
Research Article

Evidence of size-dependent effect of silica
micro- and nano-particles on basal and
specialized monocyte functions
Mauricio C De Marzi*,‡ ,1,2, Martı́n Saraceno‡,1, Romina Mitarotonda1, Marcos Todone1,2,
Marisa Fernandez2, Emilio L Malchiodi#,2 & Martı́n F Desimone#,3

1Laboratorio de Inmunologı́a, Instituto de Ecologı́a y Desarrollo Sustentable (INEDES) CONICET-UNLu, Departamento de Ciencias
Básicas, Universidad Nacional de Luján, Ruta 5 y Avenida Constitución (6700) Luján, Buenos Aires, Argentina
2Universidad de Buenos Aires, IDEHU-CONICET, Facultad de Farmacia y Bioquı́mica, Cátedra de Inmunologı́a, Junı́n 956, Piso 4◦

(1113), Buenos Aires, Argentina
3Universidad de Buenos Aires, IQUIMEFA-CONICET. Facultad de Farmacia y Bioquı́mica, Junı́n 956, Piso 3◦ (1113), Buenos Aires,
Argentina
* Author for correspondence: mdemarzi@unlu.edu.ar
‡ Authors contributed equally
# Authors equally responsible

Aim: To analyze the effect of silica particles on monocyte/macrophage functions. Materials & methods: Sil-
ica micro- and nanoparticles were obtained by the Stöber method. Their effect on monocyte/macrophage
proliferation, activation, membrane integrity and metabolic activity were determined. Results: Silica par-
ticles inhibit cell proliferation while 10 nm nanoparticles (NPs) did not affect it. Similarly, silica particles
induced strong cell activation. However, 10 nm NPs do not alter IL-12 or nitrite levels. Furthermore, bigger
NPs and microparticles increase cell membrane damage and reduce the number of living cells but smallest
NPs (10 and 240 nm) did not. Conclusion: Cell activation properties of silica particles could be useful tools
for immune stimulation therapy, while 10 nm NPs would be suitable for molecule transportation.
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The employment of nanoparticles (NPs) in the biomedical field has gained great attraction in recent years owing to
the potential therapeutic use of these materials, for example, drug delivery and tissue engineering [1–3]. Especially, the
possibility of designing multifunctional nanosystems with different approaches enhances the efficacy of therapeutic
treatments [4–6]. There is also great interest on nanocomposites concerning biopolymeric matrices and bioactive
nanosized fillers. Biodegradability, high mechanical strength and controlled drug delivery are properties required for
those materials [7,8]. Several materials are employed to build NPs. Among this, magnetic and silica NPs are of great
interest because of the possibility to introduce chemical functional groups on their surfaces to tune NP–biological
molecule interaction.

Silica vehicles offer a number of advantages over organic polymers. These include its stability, hydrophilic
properties that make it easy to disperse in aqueous media and suitability to transport many therapeutic agents [9,10].
Moreover, silica as the main and natural constituent of sand and glass, is an adaptable material due to the large
number of chemical and physical modifications that can be applied to it, and have recently been widely used for
drug transport [11,12]. The great motivation for their employment is the versatility of Si chemistry that permits
control of the size, porosity and to easily introduce various functional groups such as carboxylic, amino or thiol
onto the particle’s surface and to incorporate several drugs through compartmentalization approaches [13–15]. The
chemical modification of the inorganic and/or bio-organic component allows the adjustment of the interactions
between the silica particles and the biomolecules (proteins, polysaccharides, lipids and nucleic acids) [16]. Thus,
it is possible to tune the characteristics of the NPs to meet the requirements of each specific cell and desired
application [17]. Moreover, once the silica surface has been modified, biomolecules such as antibodies can be linked
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to the NPs for drug-targeting purposes [18,19]. These characteristics make silica NPs true candidates to develop more
effective drug delivery and targeted safe methods [20–23].

Despite the many works that exist on the synthesis of silica NPs and their potential as target drug delivery
systems [24,25], there is still little information on their in vivo behavior and fate. Particularly, the interaction of silica
NPs with different biological systems is an important aspect to analyze for future application of NPs in medical
treatments and is essential for the safe use of nanotechnology.

The great advances in the application of silica NPs also require a careful characterization of the biocompatibility,
immune response and toxicological effects that they may cause [26–28]. The immune response against NPs is actually
being studied [29–31] for multiple reasons such as the elucidation of new targets for drug delivery systems [32,33],
as vaccination adjuvants [34,35] or for toxicological studies [36–39]. It is worth mentioning that the immune system
interacts with NPs in different ways, having the possibility to trigger both the innate and adaptive immune
response [40]. Innate and adaptive immune responses function in a coordinated manner to maintain effective
immune response that prevents or protects not only against foreign antigens, mostly microorganisms, but also
particles that enter affecting the organism.

In this work, we analyze the effect of silica particles of various sizes (from 10 to 1430 nm) on
monocyte/macrophage cells which are among the first line of defense against foreign aggression. Basal function
processes common to all types of cells (i.e., viability and proliferation) and specialized cell functions (i.e., cytokine
secretion, nitrites production and activation markers) were carefully analyzed, providing a clear evidence of the size
and time dependent differential effect of silica microparticles and NPs on basal and specialized monocyte functions.

Materials & methods
Materials
RPMI 1640 medium, glutamine, pyruvate, penicillin and streptomycin were from Life Technologies (Paisley,
UK). Inactivated fetal bovine serum (FBS) was from Natocor (Córdoba, Argentina). Anti-human CD14-PE-
Cy7, CD11-PE-Cy5, CD40-FITC, CD86-FITC and CD80-FITC conjugate monoclonal antibodies (mAbs)
were obtained from BD Pharmingen (CA, USA). Calcitriol (1,25-dihydroxy vitamin D3) was obtained from
Calbiochem (Darmstadt, Germany). Tetraethyl orthosilicate (98%) was purchased from Sigma-Aldrich (MO,
USA). Ammonium hydroxide (30%) was obtained from Carlo Erba Reagents (Barcelona, Spain). All other reagents
used were of analytical grade and were commercially available.

Synthesis of silica particles
Bare silica micro- and NPs were obtained by the Stöber method [41,42]. In this method, when the concentration
of the silica precursor is higher than solubility, nucleation phenomenon takes places and generates homogeneous
particles. Briefly, tetraethyl orthosilicate was added dropwise to a stirred solution of ultrapure water, absolute ethanol
and ammonium hydroxide. The concentration of reagents used depends on the size of the synthesized particle. The
solution was stirred overnight at room temperature. Particles were washed twice with absolute ethanol, once with
deionized water and then centrifuged (10,000 × g). The obtained pellet was dried under vacuum and stored in a
closed flask. At last, silica particles were suspended to achieve a concentration of 5 mg ml-1 in an aqueous solution
of 10 mM KCl and then analyzed by dynamic light scattering and by zeta potential measurements.

Cells & cultures
We employed THP-1 cell line (a human monocytic leukemia cell line) because it is a widely used model for the
study of the immune system, mainly for phagocytic cells [43]. THP-1 cells were obtained from ATCC (VA, USA)
and cultured in RPMI 1640 supplemented with 10% FBS, 2 mM glutamine, 1 mM pyruvate, 100 U of penicillin
per ml and 100 μg of streptomycin per ml (complete medium) at 37◦C with 5% CO2 and humidified environment.
Prior to each assay, 1 × 105 cells ml-1 were treated with either 1,25-dihydroxyvitamin D3 (VD3) (0.05 μM) for
72 h, or left untreated. Differentiation of THP-1 cells with 1,25-dihydroxyvitamin D3 is known to result in a
noncomplete macrophage phenotype. For this reason, increased cytoplasmic volume and CD14 expression in the
cell membrane, a marker of mature monocytes, were analyzed before each assay (Supplementary Figure 1). Viable
cells were counted in Newbauer chamber after staining with Trypan Blue.
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Effect of silica particles on cellular proliferation
THP-1 cells (1 × 105 cells ml-1) were cultivated in complete medium at 37◦C with 5% CO2 for 24–168 h in the
presence of the different silica particles (between 0.3 and 2.4 mg ml-1 of silica concentration) obtained as previously
described. All culture assays were done in 24-well plates with 1 ml as final volume. Biological activity as indicator
of cellular proliferation was determined with the tetrazolium assay (MTT) [44]. Briefly, cells were centrifuged,
resuspended in a 5 mg ml-1 MTT solution in phosphate-buffered saline and incubated at 37◦C with 5% CO2 and
humidified environment for 4 h. After that, the cells were washed three-times with phosphate-buffered saline and
dimethyl sulphoxide was added. The absorbance of the solution was read at 570 nm with a spectrophotometer
Multiskan Ex (Thermo Scientific, MA, USA). Cells not exposed to particles and particles alone were used as basal
control. Results were expressed as mean ± standard deviation (SD) from triplicate experiments.

Effect of silica particles on cell activation
THP-1 cells (1 × 105 cells ml-1) were cultured in complete medium in the absence or presence of silica particles
for different times (24–96 h) in 24-well plates in order to verify the effect of silica particles on cell activation.
After that, cells were washed and incubated with the following mAbs: anti-human CD11-PE-Cy5, CD14-PE-Cy7,
CD40-FITC, CD80-FITC and CD86-FITC (according to manufacturer’s instructions) followed by flow cytometry
analysis. Isotype controls were done. From each sample, 20,000 events were collected on a Partec PAS III flow
cytometer (Görlitz, Germany) and analyzed with the Winmdi Software (The Scripps Institute, Flow Cytometry
Core Facility, CA, USA). Cells present in M1 region were considered positive. For double fluorescence experiments,
the flow cytometer was properly compensated with FloMAX software.

Subsequently, culture supernatants were tested for IL-8 and IL-12 by ELISA (R&D Systems, Oxon, UK) as
indicated by the manufacturer. Nitrite determination was performed by Griess reactive. Briefly, 50μl of supernatants
or standard controls (different concentration of sodium nitrite) were mixed with 50 μl of commercial reagents
(sulfanilic acid and α-naphthylamine, Laboratorios Britania, Argentina), incubated for 15 min and reaction was
read at 540 nm. Cells cultivated without particles and particles alone were used as controls. Experiments were
repeated at least three times.

Membrane integrity & metabolic activity determination
THP-1 cells were cultured (1 × 105 cells ml-1) in the presence of different silica particles for 24–96 h, as described
above, and membrane integrity and metabolic activity were analyzed. Analyses were performed by flow cytometry
using the LIVE/DEAD R© viability/cytotoxicity kit (Invitrogen, CA, USA) following manufacturer’s instructions.
This two-color assay identifies live versus dead cells on the basis of esterase activity and membrane integrity,
respectively. Cells cultivated without particles and with particles, but without fluorescence reactivity were used as
controls. Experiments were repeated at least three times.

Statistical analysis
All data were expressed as the mean ± SD of triplicate experiments. Results were analyzed using one-way ANOVA,
followed by the Dunnett’s multiple comparison test; p < 0.05 was considered significant. Two-way ANOVA,
followed by the Bonferroni post-test were used for MTT assays when different NP concentration was evaluated.

Results
Characterization of silica particles
Monodisperse spherical bare silica particles (SiOH) were obtained by the Stöber method. The mean diameters for
silica particles were 10 ± 2 nm (Si10), 240 ± 4 nm (Si240), 380 ± 8 nm (Si380) and 1430 ± 37 nm (Si1430).
The zeta potential (ζ) of all these particles ranged between circa -28 mV and -40 mV (-28 ± 5 mV for Si10,
-35 ± 8 mV for Si240, -40 ± 8 mV for Si380 and -38 ± 7 mV for Si1430), suggesting that there is sufficient
electrostatic repulsion to ensure colloidal stability. These particles were employed for the following experiments.

Effect of bare silica particles on cell proliferation
With the aim to evaluate the effect of SiOH particles over cell cultures, THP-1 cells were cultivated in 24-well plates
in the presence of the different SiOH particles for a period of 24–168 h and cellular proliferation was determined
with the MTT test. When different NP concentrations were assayed, between 0.3 and 2.4 mg ml-1 of silica, similar
cell behavior was observed with the most remarkable differentiation with Si10 NP. THP-1 proliferation was not
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Figure 1. THP-1 metabolic activity in the presence of silica particles.
THP-1 (1 × 105 cells ml-1) cells were cultured alone (control) or in the presence of different particles (0.6, 1.2 or 2.4 mg
ml-1 of total silica concentration) during a 24–168 h period and their metabolic activity was determined by the MTT
assay. Control cells were considered as 100% proliferation at each time tested. (A) Si10; (B) Si240; (C) Si380; (D) Si1430.
Results represent the mean ± SD of triplicate experiments.
*p < 0.05; **p < 0.01; ***p < 0.001.
SD: Standard deviation.

affected by the presence of 0.3 and 0.6 mg ml-1 of Si10 by all times analyzed, but when 1.2 and 2.4 mg ml-1 of
Si10 were added, cell proliferation was significantly inhibited after 5 days of culture (Figure 1). All results described
later refer to cells cultivated in the presence of 0.6 mg ml-1 SiOH particles because it is the highest concentration
used that showed a differential performance between Si10 and other NP sizes.

It was observed that during the analyzed period, THP-1 cells exposed to particles were able to proliferate but at
a different rate depending on the size of the particle employed. Indeed after 24 h exposure to the bigger particles
(Si380 and Si1430 nm), the proliferation was significantly lower (∼70% with respect to control). There were no
statistically significant differences in cells exposed to the Si10 and Si240 particles (Figure 2A). After 48 h of culture,
Si240 particles also inhibit THP-1 cells’ proliferation (∼80% with respect to control), but to a lower extent than
Si380 and Si1430 nm (ca. 60–70% with respect to control). At this time, cells exposed to the smallest NPs of 10 nm
do not present proliferation differences with the control cells (Figure 2B). This behavior is maintained during the
following culture times assayed (Figure 2C–F). Figure 2G shows the proliferation of the cells not exposed and
exposed to the different particles as a function of time where it can be observed a clear inhibition in the percentage
of proliferation of the cells exposed to bigger particles.

Evaluation of cytokine secretion
Supernatants of THP-1 cells cultured in the presence and absence of SiOH particles were analyzed to evaluate
cytokine secretion. It was found that all silica particles induced the production of IL-8, IL-12 and nitrites. The
production of IL-8 by cells exposed for 24 h to Si380 particles was three-times higher (∼150 pg ml-1) than by
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Figure 2. THP-1 metabolic activity in the presence of silica particles.
THP-1 (1 × 105 cells ml-1) cells were cultured alone (control) or in the presence of different particles during a 24–120 h
period and their metabolic activity was determined by the MTT assay. Control cells were considered as 100%
proliferation at each time tested. (A) 24 h; (B) 48 h; (C) 72 h; (D) 96 h; and (E) 120 h. Results represent the mean ± SD
of triplicate experiments. (F) Proliferation of the cells exposed to particles of different sizes assayed at different times
of culture. In this case, 100% proliferation was assigned to culture cells at time 0 h.
*p < 0.05; **p < 0.01; ***p < 0.001.
SD: Standard deviation.

the cells exposed to the other particles (∼50 pg ml-1) (Figure 3A). The levels of cytokine secretion continue to
increase and after 48 h, the highest production of IL-8 was obtained with the cells exposed to Si380 particles but
the levels were only 1.5-times higher than what were obtained with the other particles (Figure 3B). During the rest
of the times evaluated (72–96 h), the levels of IL-8 reached 2400 pg ml-1 with Si380, 1500 pg ml-1 with Si240
and Si1480 and the lowest level was obtained with Si10 NPs (Figure 3C–D). Similar results were obtained when
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Figure 3. IL-8 secretion.
Supernatants of monocytes/macrophages cultured with different size nano- and microparticles were analyzed by
ELISA for IL-8 production at (A) 24 h; (B) 48 h; (C) 72 h; and (D) 96 h. Results represent the mean ± SD of triplicate
experiments.
*p < 0.05; **p < 0.01; ***p < 0.001.
SD: Standard deviation.

IL-12 was analyzed. An enhanced production of IL-12 was observed in cells exposed to Si240 particles after 24 h of
culture (∼22 pg ml-1) (Figure 4A). After 48 h, the highest production was obtained with Si1430 particles (∼28 pg
ml-1), followed by Si380 and Si240 (ca. 11 pg ml-1) (Figure 4B). Interestingly, cells exposed to Si1430 particles
begin to markedly increase secretion after 72 h (Figure 4C) and after 96 h, the level of IL-12 secretion by cells
exposed to these particles reached 1200 pg ml-1 (Figure 4D). The levels of cytokine secretion increase during the
times evaluated. Once again, 10 nm silica NPs do not induce IL-12 secretion all over the different times evaluated.
In parallel, an enhanced production of nitrite by cells exposed to Si240, Si380 and Si1430 particles at early hours of
culture (i.e., 24 h) (Figure 5A) was observed. SiOH NPs of 10 nm did not induce the production of this important
molecule implied in microbial destruction by monocyte/macrophage cells. Only cells exposed to Si380 particles
produced significantly higher levels of nitrites after 48 h of culture (Figure 5).

Effect of silica particles on cell activation
In order to further analyze the effect of silica particles over cell activation, THP-1 cells were cultured in complete
medium in the absence or presence of particles in 24-well plates. Later, we analyzed the expression of five membrane
molecular markers CD11, CD14, CD40, CD80 and CD86 by FACS and using WinMDI software. It was observed
that after 48 h of culture with Si240 particles, the CD14 expression slightly increased (∼100%), while in the same
period with the other particles, the CD14 expression increased by a factor of 6 (∼500%) (Figure 6A). All differences
have statistical significance except for Si240 particles. When CD40 was analyzed, an increment of the mentioned
membrane marker expression when cells were cultivated with SiOH particles was observed, but this behavior was
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Figure 4. IL-12 secretion.
Supernatants of monocytes/macrophages cultured with different size nano- and microparticles were analyzed by
ELISA for IL-12 production at (A) 24 h; (B) 48 h; (C) 72 h; and (D) 96 h. Results represent the mean ± SD of triplicate
experiments.
**p < 0.01; ***p < 0.001.
SD: Standard deviation.

more significant for Si10 and Si240 particles (∼300%) followed by Si380 (∼200%) and at last Si1340 (∼150%)
(Figure 6B). In parallel, results obtained for CD80 and CD86 determinations showed that the exposure to SiOH
particles increased the expression of co-stimulatory markers in THP-1 cell membranes. In both cases, Si240 particles
cause the higher increase in the expression of these markers (Figure 6C & D). On the contrary, all SiOH particles,
except Si10 NPs, decrease THP-1 cells CD11 expression and most of them do this in a size-dependent significant
way (∼ 50–70%) (Figure 6E).

Monodisperse spherical bare silica particle-induced cell death & membrane damage
With the aim to study the membrane integrity and cell viability, cells were incubated with different particles during
24–96 h and analyzed with the LIVE/DEAD R© viability/cytotoxicity kit (L-3224, Molecular Probes, CA, USA) in
accordance with the manufacturer’s instructions. This two-color assay allows the discrimination of living versus dead
cells based on esterase activity (resazurin) and membrane integrity (Sytox green incorporation), respectively. Upper
right and lower right quadrants are positive for Sytox green incorporation; upper right and upper left quadrants are
positive for resazurin determinations. We observed, at 24 h of culture, that Si380 and Si1430 particles increased
the incorporation (∼100%) of Sytox green by THP-1 cells in comparison to nontreated cells (Figure 7A–E).

Moreover, Si1430 particles decreased the metabolic activity (∼65%) of THP-1 cells with respect to controls,
as determined by resazurin incorporation (Figure 7A–E). These results suggest that most of these particles affect
the viability of cells, especially bigger ones such as Si1430, where a significant reduced number of living cells were
detected. Unexpected results were observed with Si240 particles, since this behavior is similar to Si10 without
altering cell metabolic activity and membrane integrity. When cells were analyzed after 48 h of culture, similar
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Figure 5. Nitrites secretion.
Supernatants of monocytes/macrophages cultured with different size nano- and microparticles were tested using
Griess reactive for nitrites production at (A) 24 h; (B) 48 h; (C) 72 h; and (D) 96 h. Results represent the mean ± SD of
triplicate experiments.
*p < 0.05; **p < 0.01; ***p < 0.001.
SD: Standard deviation.

results were obtained. SiOH particles increased the incorporation of Sytox green by THP-1 cells in comparison to
nontreated cells, principally Si380 and Si1430 ones (more than 100%) (Figure 7F–J). Moreover, the same particles
after 48 h of culture, significantly decreased the metabolic activity of THP-1 cells with respect to controls, as
determined by resazurin incorporation (Figure 7F–J). Comparable results were observed at 72 h of cultures where
SiOH particles of 380 and 1430 nm increased the incorporation of Sytox green by THP-1 cells (Figure 7K–O).
Furthermore, Si1430 particles decreased THP-1 cell metabolic activity with respect to control as observed for 24
and 48 h of culture (Figure 7K–O).

Discussion
We obtained SiOH particles by the Stöber method, with diameters ranging from 10 to 1430 nm. All particles
presented negative charge between -28 and -40 mV, suggesting that there is sufficient electrostatic repulsion to
ensure colloidal stability.

The effect of SiOH particles over cell cultures was evaluated for a period of 24–168 h. Cells exposed to different
particles were able to proliferate but to a lower extent when compared with control cells not exposed to particles.
A clear inhibition in the percentage of proliferation of the cells exposed to bigger particles for all concentrations
assayed (Figure 1) was observed. The strange kinetics of cells in the presence of particles of 380 and 1430 nm could
be due to the fact that at 7 days of culture, the cells began to die due to the high density of the cells. At this time,
overproliferation induces cell death in all conditions, but is greater with the larger particles, so that their relative
metabolic activity is lower. As mentioned before, most results described refer to cells cultivated in the presence of
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Figure 6. Effect of silica particles over THP-1 cell membrane markers.
THP-1 cells were treated with negative particles and then incubated with anti-human CD14, CD40, CD80, CD86 and CD11 antibodies. Flow
cytometry results were expressed as the percentage of positive cell population presented in the M1 region of cells treated with
particles/control cells (untreated). (A) CD14; (B) CD40; (C) CD80; (D) CD86; and (E) CD11 expression on THP-1 cell membrane treated with
particles. Insets: cytometry histogram. Results represent the mean ± SD of triplicate experiments.
*p < 0.05; **p < 0.01; ***p < 0.001.
SD: Standard deviation.

0.6 mg ml-1 SiOH particles, the high concentration used with differential performance between Si10 and others.
The observed cell proliferation is between 40 and 50% lower in the presence of SiOH particles (Si240, Si380 and
Si1430) with respect to control (Figure 2). This behavior confirms the existence of a size-dependent effect on cell
proliferation when exposed to silica particles. Indeed, the proliferation of the cells was not affected only by NPs
of 10 nm (Figure 2). As can be observed in Figure 2, until 120 h exposure to 10 nm SiOH NPs, the viability and
proliferation was similar to control cells. In contrast, Fedeli et al., [45] reported that 24 nm SiO2-NPs have an IC50

around 30 ug ml-1, 1 day after using human blood primary monocytes. There are several plausible explanations
to this differential concentration-dependent effect. In one hand, the difference between primary cultures and

future science group www.futuremedicine.com 1043



Research Article De Marzi, Saraceno, Mitarotonda et al.

JI

K L M N O

24 h

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

3.05

1.79

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

92.86 4.13

2.01

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

4.06

1.64

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

7.50

4.33

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

62.22 1.45

10.55

48 h

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

67.90 1.91

2.74

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

92.54 3.94

0.83

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

94.61 1.22

0.62

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

98.16 0.54

0.19

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

97.46 1.02

0.10

72 h

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

1.19

0.04

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

2.15

0.14

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

0.97

0.03

100 101 102 103 104

1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

87.16 11.66

0.25

100 101 102 103 104
1
0

0
1
0

1
1
0

2
1
0

3
1
0

4

Sytox green

R
e
s
a
z
u

ri
n

69.82 12.38

3.81

Figure 7. Cell membrane damage by 24–72 h of culture.
Monocytes were incubated with silica particles, stained with Sytox green/resazurin and finally analyzed by flow cytometry. Live/dead
analysis of THP-1 cell cultures without (A, F and K) or with NPs of 10 nm (B, G and L), 240 nm (C, H and M), 380 nm (D, I and N) and
1430 nm (E, J and O).
NP: Nanoparticle.

cultures of cell lines is well-documented, thus it is possible that the nanotoxicity is also different. In line with this
observation, the mentioned authors also analyzed the HeLa cell line and observed a significantly higher IC50 either
because it was not a phagocytic cell or because it was a cell line. In addition, Liu et al. [46] observed a toxic effect of
SiO2 NPs (25 nm) over human umbilical vein endothelial cells (HUVECs), but not over THP-1 cells. It is worth
mentioning that THP-1 is a cell line established as a model for phagocytosis. Moreover, 1,25-dihydroxyvitamin
D3-differentiated THP-1 cells do not develop a complete macrophage phenotype. Thus, they retain an important
proliferation capacity whereas most primary culture monocytes do not. In conclusion, the difference lies in the
fact that the NPs were incorporated into a culture with cells that retain important proliferative capability. Another
difference is that THP-1 culture cells are homogenous cells whereas primary cultures usually have a high percentage
of the desired cells but usually have greater heterogeneity. On the other hand, it is true that NPs of 10 nm are smaller
than those of 24 nm, so it cannot be ruled out that they have different behaviors. In addition, the adsorption of
proteins would be higher in smaller NPs due to their higher surface to weight ratio. Thus, the effect of FBS would
be responsible for an increase in the IC50 [47,48], in agreement with the results obtained in this work.

When we analyzed cytokine secretion by THP-1 cells, we found that silica particles induced the production of
IL-8 (Figure 3), IL-12 (Figure 4) and nitrites (Figure 5), and that the levels of these molecules in culture supernatants
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augment during the time. On the contrary, we observed that 10 nm silica NPs do not induce IL-12 or nitrite
secretion all over the different times evaluated; they only slightly stimulated IL-8 secretion. The strong increase
in IL-12 levels between 48 and 72 h of culture was noteworthy. This could be due to a strong proinflammatory
reaction and a related response to the toxic shock induced by said particles. In summary, it is possible that the cells
have unconventional reactions as they are inquiring and trying to phagocyte particles that are approximately the
size of a bacterium but many of the pathogen-associated molecular pattern (PAMP) receptors that would normally
be activated are not doing so.

IL-12 is an important link between the innate and adaptive immune response and induces the secretion of IFN-γ
by natural killer cells and T cells, which will increase the activation of macrophages. IL-8 is a chemokine involved
in attracting neutrophils while nitrite levels are indicator of macrophages activation. The levels of proinflammatory
cytokines produced by cells exposed to SiOH particles are in agreement with the increased levels described previously
with different particles. Indeed, similar effects were previously reported with NPs produced with poly(γ-glutamic
acid). It was reported that poly(γ-glutamic acid)-NPs induced the production of TNF-α, IL-12 and IL-6 by
macrophages [49]. But, not all NPs could induce nitrite secretion and even less maintain their secretion over time.
Nitrites are part of microbicidal mechanism used by phagocyte cells to destroy invading agents. Particles and bigger
NPs are able to markedly induce this mechanism but smaller ones are not. Indeed, Si1430 are microparticles and
their behavior may be different. Altogether, this evidence put silica particles as potential immunomodulatory agents.
Our results show that SiOH particles induce innate immune cell activation in vitro and could have vast potential
both as an adjuvant and in delivery of antigens in a vaccine development [49]. Other authors showed that the NALP3
inflammasome is activated by alum, uric acid, silica as well as PLGA NPs [50]. In the same way, Liu et al. reported
that SiO2 particles upregulated the production of IL-6, IL-8, MCP-1, TNF-α or IL-1β in a monocyte/HUVEC
co-culture [46]. But they did not find that THP-1 cells alone cultured with SiO2 particles secreted detectable IL-6,
IL-8, MCP-1, TNF-α or IL-1β. They proposed that SiO2 particles can indirectly activate monocytes, contrary to
our findings. Other authors suggested a proinflammatory role for same SiOH NPs [51]. Results obtained with Si10
NPs suggest that these NPs are more biocompatible and less proinflammatory, with the potential to be used in
delivery of molecules for several purposes unlike immune stimulation.

All particles affect the expression of the different membrane markers assayed (CD11, CD14, CD40, CD80 and
CD86). Cell activation by silica particles are evidenced by an increased expression of CD14, CD40, CD80 and
CD86 molecules on monocyte/macrophage membrane (Figure 6). These evidences propose a proinflammatory
role of bare silica particles. Previously, Uto et al. described that poly(γ-glutamic acid)-NPs enhance the expression
of co-stimulatory molecules, such as CD40, CD80 and CD86 on macrophage membrane [49]. On the contrary,
Liu et al. did not find CD40 expression in THP-1 cells exposed to SiO2 particles [46]. No relationship was found
between CD increased expressions and SiOH particle sizes. The increased expression of CD14, a molecule involved
in PAMP recognition, is vastly significant in the context of a potential infection. In addition, enhanced CD80
and CD86 molecules would amplify co-stimulatory signal for antigen presentation and CD40 would increase
lymphocyte activation. CD40 and CD40L act as co-stimulatory molecules that are indispensable for antigen-
presenting cells and activated CD4+ T cells. This is an important aspect, since these molecules, employed in
correct concentrations, could be used as an adjuvant for immune response against same microbial antigens [43]. In
contrast, results with CD11 molecules, which decrease expression when cells are exposed to SiOH particles, are
contradictory. Low expression of CD11 could affect the adhesion of monocytes to the endothelium and among its
ligands is the fragment of the complement factor iC3b (key in the innate immune defense) and PAMPs, among
others. It was reported that in dendritic cells, CD11 expression is important in the regulation of the quantity and
quality of immune responses [52].

The fact that some SiOH particles inhibit THP-1 cell proliferation suggest that those particles could alter
immune response affecting one of the antigen presenting cells, monocytes, proliferation and consequently, altering
the number of cells able to present antigens. But activation observed as increment of CDs in cells treated with
bigger particles, could be associated to a monocyte maturation phenomenon. A different behavior is observed with
the smallest NPs (i.e., 10 nm), where cells could be activated without affecting cell proliferation.

When we studied the effect of SiOH particles on cell viability and membrane integrity, we observed that Si380
and Si1430 particles increased membrane damage and decreased cell metabolic activity (Figure 7A–E). These
results suggest that bigger NPs and microparticles affect the viability of cells, where a significant reduced number
of living cells were detected. Smallest NPs (Si10 and Si240) did not alter metabolic cell activity and membrane
integrity. Similar results were obtained during different times evaluated (Figure 7F–O). These results are partially
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in agreement with those reported by Liu et al. [46], where they observed a toxic effect of SiO2 particles (25 nm) over
HUVECs, but not over THP-1 cells.

Conclusion
We observed the existence of a particle size-dependent effect on cell proliferation. When THP-1 culture cells were
exposed to SiOH particles, only particles (≥200 nm) induced significantly lower cell proliferation. On the other
way, we found that most SiOH particles increased the production of IL-8, IL-12 and nitrite with respect to control
cells. The levels of cytokine secretion increase during the times evaluated. SiOH NPs of 10 nm did not induce
the production of IL-12 or nitrites during all times assayed. Similarly, we observed that all SiOH particles induce
cell activation, evidenced by an increased expression of CD14, CD40, CD80 and CD86 molecules on the THP-1
cell membrane but all SiOH particles except 10 nm ones, decrease CD11 expression. At last, we observed that
the biggest SiOH particles affect membrane integrity and viability of cells (Figure 8). All these evidences suggest a
proinflammatory role of bare silica particles since these molecules, employed in the proper concentrations, could
be used as an adjuvant for immune response against microbial antigens. On the contrary, results with NPs (10 nm)
suggest that these NPs could be more biocompatible and less proinflammatory with the potential to be used in
delivery of small molecules, as chemical drugs, for several purposes unlike immune stimulation. Other molecules
could be transported on 10 nm NP surface. This conclusion could not only be applied for the size of 10 nm, since
we still have to analyze what happens with particles in the range of 10–200 nm. Our results contribute to the
development of safely therapeutic applications of nanotechnology.

Future perspective
Several diseases of different origin are currently affecting our planet and hopefully others already controlled may
resurface as well as new or unknown will appear in the coming years. Therefore, the development of appropriate
immunotherapy strategies will be necessary for the control of diseases. NPs offer a very important alternative for
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immunotherapeutic approaches. These may, in the future, not only be used for the transport of molecules but
may also transport antigens and immunomodulatory molecules. NPs with intrinsic immunostimulation capacity
could be the basis of new vaccine strategies that slowly release the antigens they carry or use in immunostimulatory
formulations. Alternatively, NPs with less proinflammatory activity may be used for the transport of drugs used in
the treatment of endocrine diseases, cancer, along other important diseases.

Summary points

� Monodisperse spherical bare silica (SiOH) particles ≥200 nm induced significantly lower THP-1 cell proliferation.
� SiOH particles ≥200 nm increased the production of IL-8, IL-12 and nitrites by THP-1 cells but 10 nm ones did not

induce the production of IL-12 or nitrites.
� All SiOH particles induce cell activation (by an increased expression of CD14, CD40, CD80 and CD86 molecules on

the THP-1 cell membrane) but decrease CD11 expression.
� SiOH particles ≥380 nm affect membrane integrity and viability of cells.
� SiOH particles ≥200 nm are proinflammatory and could be used as an adjuvant for immune response against

microbial antigens.
� Nanoparticles (10 nm) are more biocompatible and less proinflammatory with the potential to be used in delivery

of molecules for several purposes unlike immune stimulation.
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