopores, since it was performed before the
surfactant extraction step. Surface area, pore diameter and pore volume were somehow reduced after
the anchorage of the immunomodulatory LprG protein on the external surface of the MSNs-COOHext

(440.6 m2/g, 1.20 nm, and 0.218 cm3/g). This effect was due to the partial blockage of the entrance of the
pores by the macromolecules, which is also in part related to the drying treatment of the material before
N2 sorption measurement. In addition, a secondary step at a pressure above 0.90 P/P0 is observed
for all the samples, attributed to condensation in the interparticle porosity, that is, in the macropores
formed among the nanoparticles after drying. For that reason, Table 4 includes both VT, which is the
total pore volume obtained at P/P0 = 0.99 and VP, which is the total pore volume obtained at P/P0 = 0.60
and does not take into account interparticle porosity.
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Figure 4. (A) N2 adsorption isotherms of the surfactant extracted MSN materials and the
cetyltrimethylammonium bromide (CTAB) containing MSNs, before and after functionalization with
carboxylic acid groups and protein. (B) Pore-size distributions for the mesoporous samples.

Table 4. Textural parameters of the MSN materials obtained by N2 adsorption measurements.

Material SBET (m2/g) Dp (nm) VT (cm3/g) VP (cm3/g)

MSNs 1368.4 2.73 1.64 1.09
MSNs-CTAB 104.2 — — —

MSNs-COOHext 557.2 2.03 0.391 0.274
MSNs-LprG 440.6 1.20 0.389 0.218

SBET is the specific surface area obtained by using the BET equation, DP is the pore diameter calculated by using the
Barrett-Joyner-Halenda (BJH) method, VT is the total pore volume obtained at P/P0 = 0.99, and VP is the total pore
volume obtained at P/P0 = 0.60.

3.3. Cell Viability

Cell viability was evaluated in the mouse macrophage cell line RAW 264.7 exposed to different
concentrations (5, 10, and 50 µg/mL) of the MSNs, MSNs-Ag85B, MSNs-LprG, or MSNs-LprA
nanosystems for 24 and 48 h. The results showed that in none of the cases viability was reduced by
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more than 50% (Figure 5). However, a decrease in cell viability was observed for the cells exposed to
the materials with immunomodulatory proteins compared to cells exposed to the non-functionalized
material (MSNs). The decrease in cell viability was dose-dependent, with no significant differences
when comparing the two exposure times tested. The reduction in viability observed in macrophages
can be explained by interference of the nanosystems with the signaling pathways involved in the
activation of the immune response [28]. Based on these results, we selected the dose of 10 µg/mL for
24 h to evaluate the effects of the MSNs-ProtMtb nanomaterials in the activation of the immune system
as a dose that maintains biocompatibility in the in vitro study.
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Figure 5. Cell viability of RAW 264.7 cells exposed to different concentrations (5, 10, 50 µg/mL) of
MSNs, MSNs-Ag85B, MSNs-LprG, and MSNs-LprA for (A) 24 and (B) 48 h (n = 5). Data were evaluated
by ANOVA followed by Bonferroni´s multiple-comparison test. *** p < 0.001, ** p < 0.01, and * p < 0.05
versus cells treated with MSNs; ns, not significant.

3.4. Evaluation of Immunostimulatory Capacity of MSNs-ProtMtb Nanosystems

It is widely documented that upon mycobacterial infection stimulated cells produce cytokines
such as TNF, INF-γ, and IL-12 as part of an inflammatory Th1 response [47,48]. In a previous study,
it was shown that stimulation of bone-marrow macrophages with native Mtb EVs did not triggered a
typical Th1 response, including the induction of cytokines such as IL-10 which oppose Th1 priming [49].
Moreover, IL-10 has been shown to block activation of macrophages, which may benefit the intracellular
fate of the bacteria and enhance their dissemination. In order to investigate the immunostimulatory
capacity of the designed MSNs-ProtMtb nanosystems, we measured the release of TNF and IL-10 by
RAW 267.4 macrophages stimulated with 10 µg/mL of the nanosystems for 24 h. The study was
performed under normal growth conditions, i.e., in the presence of complete culture medium, as well
as in the absence of serum (i.e., starving conditions). These two different conditions were assayed to
evaluate whether possible non-specific interactions or adsorption of serum proteins on the surface of
the nanomaterials could affect the exposure of the Mtb proteins to the macrophage cells and; therefore,
result in a variation in the secretion of the studied cytokines [50,51].
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Exposure of the mouse macrophages to the MSNs-ProtMtb nanosystems produced a significant
secretion of TNF in the cultures compared to the control (Figure 6). The observed increase in the release
of TNF was also significant with respect to cells exposed to the bare MSNs materials, thus confirming the
additive effect of Ag85B, LprG and LprA proteins supported on the MSNs external surface. In addition,
we found a comparable effect of the MSNs materials functionalized with the Mtb proteins in cells
treated with LPS as a positive control for the release of TNF. Regarding the IL-10 assay, we found
higher levels of this cytokine after stimulation with the materials bearing the Mtb proteins compared to
the control, as well as to cells treated with the non-functionalized MSNs material (Figure 7). IL-10 was
not detected in cells treated with LPS.
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Figure 6. TNF levels after exposure of RAW 264.7 cells to 10 µg/mL of MSNs, MSNs-Ag85B, MSNs-LprG,
or MSNs-LprA for 24 h (n = 3). Cells treated with lipopolysaccharide (LPS) (100 ng/mL) were used as
a positive control. Data were evaluated by ANOVA followed by Bonferroni´s multiple-comparison
test. *** p < 0.001 versus control; ## p < 0.005 and ### p < 0.001 versus cells treated with MSNs;
ns, not significant.
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Figure 7. IL-10 levels after exposure of RAW 264.7 cells to 10µg/mL of MSNs, MSNs-Ag85B, MSNs-LprG,
and MSNs-LprA for 24 h (n = 3). IL-10 was not detected in cells treated with LPS. Data were evaluated
by ANOVA followed by Bonferroni’s multiple-comparison test. *** p < 0.001 versus control; ### p < 0.001
versus MSNs treated cells.

Based on these results, we can conclude that the developed nanosystems behave as the natural
Mtb EVs in their capacity to induce both pro-inflammatory and anti-inflammatory cytokines.
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4. Conclusions

The present work constitutes a proof of concept to evaluate the potential of mesoporous
silica nanoparticles (MSNs) as a platform for the development of potential vaccines against
tuberculosis. The approach has consisted in the functionalization of the external surface of the
MSNs with immunomodulatory proteins (Ag85B, LprG and LprA) with the aim of developing
nanosystems that mimic extracellular vesicles produced naturally by Mtb. The nanosystems have
been extensively characterized, demonstrating the effectiveness of the covalent anchorage of the
immunomodulatory proteins to the surface of the MSNs. All three nanosystems (MSNs-Ag85B,
MSNs-LprG, and MSNs-LprA) showed a similar dose-dependent cytotoxicity in exposed macrophages
that could be explained by the interference of the MSNs and the immunomodulatory proteins with the
signaling pathways involved in the activation of the immune response. Exposure of the macrophages
to the nanosystems produced a significant secretion of both the pro-inflammatory cytokine TNF
and the anti-inflammatory cytokine IL-10 as compared to the control. The observed increase in the
release of both cytokines was also significantly higher when comparing to cells exposed to bare MSNs,
thus confirming the immunomodulatory effect of the anchored proteins. Due to the capacity of the
designed nanosystems to induce pro-inflammatory and anti-inflammatory cytokines as the naturally
produced Mtb EVs, on-going work is being focused on the feasibility of incorporating other vesicle
components such as lipids or polysaccharides into the nanosystems. In this regard, the versatility
of these nanosystems could be extended to the accommodation of antitubercular drugs within the
mesopores of the MSNs so that they could provide dual function combining the immunomodulatory
effect with a bactericidal action against Mtb.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/12/1218/s1,
characterization techniques, synthesis and characterization of MSNs, Figure S1: MALDI-TOF mass spectra of
(a) Ag85B, (b) LprG and, (c) LprA proteins, Figure S2: (a) SEM and (b) TEM images of the surfactant extracted
MSNs material. (c) Low-angle powder X-ray diffraction pattern of the starting mesoporous material MSNs.
(d) Table of XRD maxima indexed to the hk planes of p6mm 2D hexagonal mesoporous symmetry and their
corresponding lattice spacing (dhk), Figure S3: (a) Zeta potential of MSNs and MSNs-ProtMtb hybrid materials.
Zeta potential analysis (four independent measurements) (b and c) and hydrodynamic size distribution obtained
by dynamic light scattering (d and e) of MSNs-Ag85B and MSNs-LprG materials suspended in water media
(MSNs-LprG as representative example of the lipoprotein functionalized material). Figure S4: 13C {1H} CP
MAS NMR spectra of MSNs material. Peaks designated with # correspond to ethoxy groups due to incomplete
hydrolysis and condensation.
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