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Introduction: A critical step preceding the potential biomedical application of nanoparticles is the evaluation of their immunomo-
dulatory effects. Such nanoparticles are expected to enter the bloodstream where they can be recognized and processed by circulating
monocytes. Despite the required biocompatibility, this interaction can affect intracellular homeostasis and modulate physiological
functions, particularly inflammation. This study focuses on titanium dioxide (TiO,) as an example of relatively low cytotoxic
nanoparticles with potential biomedical use and aims to evaluate their possible modulatory effects on the inflammasome-based
response in human primary monocytes.

Methods: Monocyte viability, phenotypic changes, and cytokine production were determined after exposure to TiO, (diameter, 25
nm; P25) alone. In the case of the modulatory effects, we focused on NLRP3 activation. The production of IL-1p and IL-10 was
evaluated after (a) simultaneous activation of monocytes with bacterial stimuli muramyl dipeptide (MDP), or lipopolysaccharide
(LPS), and TiO, (co-exposure model), (b) prior activation with TiO, alone and subsequent exposure to bacterial stimuli MDP or LPS.
The differentiation of TiO,-treated monocytes into macrophages and their polarization were also assessed.

Results: The selected TiO, concentration range (30—120 pg/mL) did not induce any significant cytotoxic effects. The highest dose of
TiO, promoted monocyte survival and differentiation into macrophages, with the M2 subset being the most prevalent. Nanoparticles
alone did not induce substantial production of inflammatory cytokines IL-1pB, IL-6, or TNF-a. The immunomodulatory effect on
NLRP3 depended on the type of costimulant used. While co-exposure of monocytes to MDP and TiO, boosted NLRP3 activity, co-
exposure to LPS and TiO, inhibited NLRP3 by enhancing IL-10 release. The inhibitory effect of TiO, on NLRP3 based on the
promotion of IL-10 was confirmed in a post-exposure model for both costimulants.

Conclusion: This study confirmed a non-negligible modulatory effect on primary monocytes in their inflammasome-based response
and differentiation ability.
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Introduction

Titanium dioxide (TiO,) nanoparticles (NPs) are among the most widely produced nanoparticles. Due to their unique
physical and antimicrobial properties, they have been extensively studied for the potential use in nanomedicine with
possible applications in biosensors, implantology, antitumor therapy, or as drug carriers and adjuvants. Currently, TiO,
NPs are present in multiple sectors and products, including the cosmetics, pharmaceutical, and, until recently, food
articles.”® The large-scale production of TiO, then increases occupational exposure levels, which can reach up to
5.99 mg/m>.* Either way, the human exposure to TiO, is not negligible and requires comprehensive safety evaluation.
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As particles below 100 nm, TiO, easily pass through biological barriers.” The subsequent biodistribution is dependent
on number of factors, eg particle size or surface charge. However, existing pharmacokinetic data remain inconsistent.’
Although there is still a debate as to whether inhaled or ingested TiO, NPs are translocated through the systemic
circulation to distant organs,” ' it is indisputable that intravenous administration offers full bioavailability.'' Animal
studies have demonstrated that TiO, reaches the heart, kidneys, brain, lymph nodes and thymus, with the highest
retention in the liver, spleen and lungs.'''* Following repeated exposure, the poorly soluble nature of TiO, NPs may
impede the elimination process, leading to its accumulation.'""'* Nevertheless, whether during biodistribution, accumula-
tion or elimination, TiO, is in constant contact the immune system.

Reducing cytotoxicity is a crucial step in attempting to utilize NPs in nanomedicine. One of the principal mechanisms
of NPs cytotoxicity is the induction of inflammation, which underscores the interaction with immune cells.'> Of these,
the mononuclear phagocyte system (MPS), which consists of blood monocytes, monocyte-derived macrophages and
resident macrophages, plays an effector role in the recognition and processing of NPs.'®!” Both macrophages and
monocytes are main mediators of proinflammatory and anti-inflammatory (regulatory) responses. Notably blood mono-
cytes are greatly sensitive to a wide range of stimuli. Such capacity is enabled by the high expression of various pattern
recognition receptors (PPRs), including membrane Toll-like receptors (TLRs) and intracellular Nucleotide-Binding
Oligomerization Domain-like receptors (NLRs, NOD).'® Typical stimuli are pathogen or danger-associated molecular
patterns (PAMPs, DAMPs), the recognition of which leads to an activation of relevant protein complexes and transcrip-
tion factors. A good example is the NLRP3 inflammasome, whose activation induces the release of potent proinflamma-
tory cytokines interleukin (IL) —1P and IL-18. This process must be strictly regulated to prevent prolonged or persistent
activation, which could result in chronic inflammation and autoimmune reactions.'>** Under specific condition, mono-
cytes can “switch” their metabolic programming, leading either to the induction of innate immune memory, or
tolerance.?' In addition, during their migration to the site of inflammation, monocytes differentiate into macrophages
with possible polarization into proinflammatory M1 subsets (characterized by production of IL-6, tumor necrosis factor-o
(TNF-a), IL-1B, reactive oxygen species (ROS), and nitric oxide), or anti-inflammatory M2 subsets (characterized by
prevailing production of IL-10 and high expression of scavenger receptors).”> > These changes then strongly modulate
the ongoing inflammation.*®%’

It has been shown that nanomaterials and NPs are able to modulate inflammatory homeostatic mechanisms, even
without affecting the viability of cells.?'*®?° Numerous studies have confirmed the relatively low cytotoxicity of TiO,
in vitro and in vivo; despite the common induction of ROS.*** Several studies have proposed a proinflammatory effect
on macrophages.***> Nevertheless, a few studies have postulated modulatory effect of TiO, in the presence of another
stimulus, implying an interference with aforementioned homeostatic mechanisms.**>® The research focused on multiple
stimulus is necessary, because immune cells usually react to more than one stimulus and NPs are often contaminated.
Furthermore, it may reveal the potential proinflammatory effect of those NPs that do not appear to cause any acute
cytotoxic response on their own.

To date, experiments have mainly been performed using cancer cell lines (THP-1, RAW264.7, etc)., which tend to be
less sensitive.”® On the contrary, human primary monocytes are often neglected, even though their role in inflammatory
processes during NPs penetration into the blood is crucial. Therefore, our study established primary monocytes as
a highly sensitive model for evaluating the immunomodulatory effects of TiO, nanoparticles. Specifically, we aimed to
investigate the inflammasome-based response to TiO, in the presence of common bacterial fragments, muramyl dipeptide
(MDP), and lipopolysaccharide (LPS), and the effect of TiO, on monocyte differentiation.

Materials and Methods

Nanoparticles Preparation and Characterization
TiO, nanoparticles (P25; anatase/rutile mixture, Product no. 718467, LOT MKCD 8503) were obtained as powder from
Sigma-Aldrich (USA). Detailed physicochemical characterization, including data from X-ray diffraction, Raman spectro-

metry, and atomic force microscopy, was recently published by Bacova et al.*®
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Stock suspension of TiO, (1 mg/mL) was prepared by sonication in distilled water using ultrasonic probe (Q700
ultrasonic processor with a 1/4” microtip probe, 15 min at 65% of amplitude; QSonica, USA). The shape and size were
determined by transmission electron microscopy (TEM, Philips 208 S Morgagni, FEI, Czech Republic) at an accelerating
voltage of 80 kV by scanning electron microscopy (SEM, Magellan 400L, FEI, Czech Republic). Size and polydispersity
were determined using Multi-Angle Dynamic Light Scattering (MADLS) (Zetasizer Nano ZSP, Malvern, UK).
Approximately 50 uL of the sample was placed in a low-volume quartz batch cuvette ZEN2112 (Malvern Panalytical
Ltd., Malvern, UK) and measured using the MADLS® technique with a Zetasizer Ultra (Malvern Panalytical Ltd., UK) at
a constant temperature of 25°C. The device was equipped with an HeNe Laser (633 nm) and three detectors at 173°
(backscatter), 90° (side scatter), and 13° (forward scatter). Measurements were performed using a 10-fold dilutions of
stock solutions in Milli-Q water and cell culture medium containing 10% autologous serum.

The zeta ({) potential of the analyte was determined by Electrophoretic Light Scattering (Zetasizer Nano ZSP, UK).
Approximately 800 puL of each sample was placed in a folded capillary zeta cell DTS1070 (Malvern Panalytical Ltd.,
Malvern, UK). Analysis was performed at a constant temperature of 25°C in the monomodal mode. The data were
evaluated using ZS Xplorer software version 3.50 (Malvern Panalytical Ltd, UK). The measured values are reported as
mean + standard deviation (n = 3).

Biological Contamination

Freshly prepared TiO, stock solution was checked for the presence of LPS using the Pierce™ Chromogenic Endotoxin
Quant Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. The presence of active TLR4 and
TLR2 agonists was assessed using HEK-Blue™-4 and HEK-Blue™-2 reporter cells (InvivoGen, USA), respectively,
that stably express human TLR4 and TLR2. The fusion of the inserted secreted alkaline phosphatase (SEAP) gene with
the nuclear factor kappa-light-chain-enhancer of activated B (NF-«xB) transcription factor leads to dose-dependent AP
secretion, which is measured in cell supernatants using the color-changing medium QUANTI-Blue™
(InvivoGen, USA).

Both cell lines were cultured (37°C, 5% CO,) in Dulbecco’s modified Eagle’s high glucose medium without phenol
red (DMEM; Corning, USA) supplemented with 10% heat-inactivated ultra-low endotoxin fetal bovine serum (FBSyg;
Biosera, France), 2 mM L-alanyl-L-glutamine (GlutaMAX; Life Technologies, USA), Normocin (100 pg/mL;
InvivoGen, USA) and selective antibiotics 250X HEK-Blue™ Selection (InvivoGen, San Diego, CA, USA). For the
experiments, cells were seeded in flat-bottom 96-well plates at a density of 5x10* cells per well and were treated
overnight with the subtoxic level of TiO, (100 pg/mL). Ultrapure LPS from Escherichia coli K12 (0.01 pg/mL.
InvivoGen, USA) and heat-killed Staphylococcus aureus (HKSA, 107 cells/mL, InvivoGen, USA) were used as controls.
The supernatant (20 pL) was transferred to 180 pL of QUANTI-Blue™, and the absorbance was measured using
a Synergy HTX microplate reader (Biotek, Germany) at a wavelength of 630 nm.

Cell Culture and Exposure to TiO,

Isolation of Human Primary Monocytes

Isolation of monocytes from blood samples was performed under sterile conditions. Each donor sample (n=6) was
processed separately. Approximately 50 mL of fresh peripheral blood was collected into EDTA-treated BD Vacutainer®™
tubes (Becton Dickinson, USA) and processed as follows. Blood samples were mixed with beads (pluriSpin® Human
Monocyte Enrichment, pluriSelect Life Science, Germany) at a ratio of 50 uL beads to 1 mL blood and incubated for
20 min at room temperature. The samples were then diluted with PBS (1:1) and layered over Histopaque®-1077 (Sigma-
Aldrich, USA) and centrifuged at 800 g for 15 min, with the brake turned off. Cells at the interface were collected and
washed several times with PBS by centrifugation at 300g for 10 min. Erythrocytes were lysed for 10 min using a lysis
solution containing 150 mM NH4CI. All procedures were performed at room temperature. The purity of the isolated
monocytes was assessed using a Navios flow cytometer (Beckman Coulter, USA). Unless otherwise stated, the following
experiments were conducted for each donor individually, and all treatments and controls were performed in triplicate or
duplicate.
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Co-Exposure Model

Freshly isolated monocytes were suspended in Roswell Park Memorial Institute (RPMI) 1640 without phenol red
(Corning, NY, USA), supplemented with 10% human autologous serum, 2 mM GlutaMAX, and Primocin™ (100 pg/
mL), seeded at 1 x 10®/mL in a 96-well plate (0.18 mL), and allowed to adhere for 1 h at 37°C and 5% CO,. The medium
and non-adherent cells were removed and replaced with fresh medium containing TiO, (30-120 pg/mL), muramyl
dipeptide MDP (5 pg/mL, InvivoGen, USA), ultrapure LPS (0.1 pg/mL), or their mixtures in a final volume of 0.2 mL.
Untreated cells were used as negative controls. Cells treated with MDP or LPS alone were used as the controls. Specific
inhibitors, MCC950 (10 uM; InvivoGen, USA) and GSK717 (5 uM; Sigma-Aldrich, USA), were used to verify the
activity of NLRP3 and NOD?2, respectively. After 24 h of incubation at 37°C and 5% CO,, supernatants were collected
for cytokine production and viability analysis.

Post-Exposure Model and Differentiation

Monocytes were seeded in a 96-well plate and incubated overnight at 37°C and 5% CO, with or without TiO, (120 pg/
mL). To evaluate the activity of cAMP response element-binding protein (CREB), the inhibitor 666—15 (5 uM; Sigma-
Aldrich, USA) was added. All cells were then carefully washed with RPMI 1640 to remove unincorporated TiO, and
separately treated with MDP (5 pg/mL) or LPS (0.1 pg/mL) for another 24 h. Cells without pretreatment with TiO, were
used as controls.

For the differentiation, freshly isolated monocytes were seeded at 2 x 10®/mL in a 12-well plate (1 mL) and were
allowed to adhere for 1 h at 37°C and 5% CO2. The medium and non-adherent cells were removed and replaced with
fresh medium with or without TiO, (120 pg/mL). Following overnight incubation, the medium was replaced with
complete medium without any treatment, and the cells were allowed to differentiate for another 11 days, with medium
changes every 3 days. Cells without TiO, pretreatment were used as controls.

Viability Assessment

Cell viability was assessed using a lactate dehydrogenase (LDH) assay (CyQUANT™ LDH Cytotoxicity Assay, Thermo
Fisher Scientific, USA) according to the manufacturer’s protocol. The absorbance was measured using a Synergy HTX
microplate reader at 490 nm, with the reference wavelength set at 690 nm. % Cytotoxicity was calculated according to
absorbance values using the following formula:

0 — Treated cells — Untreated cells(negative control) 100
° Lysed cells — Untreated cells(negative control)

Mitochondrial dehydrogenase activity was evaluated using a WST-1 assay. After removing the supernatant, a fresh
complete medium containing 5% WST-1 reagent was added to each well. Cells were measured immediately and after
1 h of incubation (37°C, 5% CO,) using a Synergy HTX microplate reader at 450 nm, with 650 nm set as the reference
wavelength. The final absorbance was obtained by subtracting the values at time 0 from the values at time 1h, and results
were expressed as the percentage of total cellular dehydrogenase activity relative to that in untreated cells (negative
control = 100%).

Flow Cytometry

Flow cytometry was used to evaluate phenotypic changes in the cultured monocytes and differentiated macrophages.
Cells were carefully detached using a cell scraper, washed with PBS containing 1 mM EDTA, 1% bovine serum albumin
(BSA), 2% FBS_Eg, and 0.1% sodium azide (NaN3), and stained with respective antibodies. The monoclonal antibodies
used for flow cytometry were purchased from three different companies. CD16 FITC, PC7 (clone 3G8), CD45 APC, KO
(clone J33), CD14 ECD (clone RHO52), and CD64 PE (clone 22) were purchased from Beckman Coulter (USA). CD209
PerCP-Cy5.5 (clone 9E9AS), CD14 APC-Cy7 (clone M5E2), CD206 APC-Cy7 (clone 15-2), and CD86 BV510 (clone
IT2.2) were purchased from BioLegend (USA). CD163 FITC (clone M130) was purchased from Trillium Diagnostics
(USA). Flow cytometric data were acquired using Navios and NaviosEx (Beckman Coulter, USA) and analyzed using
FlowJo V10 software (Becton Dickinson, USA). The gating strategies are provided in the Supplementary Materials.
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Transmission Electron Microscopy

Monocytes exposed to TiO, for 24 h were carefully detached by cell scraper and fixed using 3% glutaraldehyde. The
centrifuged pellet was rinsed in Milonig buffer, post-fixed in 1% OsO,4 solution in Milonig buffer, dehydrated in 50%,
70%, 90%, and 100% ethanol, embedded in Epon-Durcupan mixture (Epon 812 Serva, Heidelberg, Germany; Durcupan,
ACM Fluka, Buchs, Switzerland), and polymerized at 60°C for 72 h. Ultrathin sections (60 nm) were cut with glass
knives on UC 7 ultramicrotome (UC 7, Leica, Vienna, Austria) and contrasted with 2% uranyl acetate and 2% lead
citrate. The obtained sections were observed using TEM (Philips 208 S Morgagni, FEI, San Jose, CA, USA).

NF-kB Reporter Assay

NF-kB activity was evaluated using RAW-Blue™ reporter cells (San Diego, CA, USA), which express a variety of
pattern recognition receptors (PRRs) including TLR4 and NOD2. Stimulation of these receptors activates Nf-kB/AP-1
fused to SEAP. The resulting AP production was detected using QUANTI-Blue™. RAW-Blue™ were cultured in
DMEM supplemented with 10% heat-inactivated FBS g, 2 mM GlutaMAX, Normocin (100 pg/mL), and selective
antibiotics Zeocin®. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO, and handled
according to the manufacturer’s instructions. For the experiment, cells were seeded in a flat-bottom 96-well plate at
a density of 10> cells/well and incubated overnight at 37°C and 5% CO, with TiO, (120 ug/mL), MDP (5 pg/mL),
ultrapure LPS (0.1 pg/mL), or their mixtures in a final volume of 0.2 mL. Each treatment and control were performed in
triplicate. The absorbance was measured using a Synergy HTX microplate reader (Biotek, Germany) at a wavelength of
630 nm.

NLRP3 Reporter Assay

Canonical activation of NLRP3 was evaluated using THP1-null cells (San Diego, CA, USA), a positive control cell line
with high expression of NLRP3, apoptosis speck-like protein (ASC) and pro-caspase-1. Cells were cultured at 37°C in
a 5% CO2 in RPMI1640 without phenol red supplemented with 10% heat-inactivated FBS;g; 2 mM GlutaMAX,
Normocin (100 pg/mL), 25 mM HEPES (Sigma-Aldrich, USA), 1 mM sodium pyruvate (Life Technologies, USA),
Normocin (100 pg/mL) and selection antibiotic Hygromycin B Gold (200 pg/mL; InvivoGen, USA).

For experiments, cells were seeded in the 96-well plate at 1.8x10° cells per well and activated by phorbol 12-
myristate 12-acetate (PMA; 30 ng/mL, Sigma-Aldrich, USA) for 3 h. After removing PMA, they were left to attach and
differentiate for another 72 h in fresh complete medium at 37°C in a 5% CO2. Cells were further primed with ultrapure
LPS (1 pg/mL, 3 h) or left unprimed and after washing exposed to TiO, (10-120 pg/mL), muramyl dipeptide MDP
(5 pg/mL), or their mixtures in fresh medium of a final volume of 0.2 mL. Untreated cells (primed or unprimed) were
used as negative controls. Cells treated with MDP alone were used as the controls. Nigericin (1 uM, InvivoGen, USA)
was used as a positive control. Specific inhibitors, MCC950, GSK717 and A151 (10 uM; InvivoGen, USA), were used to
verify the activity of NLRP3, NOD2 and AIM2, respectively. Each treatment was performed in triplicate. After 24 h of
incubation at 37°C and 5% CO2, supernatants were collected for cytokine production and LDH assay. Dehydrogenase
activity was assessed using WST-1 assay.

Cytokines Measurements

Bioactive IL-1p and IL-10 Measurements

IL-10 and IL-1f released by monocytes and IL-1B released by THP1-null were detected using HEK-Blue™ IL-1f and
HEK-Blue™ IL-10 reporter cells (San Diego, CA, USA) according to the manufacturer’s instructions. The specific
response of these cells is ensured by the endogenous expression of their respective receptors, whose binding cytokines
lead to the activation of their respective transcription factors fused to SEAP. HEK-Blue cells were cultured in DMEM
supplemented with 10% heat-inactivated FBS g, 2 mM GlutaMAX, Normocin (100 pg/mL), and selective antibiotics
Zeocin® and Hygromycin B. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO, and handled
according to the manufacturer’s instructions. For experiments, cells were seeded in a 96-well plate at 5x10 cells per
well. Fifty microliters of supernatant from examined monocytes were added, and the samples in a final volume of 0.2 mL
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were incubated overnight at 37°C in a 5% CO,. The supernatant (50 pL) was then transferred to 150 uL of QUANTI-
Blue™ and the absorbance was measured using a Synergy HTX microplate reader at a wavelength of 630 nm.

ELISA

IL-10 levels were also determined using the Invitrogen Human IL-10 Uncoated ELISA Kit (Thermo Fisher Scientific,
USA) according to the manufacturer’s protocol. The samples were diluted 2-fold. The detection range was 2-300 pg/mL.
Absorbance was measured at a wavelength of 450 nm using a Synergy HTX microplate reader, with the reference
wavelength set at 570 nm.

Statistical Analysis

Data from all experiments were obtained from at least three independent experiments (from different donors), performed
in duplicate or triplicate. The analysis was performed using GraphPad Prism™ version 8.2.1 (GraphPad Software Inc.,
CA, USA). Based on the Shapiro—Wilk normality test and analysis of variance (F-test), either parametric or nonpara-
metric analysis of variance (ANOVA) or Brown-Forsythe and Welch’s test followed by Dunnett’s test or Kruskal—
Wallis’s post hoc tests were performed. The Sidak correction was used for multiple comparisons. In the case of
phenotypic changes in monocytes and macrophages and ELISA assays, the results were evaluated separately using
a paired t-test or Wilcoxon test. Statistical significance was determined based on the p-values of * p<0.05, ** p<0.01, and
*** p<0.001.

Ethics

This study was conducted in accordance with the Declaration of Helsinki guidelines. Peripheral blood samples were
obtained from healthy volunteers (6 donors) after obtaining their consent and approval from the Ethics Committee of the
University Hospital Hradec Kralove, Sokolska 581, 50005 hradec Kralove (reference number 202209 P05), Czech
Republic.

Results

TiO, Characterization
The physicochemical characterization of TiO, used in this study has been described in detail in the study of Bacova
et al.*° The basic characteristics of TiO, dispersed in water and full medium containing 10% autologous serum are shown
in Table 1. TEM and SEM images and DLS confirmed the presence of aggregates (Figure 1 A—C). The size of the primary
particles was 30 £ 10 nm, following the manufacturer’s information (Figure 1A).

Endotoxin levels evaluated using the LAL assay were < 0.1 EU/mL. The absence of TLR4 and TLR2 agonists was
confirmed using the HEK-Blue™-4 and HEK-Blue™.-2 reporter cell lines (Figure 1D).

TiO, Uptake by Human Primary Monocytes

The intracellular localization of TiO, and morphology of the treated monocytes were examined using TEM. After 24 h of
incubation, the TiO2 nanoparticles were mostly sequestered as aggregates across the cytoplasm (Figure 2A). The
presence of TiO, in membrane-bound compartments indicated active endocytosis (Figure 2B). Free particles without
clear binding to the organelles were also observed. No particles reached the nucleus.

Table | Characterization of TiO; in DI Water and Full Medium (RPMI, 10%
Autologous Serum)

Vehicle Z-Average (nm) Pdi Average (-Potential (mV)
Water 151 £7 0.145 + 0.021 21 £ 0.64
Full medium 270 £ 9 0.21 * 0.006 —9.06 £+ 1.13

Abbreviation: Pdl, polydispersity index.
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Figure | Characterization of TiO,.

Notes: (A) TEM image of TiO, individual particles; (B) SEM image of TiO, forming aggregates; (C) average size distribution measured by dynamic light scattering in distilled
water and full medium containing 10% autologous serum; (D) Evaluation of biological contamination of the TiO, nanoparticles using HEK-Blue™-4 and HEK-Blue™-2
reporter cells. Data are presented as mean of three independent experiments with + SD. *** p < 0.001 highlights statistical significance as compared to untreated control
(DMEM).

Abbreviations: TEM, transmission electron microscopy; LPS, Lipopolysaccharide; SA, Staphylococcus aureus; TLR, Toll-like receptor.

The effect of endocytosed TiO, on monocytes was further investigated by examining the CD14/CD16 phenotype
using flow cytometry (Figure 2C). Before treatment, freshly isolated monocytes were mostly composed of the CD14"
T/ICD16" cells (~ 78%, Figure S1). After 24 h of incubation, the number of CD14""/CD16" monocytes was reduced both
in untreated control and TiO,—loaded monocytes. Nevertheless, the number of TiO,—loaded CD14""/CD16" monocytes
was significantly higher than that of the control (Figures 2D and S2). Approximately 50% of control monocytes were
formed from CD14"/CD16" subset, which was on the contrary significantly reduced (~15%) in the case of TiO,-loaded
monocytes. The remaining cells were composed of the CD14"/CD16"" and CD14"/CD16""" subsets, with an apparent
shift towards high expression of CD16, but no significant differences were observed between the untreated control and
TiO, monocytes.

Costimulatory Effects of TiO, on NLRP3 Assembly

According to the results of the WST-1 and LDH assays, TiO, nanoparticles alone (dose range, 30-120 pg/mL) did not
cause any acute cytotoxic reactions (Figure 3A and B). Similar results were observed in experiments evaluating the
impact of TiO, (dose range, 10-120 pg/mL) on THP1-null cells (Figure S3A and B). Moreover, TiO, alone did not
induce substantial release of the proinflammatory cytokines IL-1f, IL-6, and TNF-a, or the regulatory cytokine IL-10
(Figures 3C, D, S3C and S4A). The absence of elevated levels of IL-6, TNF-a, and IL-10 was verified using ELISA

(Figure S4B).
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Figure 2 Morphology and phenotype of monocytes after 24 h incubation with TiO,.

Notes: (A) TEM image of intracellular distribution of TiO, (arrows); scale bar = 2 pm; (B) TEM image with detail of TiO, forming aggregate surrounded by double
membrane (arrow), scale bar = 500 nm; (C) Representative flow cytometry analysis of CD14 and CD 6 expression on monocytes after 24 h of incubation with TiO, and
untreated monocytes (RPMI), (D) The comparison of CD[4/CD 16 subsets between TiO, monocytes and untreated control. Data of three independent experiments/donors
are presented as the mean * SEM with ** p < 0.01, * p < 0.05, highlighting statistical significance compared to the corresponding control within each subset (n = 3, Paired
t-test).

Abbreviations: TEM, transmission electron microscopy; CD, cluster of differentiation; SEM, standard error of the mean.

To further investigate the potential immunomodulatory effects of TiO,, monocytes were costimulated with TiO, in the
presence of the typical proinflammatory stimuli LPS (0.1 pg/mL) or MDP (5 pug/mL). We focused on inflammasome
activation and subsequent IL-1P release, as this has been described as a key effector mechanism of engineered
nanoparticle immunotoxicity. As expected, both LPS and MDP induced mild IL-1B production and increased dehydro-
genase activity (Figure 3B and C). However, the production changed substantially in the presence of TiO,.

Co-exposure of monocytes to MDP and TiO, augmented IL-1f release without affecting cell viability. The cytokine
response was dose-dependent, with significance observed at the highest tested dose (120 pg/mL). The exclusive role of
NLRP3 inflammasome assembly was confirmed by the complete inhibition of IL-1f release in the presence of the
NLRP3 inhibitor MCC950 (10 uM) (Figure 4A). Interestingly, the NOD2 inhibitor GSK717 (5 uM) had only a moderate
effect on IL-1B production stimulated by both MDP and a mixture of MDP/TiO,.

To characterize the found co-stimulatory effect, additional experiments were conducted using MDP (5 pg/mL) as
a “priming” before TiO, stimulation. The results showed that 1 h of monocyte priming with MDP led to increased
production of IL-1f after 24 h of exposure to TiO, (Figure S5). Thus, the IL-1B response of monocytes to a mixture of
MDP and TiO, was assumed to be based on canonical NLRP3 activation, which usually requires two signals. Both the
alternative and canonical pathways of NLRP3 assembly involve the activation of NF-kB, but only the alternative
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Figure 3 Viability and cytokine response of human primary monocytes in co-exposure model.

Notes: For 24 h, cells were incubated with either TiO; alone or in the presence of NOD2 and TLR4 agonists MDP and LPS, respectively, viability was assessed by (A) LDH
assay with lysis buffer as 100% positive control and (B) WST-1 assay. Results were obtained from three independent experiments/donors with three replicates of each, n =9,
(C) IL-1pB and (D) IL-10 production were evaluated using reporter cell-based assays. Results were obtained from four independent experiments/donors with triplicate of
each, n = 12. All data were analyzed separately for each corresponding control without TiO, treatment (RPMI, LPS, and MDP) and are reported as medians with interquartile
ranges. *** p < 0.001, ** p < 0.01.

Abbreviations: NOD?2, nucleotide oligomerization domain 2; TLR4, Toll-like receptor 4; LDH, lactate dehydrogenase; WST-1, water-soluble tetrazolium salt; LB, lysis
buffer; IL, interleukin; LPS, lipopolysaccharide; MDP, muramyl dipeptide.

pathway of NLRP3 is fully activated. Therefore, the effect of TiO, on NF-kB was evaluated using a RAW-blue reporter
cell line. Figure 4B shows that TiO, at the highest dose tested (120 pg/mL) neither activated nor inhibited NF-«kB. There
was also no significant synergistic effect on NF-kxB when RAW-Blue cells were co-exposed to TiO,, MDP, and LPS.

The role of TiO, in the canonical activation of NLRP3 was also confirmed in separate experiments using THP1-null
cells, a positive control cell line, where TiO, failed to activate NLRP3 without priming (Figure S3C). Furthermore, co-
exposure to MDP also did not induce significant levels of IL-1p. Without affecting viability (Figure S6A and B), the co-
inducing effect of MDP was only apparent after 3h priming of THP1-null cells with LPS (Figure S6C), suggesting the
need for significantly stronger stimuli than in the case of primary monocytes. Nevertheless, the absence of pyroptosis and
the specific inhibition of NLRP3 (Figure S6D) corresponded with previous findings.

In contrast to MDP, LPS-induced IL-1B release from monocytes was reduced over the entire range of TiO,
concentrations tested (Figure 3C). Moreover, there was a dose-dependent decrease in dehydrogenase activity compared
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Figure 4 Estimation of TiO, costimulatory effect on specific NLRP3 activity.

Notes: (A) Cells were exposed to TiO,, MDP, or their mixture for 24 h in the presence of the NOD2 and NLRP3 inhibitors GSK717 and MCC950, respectively. Data were
obtained from three independent experiments/donors with three replicates of each, n = 9 and are reported as median with interquartile range with *** p <0.001, **p < 0.01,
and * p < 0.05, highlighting statistical significance compared to the unstimulated control (RPMI), and “p < 0.01, b < 0,001 highlighting statistical significance compared to
the stimulated control without inhibitor. (B) NF-kB activity was assessed using reporter HEK-Blue™ cells that were exposed to TiO,, MDP, LPS, or their mixtures for
24 h. Data are reported as medians of three independent experiments (n = 9) with interquartile ranges.

Abbreviations: NOD2, nucleotide oligomerization domain 2; NLRP, nucleotide-binding oligomerization domain; leucine-rich repeat and pyrin domain containing; NF-kB,
Nuclear factor kappa-light-chain-enhancer of activated B cells; LPS, lipopolysaccharide; MDP, muramyl dipeptide.

with that observed with LPS alone (Figure 3B). Nevertheless, another cytokine analysis revealed a significant costimu-
latory effect on LPS-based IL-10 production (Figure 3D). The same effect was absent from MDP-TiO, treatment,
suggesting a possible mechanism for IL-1f inhibition by IL-10 augmentation.

Inhibition of NLRP3 Activity by Augmentation of IL-10 Production

To avoid the Trojan horse effect in the modulatory role of TiO, and to explore the dynamics between IL-1p and IL-10
cytokine production, monocytes were first pretreated with TiO, alone (1% stim, 120 pg/mL). After removing the unin-
corporated nanoparticles, the cells were further treated with LPS (0.1 pg/mL) or MDP (5 pg/mL) (2" stim). Additional
pretreatment with MDP and MDP-TiO, was included as a model of acute inflammation. Figure SA shows that the already
incorporated TiO, had no effect on MDP-based IL-1 production but induced IL-10 production, which was previously absent
(Figure 3D). However, the concentration of IL-10 was below the detection limit of the cell-based assay, and the results were
only detectable by ELISA. Nevertheless, despite biological inter-individual variability, the increased level of IL-10 was
apparent for all donors (Figure 5A). More prominent data were obtained when LPS was used as the secondary stimulus.
Figure 5B shows that pretreatment of monocytes with TiO, resulted in significantly higher production of IL-10 in response to
LPS than in the case of monocytes without previous TiO, treatment. Consistent with the data from the costimulation model,
IL-1P production was, on the contrary, decreased. The same effect was observed when monocytes were pretreated with the
MDP or MDP-TiO2 mixture as an inflammatory model. Although pretreatment with MDP alone enhanced LPS-based IL-13
release, the presence of TiO, reduced this production and enhanced IL-10 production (Figure 5B).

Additional experiments showed that there was a slight increase in LDH leakage after the pretreatment with the CREB
inhibitor 666—15, but at the margin of significance (Figure 6A). The subsequent LPS-induced IL-10 production was
completely blocked (Figure 6B). However, LPS treatment had no further effect on cell viability (Figure 6C). Owing to
high variability, we could not verify the effect of 666—15 on IL-1p levels.

Differentiation of TiO, Pretreated Monocytes to Macrophages
Previous results suggested that TiO, incorporation preferentially modulated the inflammatory response of monocytes in
a regulatory manner. For this reason, we investigated whether the initial encounter with TiO, influences monocytes in the
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Figure 6 Effect of CREB inhibitor 666—15 on LPS-induced IL-10 production.

Notes: Cells were incubated overnight in full medium with or without TiO, (1% stim) in the presence or absence of the CREB inhibitor 666—15. After washing, the cells
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Abbreviations: CREB, cAMP response element binding protein; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MDP, muramyl dipeptide.

long term, presumably by shifting their differentiation towards anti-inflammatory macrophages. For this purpose, freshly
isolated monocytes were incubated with TiO, (120 ug/mL) overnight and then washed carefully to remove unincorpo-
rated NPs. Unexposed cells served as a control. Both control and treated monocytes were allowed to differentiate in fresh
medium for 11 days without additional TiO, treatment or any other stimulus. On day 12, macrophages were observed
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under an optical microscope. As shown in Figure 7A, the number of control cells (RPMI) was reduced compared to TiO,
treated cells, which were large with rounded shapes and remained well attached to the surface of the well plate.
Microscopic analysis confirmed that initially ingested TiO, persisted within cells throughout the differentiation process.

The observed macrophages were then harvested, and their phenotype was assessed based on the expression of specific
CD markers. Flow cytometry showed that both control and TiO,-treated monocytes differentiated into heterogeneous
populations consisting of two major subsets distinguished by the rate of CD14 expression (Figure 7B). Comparable in
both control and TiO,-treated cells, a subset with higher CD14 expression (CD14"&") prevailed (~ 65%). For some
donors, a subset with high expression of CD16 was also present, however its representation was less than 1%; thus, was
excluded from the final analysis.

Macrophage polarization was based on the M1 markers CD64 and CD86 and M2 markers CD163, CD206, and
CD209 (Figure 7C). Within the CD14™&" macrophages, TiO, macrophages expressed CD64, CD163, CD206, and CD209
at a significantly higher rate than control macrophages (Figure 7D). Within the CD14™Y/CD16™ subset, the only
significant difference was found in the expression of CD206, which, on the other hand, was decreased in TiO,
macrophages. Analysis of the supernatants of both control and TiO, macrophages showed no measurable production
of IL-10 or IL-1P (data not shown), suggesting resting state. Only additional treatment of differentiated TiO, macro-
phages with LPS induced a significant IL-10 release, but due to notably lower number of the control macrophages, the
data could not be compared.

Discussion

Professional phagocytes, notably the mononuclear phagocyte system (MPS), are an essential tool for the recognition and
processing of foreign particles. Several studies have confirmed that engineered nanoparticles are primarily processed by
these cells.'® The majority of studies have documented the effect of TiO, nanoparticles on macrophages or macrophage-
like cells.*'#22*364 However, the effect of these nanoparticles on blood monocytes has been investigated to
a significantly lesser extent.*' Similar to macrophages, monocytes possess high phagocytic capacity and plasticity,
which together with their differentiation potential, make them an ideal target for possible immunotoxic effects.*'***
Because the underlying mechanism of immunotoxicity is dysregulated inflammation,*® this study aimed to evaluate
whether TiO, nanoparticles affect monocytes in their physiological inflammatory responses.

The first step of such response is the recognition and uptake of the nanoparticles.**** In agreement with studies using
macrophages, TEM analysis confirmed that primary monocytes efficiently ingested TiO, P25 nanoparticles (Figure 2A
and B).35 According to the flow cytometry analysis, this encounter caused a shift in the expression of main monocytic
markers CD14 and CD16 (Figure 2C). Under physiological conditions, circulating monocytes predominantly express
CDI14 (CD147/CD16" ~ 85%), forming a proinflammatory subset called classical monocytes. The rest of the mono-
cytes form intermediate and non-classical (patrolling) subsets, CD14"/CD16" and CD14"/CD16™", respectively.'®4
After isolation, monocytes cultivated in vitro without specific stimuli usually downregulate their CD14 expression.***
This corresponds with our finding on control monocytes, which partially decreased their expression of CD14 after 24 h of
cultivation (Figures 2C and S2). By contrast, TiO,-treated monocytes maintained a high expression rate of CD14, mainly
in the CD14""/CD16" subset. Other minor subsets increased the expression of CD16, but there were no significant
differences between control and TiO,-treated monocytes (Figure 2C and D). In general, this “activation” might relate to

48,4 .
849 Wwhich we also observed

a better survival rate of TiO,-treated monocytes and their differentiation into macrophages,
(Figure 7), as discussed below.

Despite previous results, we did not confirm a significant enhancement in the production of proinflammatory
cytokines IL-6, TNF-a, and IL-1B (Figures 3C and S4) in response to TiO, nanoparticles alone. These results are
consistent with the absence of biological contamination (Figure 1D). Moreover, no significant cytotoxicity was observed
(Figure 3A and B), which was in accordance with results from separate experiments using THP1-null cells (Figure S3A
and B). Nevertheless, our previous study on graphene platelets (GP) showed that although nanoparticles alone do not
cause a direct proinflammatory reaction, they still affect the inflammatory response when co-cultured with bacterial
compounds.”® Some studies even emphasized the necessity of evaluating the toxicity of nanoparticles in the presence of

a bacterial PAMP, especially in the field of nanotoxicology.’'- Thus, we evaluated the immunotoxic effect of TiO, in the
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Figure 7 Morphology and phenotype of differentiated macrophages.

Notes: (A) Optical microscopy images of untreated cells (RPMI) and TiO, pretreated cells, magnification x20; (B) Representative flow cytometry analysis of CD14 and
CD16 expression in macrophages after 12 days of differentiation; (C) Flow cytometry analysis of M| and M2 marker expression in two major macrophage subsets, CD |4"&"
and CDI14™%CDI16™, (D) Comparison of Ml and M2 markers between control and TiO, macrophages in two major macrophage subsets: CD14"€" and CD 4™/
CDI16™, Data of four independent experiments/donors are expressed as median with interquartile range with ** p < 0.01, * p < 0.05, highlighting statistical significance
compared to the corresponding control within each marker (n = 4, Paired t-test, paired Wilcoxon test).

Abbreviation: CD, cluster of differentiation.

presence of the proinflammatory inducers LPS and MDP, which are typical agonists of the TLR4 and NOD2 receptors,
respectively. We focused on the activation of the NLRP3 inflammasome associated with the release of IL-1p, which has
been described as an indispensable mechanism underlying the pro-inflammatory effect of engineered
nanoparticles.>*>%>*5> Similar to our previous study on GP,> co-exposure of monocytes to TiO, and MDP significantly
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amplified IL-1P production compared to MDP alone (Figure 3C). The specific role of NLRP3 was confirmed using the
selective inhibitor, MCC950. In addition, the complete blockade of IL-1 by MCC950, together with the negligible effect
of the NOD?2 inhibitor GSK717, suggested that the observed costimulatory effect was exclusive to NLRP3 (Figure 4A).

As previously mentioned, NLRP3 activation is typical for engineered nanoparticles, which also applies to TiO,.**>¢7
However, canonical activation of NLRP3, which is characteristic (but not exclusive) for macrophages, requires two
signals. The first essential step is priming, which leads to the activation of the transcription factor NF-xB and subsequent
synthesis of pro-caspase-1 and pro-IL-1f3. The second signal usually originates from intracellular damage causing the
production of DAMPs, which are recognized by NLRP3 and lead to its full assembly.’® The potential of TiO, to activate
NLRP3 canonically was verified by additional experiments using THP1-null-derived macrophages as positive control
cells. In this case, the significant release of IL-1f was measured only in cells that had been primed with LPS (Figure
S6C). In the case of primary monocytes, NF-kB is also associated with an alternative pathway that does not require
a second stimulus and is induced directly, eg by activation of TLRs.”>*® However in our study, TiO, alone did not
stimulate either TLR2, TLR4, or NF-xB (Figures 1D and 4B), confirming that TiO, do not activate an alternative
pathway. This is in an agreement with the work of Tsugita et al, who concluded that mere internalization of TiO, is not
sufficient for the induction of inflammasome-based IL-1p secretion.®

On the other hand, TiO, P25 nanoparticles have been confirmed to cause diverse types of oxidative stress,”*>*?%6!
which may serve as a second stimulus in the NLRP3 canonical pathway.®>*®> Thus, we hypothesized that the costimu-
latory effect on MDP-TiO,-induced NLRP3 on monocytes was based on the canonical pathway, where MDP served as
priming. This was further supported by the increased IL-1p production in response to TiO, when monocytes were first
pretreated with MDP for 1 and 3 h (Figure S5). MDP, as a part of peptidoglycans of most Gram-negative and Gram-
positive bacteria, has been previously identified as an inducer of NOD2 through which it activates NF-kB.®* Martinon
et al also reported that MDP is sensed by NLRP3,% suggesting that it may serve as both the first and second stimuli in
NLRP3 assembly. If we consider the activation of NF-xB through NOD2 stimulation, additional ROS induced by TiO,
contribute to cellular stress, leading to a boost IL-1 production, confirming the ability of TiO, to activate NLRP3 via the
canonical pathway.

Interestingly, the co-exposure to the same level of MDP and TiO, was not sufficient to augment IL-1p production
from unprimed THP-1 null cells (Figure S3C). This could be explained by the fact that THP1 null cells have already
differentiated into macrophages, which respond to various stimuli differently than monocytes.®®®” We should also take
into account that these cells are of leukemic origin, whose responses tend to be weaker and may not cover the full
spectrum of responses typical of primary cells.>**® We confirmed the co-inductive effect of MDP only for already primed
THP1-null cells, which was assessed to be based on the synergy of NOD2 and NLRP3 activation (Figure S6C and D).

In contrast, the co-inducing effect on NLRP3 was not observed when monocytes were exposed to TiO, in the
presence of LPS. One reason for this could be the decrease in metabolic activity, as measured by the WST-1 assay
(Figure 3B). Additionally, TiO, enhanced the LPS-based release of IL-10 (Figure 3D), which has already been confirmed
to attenuate a proinflammatory response in monocytes.®® It should be noted that we stimulated monocytes for 24 h, which
is, in the case of LPS, considered to be chronic exposure. Such prolonged stimulation has been described to dampen the
NLRP3 expression in macrophages, precisely by inducing IL-10.7" This regulatory mechanism is particularly important
for the TLR4-LPS-mediated pathway as its rampant activity contributes to exacerbated production of proinflammatory
cytokines, leading to a life-threatening condition called sepsis.”' Adjusting the secretion of IL-10 then helps the
macrophages to tame the ongoing inflammation.”” As for the potentiating role of TiO,, Bianchi et al found that binding
of LPS to biocorona of TiO, P25 nanoparticles caused its enhanced activity.” Moreover, the uptake of such contaminated
nanoparticles was found to be more efficient,”® suggesting that TiO, serves as a Trojan horse for LPS. Therefore, the
potentiating effect on IL-10 arises from the increased concentration of LPS in the cells.

To avoid the possible Trojan horse effect, we treated monocytes with LPS and MDP after TiO, removal. For both
microbial stimuli, we found significantly increased IL-10 production when the cells were pretreated with TiO, (Figure 5),
indicating that TiO, alone contributed to the regulatory response. The production of IL-1B in response to LPS was
inhibited, even in the inflammatory model using the MDP-TiO, mixture (Figure 5B). The absence of elevated IL-1
levels in response to MDP treatment also clarified the necessity of the priming step before or concurrent with TiO,-based
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NLRP3 activation (Figure 5A). Furthermore, this result suggests that TiO,-based stress signals in monocytes occur
during initial processing and are rapidly compensated. As mentioned above, LPS alone is highly efficient proinflamma-
tory inductor that also contributes to ROS generation and may cause cell death in a form of pyroptosis.®* Like MDP, the
initial reaction of monocytes is the activation of NLRP3.°° However, when administered with TiO,, which represents
another stress signal, the compensatory response must be far more effective, in order to maintain homeostasis. This
regulation may contribute to elevated IL-10 production. An eventual mechanism could be the augmented activation of
cAMP response element-binding protein (CREB), a transcription factor involved in dampening the production of
proinflammatory cytokines and inducing the expression of genes with anti-inflammatory and antioxidant effects.”*””
Sanin et al postulated that the quick induction of IL-10 upon ligation of TLR4 and TLR2 depends on activation of CREB
downstream via the phosphorylation of mitogen-activated protein kinases (MAPKs) p38 and ERK1/2.”® The synergistic
effect of TiO, and LPS on the on the phosphorylation of p38 has been previously documented in RAW264.7
macrophages.’®*” The Inhibition of CREB in our study caused a small temporary leakage of LDH from TiO,-treated
monocytes, indicating a failure of compensatory mechanisms (Figure 6A). Moreover, LPS-mediated IL-10 production
was also blocked (Figure 6B). CREB activation has been previously linked to scavenger receptors, particularly the SR-A
family, which mediates one of the mechanisms of TiO, uptake.”” Whether TiO, directly activates CREB downstream via
ROS™ or whether there is an indirect activation associated with TiO, uptake remains unclear. Nevertheless, CREB
activity has been also associated with monocyte survival and differentiation to macrophages,”’ which we observed as
well (Figure 7).

Based on previous findings, we can speculate whether these regulatory processes would affect monocytes in the long
term, particularly during differentiation. Several studies have confirmed that IL-10 secreting monocytes preferentially
differentiate into anti-inflammatory (regulatory) M2 subset of macrophages.®® Sulahian et al found that IL-10 upregulates
CD163, a scavenger receptor for hemoglobin-haptoglobin complex associated with the subset of anti-inflammatory M2c
macrophages.®*? Although TiO, alone did not cause substantial IL-10 release (Figures 3D and S4B), it could still shift
monocytes towards M2 subset. To evaluate this, we allowed the TiO,-loaded monocytes to differentiate into macro-
phages. Flow cytometry confirmed that macrophages, which differentiated from TiO,-treated monocytes, expressed
CD64, CD163, CD206, and CD209 at a significantly higher rate than control cells, indicating the prevailing regulatory
M2-like phenotype (Figure 7D).** The population was not homogenous, as a smaller subset with lower expression of
CD14 but considerably higher expression of CD206, was present too. Further research is required to gain a better
understanding of the inflammatory response of these modulated macrophages, as it seems that the accumulation of TiO,
would result in altered inflammatory response affecting future infections. Additionally, possible alteration of innate
immune memory should be considered as well. Such modulation has the potential to result in either an exacerbated or an
insufficient reaction, which could ultimately lead to the development of chronic inflammation.

It is evident that TiO, uptake by monocytes might determine not only their physiological proinflammatory response, but also
their differentiation into macrophages or dendritic cells after entering tissues. The in vivo study by Getts et al confirms that direct
modulation of proinflammatory monocytes by specific particles may contribute to reducing symptoms of immunopathology-
based diseases, as those monocytes no longer accumulate in inflammatory foci.** On the other hand, the uncontrolled modulation
of monocytes into M2 macrophages may be associated with the rise of tumor associated macrophages (TAMs), thus fostering
tumor environment.® It is clear that any potential modulatory effect of NPs, particularly those that are not acutely cytotoxic, on
these cells must be carefully considered. In our study, we focused on NLRP3 as a main mechanism of NPs induced inflammatory
potential, but the production of other cytokines and chemokines should be evaluated as well.

Conclusion

Our study confirmed that TiO, P25 had a non-negligible modulatory effect on primary monocytes in their inflammasome-
based responses and their ability to differentiate. According to our results, intracellular processing of TiO, results in a pro-
inflammatory “boost”, which, however, does not have to be immediately apparent; that is, the absence of cytotoxicity and pro-
inflammatory cytokines. Interestingly, this trigger has been shown to modulate the NLRP3-based response depending on the
character of the bacterial costimulant, suggesting the participation of several molecular pathways based on the crosstalk
between the transcriptional factors NF-kB and CREB. In addition, monocyte effort to compensate for this trigger may
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ultimately lead to dampening inflammation and subsequent changes in differentiation towards M2 subsets of macrophages.
Taken together, these results clearly indicate that primary monocytes represent an ideal model for testing immunomodulatory
potential, and should not be neglected, particularly in the field of nanomedicine.
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