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Nanoparticles (NPs) offer unique properties for biomedical applications, leading to
new nanomedicines. Recent examples of advanced nanoparticle-based nanomedicines
are COVID-19 RNA vaccines. Regardless of the delivery route of the NPs into the body
(intravenous or subcutaneous injection, oral, intranasal, etc.), NPs inevitably come into
contact with immune cells, such as macrophages. Macrophages are phagocytizing cells that
determine the fate and the lifetime of NPs in relevant biological fluids or tissues, which has
consequences for both nanosafety and nanomedicine.

The aim of this Special Issue is to cover recent advancements in our understanding
of NP–macrophage interactions, with a focus on in vitro models for nanosafety and novel
nanomedicine approaches that allow the modulation of the immunological profile of
macrophages. The current Special Issue compiles nine papers: seven research articles and
two review articles. The original articles include studies on the interaction of different
nanomaterials, such as multi-walled carbon nanotubes (MWCNTs) [1–3], amorphous
silica [4], gold nanoparticles [3,5], lipid carriers [6], and microspheres [7], with macrophages
in different scenarios.

Most of the articles in this Special Issue are focused on the toxicological aspects of nano-
materials and in vitro models. Wang et al. found that carboxylated-MWCNTs (cMWCNTs)
coated with Pluronic®F-108 (PF108) interacted with the class A scavenger receptor (SR-A1)
on the surface of alveolar macrophages, whereas both pristine-MWCNTs (pMWCNTs) and
amino-functionalized-MWCNTs coated with PF108 did not. This interaction was crucial
for the uptake of cMWCNTs by macrophages resulting in higher toxicity and impaired
phagocytic activity for other SR-A1 ligands. Similarly, Huynh et al. [2] coated cMWCNTs
and pMWCNTs with bovine serum albumin (BSA) and observed an increased uptake for
BSA-cMWCNTs versus BSA-pMWCNTs by RAW264.7 macrophages. The authors hypothe-
sized that SR-A1 can interact with two structural features of BSA-cMWNTs, one inherent
to the oxidized nanotubes and the other provided by the BSA corona. In another work,
Wiemann et al. studied the interaction of serum-coated synthetic amorphous silica (SAS)
NPs with alveolar NR8383 macrophages. While under serum-free conditions, SAS NPs
were taken up by macrophages, which resulted in toxicity; these effects were mitigated
by the presence of serum [4]. Similar results were previously observed by Gallud et al. [8]
with mesoporous silica, where the cytotoxicity of the NPs was mitigated in the presence of
serum. These toxicological studies have implications for the nanosafety of biomaterials,
but also for the potential application of NPs in medicine.

Depending on the route of administration [9], NPs interact with different proteins and
form a protein corona that heavily influences their interaction with macrophages [10]. Thus,
studies on the interaction of NPs with proteins and macrophages with different phenotypes
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are of foremost importance. Upon the interaction and uptake of NPs by macrophages,
different outcomes are possible [11]. In this Special Issue, Keshavan et al. [3] published
an in vitro study comparing three benchmark nanomaterials (Ag NPs, TiO2 NPs, and
MWCNTs) procured from the nanomaterial repository at the Joint Research Centre of the
European Commission. The exposure of sub-lethal concentrations of macrophage-like cell
line (THP-1 pretreated with phorbol-12-myristate-13-acetate) to these NPs induced changes
in mRNA expression that was mostly related to immune networks such as cytokine and
chemokine signaling pathways. Using sub-lethal concentrations of MWCNTs, modest
inductions of IL-6 and IL-1β were observed, while CCR2-CCL2 was identified as the
most significantly upregulated pathway [3]. This activation of CCL2, also referred to as
monocyte chemoattractant protein-1 (MCP-1), may have a role in the granuloma formation
in the lungs, pleural or abdominal cavity following exposure to MWCNTs. In previous
studies, we also reported on the secretion of IL-1β by hollow carbon spheres [12], or
the specific interaction of single-walled carbon nanotubes (SWCNTs) with TLR2 in the
absence of protein corona [13]. Of foremost importance, we demonstrate that these types
of experiments must be combined with biodegradation studies in order to understand the
benefits and limitations of new nanotechnologies, such as carbon nanotubes [14], for their
safe application for industrial or medical purposes.

For immunotoxicology studies, in silico and in vitro methods, including cell- and
organ-based assays, are encouraged. Mimicking the immune system in vitro is not easy,
and important differences have been observed between two- (2D) and three-dimensional
(3D) cell cultures. In this Special Issue, Swartzwelter et al. performed a comprehensive com-
parison of traditional 2D cultures with 3D collagen-matrix models, representing the skin,
including human blood monocytes exposed to gold nanoparticles (AuNPs) [5]. Immediate
inflammation related to the stimulation of fresh monocytes, and the secondary reaction of
monocyte-derived macrophages after previous priming, were evaluated. They observed
similar TNF-α and IL-6 responses in 2D and 3D cultures, but notable differences in IL-8
or IL-1Rα, mainly in the recall/memory response of primed cells to a second stimulation,
with the 3D cultures showing a clearer cell activation and memory effect in response to
AuNPs. Although our knowledge of innate memory is still largely incomplete, it has
been demonstrated that its activation is involved in defensive responses or can lead to a
pathological exacerbation of secondary reactions. Furthermore, the therapeutic manipula-
tion of this innate memory using different drugs or even NPs was postulated for medical
purposes [15]. Thus, the inclusion of macrophages and the allowing of their long-term
culture in vitro in these types of 3D models is crucial for the improved testing of new NPs.

As a step forward in the screening of NPs, but still avoiding the use of mammalians,
zebrafish models present important ethical and economic advantages. In the review
conducted by Pensado-López et al., we learn that zebrafish (Danio rerio) now constitute a
well-established model for the toxicological and pharmacological screening of new drugs
and nanomaterials, thanks to their rapid embryo development, small size and transparency,
and genetic and physiological conservation [16]. Zebrafish with fluorescently labeled
macrophages, including disease models that cause and/or are caused by inflammatory
disorders (i.e., cancer, autoimmune or infectious diseases) have been developed. The
number of publications tracking the interaction between macrophages and NPs using
zebrafish has been clearly increasing in recent years, and it is expected that this research
will lead to further knowledge about the role of macrophages in the initiation, progression,
and remission of diseases over the course of a treatment, but will also contribute to the safe
use of NPs and their translation towards the clinic.

In this Special Issue, we also included some manuscripts with a focus on the thera-
peutic application of nanotechnological approaches. We presented a review on the most
recent nano-based drug delivery strategies to manipulate the immune system in the con-
text of osteoarthritis, with a particular focus on those designed to specifically target and
reprogram macrophages [17]. In the context of the joint pathology, macrophages with
an M1-like pro-inflammatory phenotype induce chronic inflammation and joint destruc-
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tion, and they have been correlated with the development and progression of the disease,
while the M2-like anti-inflammatory macrophages support the recovery of the disease,
promoting tissue repair and the resolution of inflammation. Thus, the use of NPs, lipo-
somes, or hybrid nanosystems to locally improve the delivery of anti-inflammatory drugs
to macrophages has been investigated. An interesting approach for wound healing was
reported by Santos-Vizcaino et al. [7]. They studied the mechanism of action of negatively
charged microspheres (NCM) from a commercial formulation to revert the chronic inflam-
matory state of stagnant wounds, such as diabetic wounds. After toxicity experiments,
they demonstrated the internalization of NCMs by macrophages, driving their polarization
towards an anti-inflammatory M2-phenotype that favors the wound-healing processes.

With a different therapeutic purpose, Rouco et al. evaluated, in vitro, the activity of
rifabutin-loaded lipid-nanocarriers (RFB-NLC) [6]. These RFB-NLCs showed macrophage
uptake and selective intracellular release of RFB, thus constituting a promising strategy to
improve oral anti-mycobacterial therapy in Crohn’s disease. Although in vivo experiments
were not performed, the authors hypothesize that the passage and accumulation of NPs in
the intestinal inflamed sites, densely infiltrated by macrophages, might be favored by the
disruption of the epithelial barrier observed in inflammatory bowel disease patients.

Overall, as Editors of Nanomaterials, we are fully aware that the present Special Issue
cannot fully reflect the high number and diversity of studies on nanoparticle–macrophage
interactions. Thus, we also encourage the reading of other general reviews on nan-
otoxicology and nanomedicine [18], and specific reviews on the interaction of NPs with
macrophages for the treatment of cancer [10], infectious diseases [19], other inflammatory
disorders [15,20] such as the COVID-19-related cytokine storm [21], or strategies to improve
the biocompatibility of antibacterial NPs [22].

In summary, we are confident that this Special Issue will contribute to the research
interest in the field, providing our readership with a multi-faceted scenario that out-
lines the importance of macrophage-based in vitro models for nanosafety, and aware-
ness about novel therapeutic approaches, such as the reprogramming of macrophages,
using nanomedicines.
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Abstract: Engineered nanomaterials are potentially very useful for a variety of applications, but
studies are needed to ascertain whether these materials pose a risk to human health. Here, we studied
three benchmark nanomaterials (Ag nanoparticles, TiO2 nanoparticles, and multi-walled carbon
nanotubes, MWCNTs) procured from the nanomaterial repository at the Joint Research Centre of the
European Commission. Having established a sub-lethal concentration of these materials using two
human cell lines representative of the immune system and the lungs, respectively, we performed
RNA sequencing of the macrophage-like cell line after exposure for 6, 12, and 24 h. Downstream
analysis of the transcriptomics data revealed significant effects on chemokine signaling pathways.
CCR2 was identified as the most significantly upregulated gene in MWCNT-exposed cells. Using
multiplex assays to evaluate cytokine and chemokine secretion, we could show significant effects of
MWCNTs on several chemokines, including CCL2, a ligand of CCR2. The results demonstrate the
importance of evaluating sub-lethal concentrations of nanomaterials in relevant target cells.

Keywords: multi-walled carbon nanotubes; nanoparticles; chemokines; macrophages; transcrip-
tomics

1. Introduction

Nanotoxicology is a scientific discipline aimed at assessing the potential adverse
effects of engineered nanomaterials (NMs) as well as enabling the safe use of NMs [1].
Nanotoxicology research has made great strides in the past ten to fifteen years, and efforts to
pin down the mechanism(s) of NM toxicity may ultimately inform regulatory frameworks
with the goal of exploiting nanotechnology in a safe and sustainable manner [2]. However,
much attention has been focused on the same basic paradigms, including the so-called
oxidative stress paradigm [1,2]. This has certainly provided considerable insight into
the biological and toxicological effects of NMs, but there may not be a one-size-fits-all
mechanism with which to explain NM toxicity in different cells or tissues. The use of global
omics-based approaches enables the exploration more broadly of biological mechanisms
that influence the toxicity and efficacy of NMs [3]. Considerable progress has been made
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in the last few years in terms of applying transcriptomics and proteomics coupled with
computational analysis to address the NM effects [4].

The nanomaterial repository of the Joint Research Centre (JRC) of the European
Commission (EC) provides a collection of exhaustively characterized NMs that have
been applied as benchmark materials in a number of projects, including the large, EC-
funded FP7-NANOREG project, a pan-European project aimed at a common approach
to the regulatory testing of nanomaterials [5]. Hence, in FP7-NANOREG, we performed
cytotoxicity screening and cytokine profiling of nineteen NMs using the human monocyte-
like THP-1 cell line and obtained evidence that diverse NMs can be grouped based on
their pro-inflammatory potential [6]. Similarly, in the EC-funded FP7-MARINA project on
hazard assessment and risk management of NMs, a comprehensive study was performed
on a panel of metal oxides from the JRC repository [titanium dioxide (TiO2) (NM103 and
NM104), zinc oxide (ZnO) (NM110 and NM111) and silicon dioxide (SiO2) (NM200 and
NM203)] using a range of cellular assays representing different target organs or systems
(immune system, respiratory system, gastrointestinal system, reproductive organs, kidney
and embryonic tissues) [7]. The results enabled a hazard ranking of the NMs. The study
also revealed cell type-specific response to NMs; overall, the most sensitive cells studied
were the murine alveolar macrophages (MH-S). In the EC-funded FP7-ENPRA project,
which also focused on hazard assessment of NMs, a panel of NMs procured from the JRC
repository were investigated using the human hepatoblastoma C3A cell line, and silver (Ag)
and ZnO were found to be more potent with respect to cytotoxicity and cytokine secretion,
whereas the multi-walled carbon nanotubes (MWCNTs) and TiO2 displayed less toxicity [8].
The conclusion that the effects of NMs are cell type-dependent was also demonstrated in a
study of 23 NMs using a panel of ten different cell lines [9]. In fact, even when assessing
NM toxicity towards cells originating from the same organ, the outcome was dependent
on the specific cell line used, and its origin (human or mouse), as illustrated by the fact that
the three lung epithelium-derived cell lines used differed in terms of oxidative stress [9].

CNTs have received particular attention due to their apparent similarities with other
fiber-like materials, although inadequate or limited evidence of carcinogenicity exists for
most CNTs [10]. Notwithstanding, in a recent study of seven different CNTs and two
carbon nanofibers (CNFs), all the tested materials except one highly aggregated MWCNT
sample induced genotoxicity in human bronchial epithelial cells (BEAS-2B) [11]. There
was a tendency for CNTs/CNFs with increasing length and diameter to display slightly
greater toxicity. Di Cristo et al. [12] performed a comparative study of the toxicity of three
benchmark MWCNTs obtained from the JRC repository (NM400, NM401, and NM402)
using two murine macrophage cell lines (RAW264.7 and MH-S) and found that long and
needle-like NM401, but not short and tangled NM400 or NM402, affected cell viability
in a dose-dependent manner in both cell models. For this reason, we selected NM401 as
representative MWCNTs for our studies. For comparison, we chose Ag and TiO2, which
have been shown in numerous previous studies to possess high and low toxicity potential,
respectively. The three NMs [Ag (NM300K), TiO2 (NM104), and MWCNTs (NM401)]
were tested using two human cell lines, the lung adenocarcinoma cell line A549 (often
used as a model of the lung epithelium) and THP-1. Following cytotoxicity screening
using established protocols [6], we performed genome-wide transcriptomics analysis by
applying RNA sequencing, coupled with pathway analysis [13,14]. The results were then
corroborated by cytokine–chemokine profiling.

2. Materials and Methods

2.1. Nanomaterials

The NMs used in this study are classified as representative test materials and include
a (random) sample from one industrial production batch. This ensures that the sample has
been homogenized and is sub-sampled into vials under reproducible (GLP) conditions, and
that the stability of the sub-samples is monitored. Thus, to the extent possible for industrial
materials, all the sub-samples should be identical and differences in test results between
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laboratories for the same endpoint should not be due to differences in the NMs tested [15].
For detailed physicochemical characterization of the selected NMs [Ag (NM300K), TiO2
(NM104), and MWCNTs (NM401)] performed at the JRC, refer to: Rasmussen et al. [15]
and references therein. For the dispersion of the NMs, the SOP developed under the EC-
funded NANOGENOTOX joint action was used, as described previously [6]. Briefly, stock
dispersions were prepared by pre-wetting the NM powders in 0.5 vol% ethanol followed
by dispersion in sterile-filtered 0.05% w/v bovine serum albumin (BSA)-water (Milli-Q®

water, Sigma-Aldrich, Stockholm, Sweden). Both the water and the BSA (obtained from
Sigma-Aldrich, Stockholm, Sweden) were endotoxin-free. The samples were then dispersed
by sonication (16 min at 400 W) before being added to cell cultures.

2.2. Human Cell Lines

Human THP-1 acute monocytic leukemia cells and A549 lung adenocarcinoma cells
were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA).
The cells were mycoplasma tested regularly using MycoAlert® mycoplasma detection
kit (Lonza, Basel, Switzerland). THP-1 cells were maintained in RPMI-1640 medium
(Sigma-Aldrich, Stockholm, Sweden), supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 2 mM L-glutamine, 1 mM Na-pyruvate, 5.0 × 10−5 M β-mercaptoethanol,
100 U/mL penicillin, and 100 mg/mL streptomycin. A549 cells were cultured in DMEM
(ThermoFisher, Stockholm, Sweden), supplemented with 10% heat activated FBS, 2 mM
L-glutamine, 1 mM Na-pyruvate, 100 U/mL penicillin, and 100 mg/mL streptomycin. To
induce differentiation into macrophage-like cells, THP-1 cells were stimulated for 3 days
with 150 nM phorbol myristate acetate (PMA) (Sigma-Aldrich, Stockholm, Sweden).

2.3. Endotoxin Testing

NMs were tested for endotoxin contamination using the LAL test (Limulus Ame-
bocyte Lysate Endochrome, Charles River Endosafe, Charleston, SC, USA) according to
the manufacturer’s instructions. The NMs were all endotoxin-free (<0.5 EU/mL) (data
not shown).

2.4. Cell Viability Assay

Cell viability was monitored with the lactate dehydrogenase (LDH) release assay
using the CytoTox96® non-radioactive cytotoxicity kit (Promega, Stockholm, Sweden), as
previously described [16]. The samples were analyzed using the Tecan Infinite® F200 plate
reader operating with Magellan v7.2 software (Männedorf, Switzerland). The percentage
of cell viability was calculated based on the ratio between the absorbance of each sample
and the negative control sample.

2.5. Transmission Electron Microscopy

Cellular uptake/localization of NMs was monitored by TEM as described [17]. Briefly,
cells were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer containing 0.1 M
sucrose and 3 mM CaCl2, pH 7.4. Cells were then washed and post-fixed in 2% osmium
tetroxide in 0.07 M sodium cacodylate buffer containing 1.5 mM CaCl2, pH 7.4, at 4 ◦C
for 2 h, dehydrated in ethanol followed by acetone, and embedded in LX-112, an epoxy
derivative. Sections were contrasted with uranyl acetate followed by lead citrate and were
examined in a Tecnai 12 Spirit Bio TWIN TEM (FEI, Eindhoven, The Netherlands) at 100 kV.
Digital images were obtained using a Veleta camera (Olympus, GmbH, Münster, Germany).

2.6. Cytokine and Chemokine Analysis

TNF-α released in the culture medium was measured using an ELISA kit following
the instructions provided by the manufacturer (MabTech, Nacka, Sweden). The absorbance
of the reaction product was measured using a spectrophotometer (Tecan Infinite® F200,
Männedorf, Switzerland) and the results for each sample were calculated using a stan-
dard curve of recombinant human TNF-α protein. Lipopolysaccharide (LPS) (100 ng/mL;
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Sigma-Aldrich, Stockholm, Sweden) was used as a positive control for TNF-α release.
Results are expressed as ng/mL of released cytokine, based on three independent experi-
ments. Furthermore, profiling of cytokines and chemokines released by THP-1 cells was
performed by using the U-PLEX chemokine panel 1 (human) (K15047K-1) and the V-PLEX
pro-inflammatory panel 1 (human) (K15049D-1), respectively. We employed the Meso
Scale Discovery (MSD) (Rockville, MD, USA) multi-plex electrochemiluminescence (ECL)
platform to quantify cell supernatant concentrations of the indicated biomarkers, according
to the manufacturer’s instructions. As a positive control, cells were exposed to 0.1 μg/mL
LPS (Sigma-Aldrich, Stockholm, Sweden) for 24 h. The samples were analyzed on the
MSD Meso SECTOR® S600 instrument and the data were analyzed using MSD Discovery
Workbench® software (v. 4.0) (Rockville, MD, USA). Samples with values below the lower
limit of detection (defined as 2.5 S.D. above the background) were excluded from further
analysis. The cytokine and chemokine expression data retrieved from the multi-plex assay
were further analyzed using hierarchical clustering analysis, as described previously [6].
Complete linkage and Euclidean distances were employed as metrics to draw association
dendrograms between cytokines/chemokines and the different treatment conditions. The
cluster analysis and the corresponding heatmaps were prepared using R 3.2 [6].

2.7. Western Blotting

For protein detection, cells were harvested and lysed at 4 ◦C in RIPA buffer [50 mM
Tris HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1%
SDS, 1 mM EDTA] supplemented with protease and phosphatase inhibitors plus 1 mM
DTT (Sigma Aldrich, Stockholm, Sweden) as described previously [18]. Thirty μg total
protein were loaded into each well of a NuPAGE 4–12% Bis-Tris gradient gel (ThermoFisher,
Stockholm, Sweden) and subjected to electrophoresis. The proteins were then transferred
to a Hybond low-fluorescent 0.2 μm PVDF membrane (Amersham, Buckinghamshire, UK),
blocked for 1 h in Odyssey® Blocking Buffer (PBS) (LI-COR), and stained overnight at 4◦C
with antibodies against NLRP12 (Abcam, Stockholm, Sweden) and GAPDH (ThermoFisher,
Stockholm, Sweden) as loading control. The membranes were then probed with the goat
anti-rabbit IgG (H+L) HRP-conjugated antibody (ThermoFisher, Stockholm, Sweden) or
the goat anti-mouse IRDye 680RD antibody (LI-COR Biotechnology, Lincoln, NE, USA)
and proteins were detected using Clarity™ ECL substrates (BioRad, Hercules, CA, USA)
and Super RX-N film (FujiFilm Nordic AB, Stockholm, Sweden), or the LI-COR Odyssey®

CLx scanner operating with Odyssey® Image Studio software (LI-COR Biotechnology).

2.8. RNA Sequencing

Total RNA was extracted from cells harvested at 0 h, 6 h, 12 h, and 24 h of exposure to
NMs (25 μg/mL) using the TRIZOL reagent (Life Technologies, Stockholm, Sweden) ac-
cording to the manufacturer’s recommendations. Total RNA was quantified by NanoDrop™

(NanoDrop Technologies, ThermoScientific, Stockholm, Sweden) and RNA quality was
assessed using the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Three
biological replicates of each sample were submitted for RNA sequencing [19]. In brief,
the sequencing was performed using 1 μg total RNA following the Illumina® mRNA-Seq
library preparation protocol (Illumina, San Diego, CA, USA). To this end, poly(A) RNA
was isolated by two rounds of oligo (dT)25 Dynabeads™ (Invitrogen, Stockholm, Sweden)
purification. Then, the chemically fragmented mRNAs were purified by Agencourt RNA-
Clean XP SPRI beads (Agencourt-Beckman Coulter, Beverly, MA, USA) and converted to
first strand cDNA, followed by second strand cDNA synthesis. The paired-end sequencing
library was prepared from purified double stranded cDNA using the NEBNext® DNA
Library Prep Kit (Illumina, San Diego, CA, USA). The purified ligated product was PCR
amplified and the prepared libraries were quantified and quality-assessed and sequenced
on the Illumina® HiSeq 2000 platform (Illumina, San Diego, CA, USA).
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2.9. Pathway Analysis

Canonical pathway analysis was done using the Ingenuity Pathway Analysis (IPA)
software (content version 24718999) (Ingenuity Systems, Redwood City, CA, USA). The
significance of the pathways was estimated through the curated ingenuity knowledge
database using a causal analysis approach [20], complemented by hierarchical cluster
analysis, as described in Reference [21]. Significant pathways were filtered by p-values
< 0.001 and activation z-scores > 2 or >2 (data not shown), representing a significant
deactivation or activation, respectively. Data were integrated using hierarchical clustering
on quantile-normalized data.

2.10. Statistical Analysis

One-way analysis of variance (ANOVA), followed by a Dunnett’s or Sidak’s multiple
comparison test analysis was used for the analysis of statistical significance, and p <
0.05 was considered significant. For nonparametrically distributed data, the two-tailed
Mann-Whitney test was used. Statistical tests were performed using GraphPad Prism 8
(San Diego, CA, USA).

3. Results

3.1. Characterization of Benchmark Nanomaterials

The test materials [Ag (NM300K), TiO2 (NM104), and MWCNTs (NM401)] were
obtained from the JRC nanomaterial repository and detailed characterization has been pro-
vided by the JRC (refer to Table S1 for an overview and see references therein). The MWC-
NTs are characterized by their rigid and needle-like appearance (length: 4048 ± 2371 nm;
diameter: 67 ± 24 nm). The TiO2 NMs are rutile, with an average diameter of 25 nm and
have been extensively studied in the FP7-MARINA project [7]. The Ag NMs were provided
in a colloidal suspension with a primary particle size of 15 nm. The latter NMs were studied
extensively in the FP7-NANOREG project (see, for instance, Bhattacharya et al. [6]).

3.2. Cytotoxicity Assessment of Nanomaterials

We utilized two human cell lines: the lung cell line A549 and the monocyte-like cell
line THP-1. The latter cells were differentiated into macrophage-like cells using PMA [6].
The cells were exposed for 24 h to the three different NMs at concentrations ranging from
1 to 100 μg/mL and cell viability was monitored using the LDH release assay. The TiO2
NMs were cytotoxic for THP-1 cells only at the highest dose while Ag NMs and MWCNTs
triggered a dose-dependent cytotoxicity at doses above 10 and 25 μg/mL, respectively
(Figure 1A). In contrast, the NMs were not cytotoxic towards the A549 lung cell line, apart
from a minor effect noted for the Ag NMs at high doses (Figure 1B).
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Figure 1. Cytotoxicity screening of representative nanomaterials (NMs). Human macrophage-differentiated THP-1 cells
(A) and lung epithelium-derived A549 cells (B) were exposed to TiO2 NMs (NM104), Ag NMs (NM300K), and MWCNTs
(NM401) for 24 h and cell viability was evaluated by using the LDH release assay. The results shown are mean values ± S.D.
of three independent experiments. * p < 0.01; ** p < 0.001.

3.3. Cellular Uptake of Benchmark Nanomaterials

We monitored cellular uptake by performing TEM imaging of THP-1 cells after expo-
sure for 24 h at 25 μg/mL (a dose at which the cell viability remained >50% for all three
NMs). The Ag NMs could not be visualized with certainty at this time-point, possibly
due to dissolution of the NMs, as shown in previous studies [22]. The MWCNTs, on the
other hand, were found to damage the microtome (Supplementary Figure S1). Therefore,
results are shown for TiO2 NMs. As seen in Figure 2A, macrophage-like THP-1 cells readily
internalized large clusters of NMs in the absence of ultrastructural signs of cell death,
consistent with the results of the LDH release assay.

To further explore the cellular impact of the three NMs, we monitored TNF-α pro-
duction. TNF-α is a prototypic pro-inflammatory cytokine that is strongly induced by
LPS. As shown in Figure 2B, while LPS triggered significant secretion of TNF-α, TiO2 NMs
had no effect, despite the considerable cellular uptake of these NMs. Furthermore, Ag
NMs triggered some TNF-α production at low doses, but not at higher doses, whereas the
MWCNTs triggered TNF-α production at high doses, albeit less than LPS. These results
thus reveal a marginal effect of the NMs on TNF-α production in macrophage-like cells
and suggest (indirectly) that these NMs are endotoxin-free, as TNF-α is a potent inducer of
LPS [23].
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Figure 2. Cellular impact of representative NMs. (A) TEM images of untreated THP-1 cells (a,a’) and cells exposed to
TiO2 NMs for 24 h at 25 μg/mL (b,b’). Scale bars: 5 μm (a,b) and 1 μm (a’,b’). Refer to Figure S1 for additional findings
derived from the TEM imaging. (B) THP-1 cells were exposed to TiO2 NMs (NM104), Ag NMs (NM300K), and MWCNTs
(NM401) for 24 h and TNF-α production was measured by ELISA. The results are mean values ± S.D. of three independent
experiments. *** p < 0.001.

3.4. Transcriptomics Analysis of Nanomaterials

To investigate the effects of the selected NMs in more detail, we applied RNA se-
quencing. THP-1 cells were selected as a model. The cells were exposed for 6 h, 12 h, and
24 h to NM300K, NM104, and NM401 at 25 μg/mL in order to determine the kinetics of
the transcriptomics responses. Samples were sequenced using the Illumina® HiSeq 2000
sequencing platform. RNA sequencing revealed that significant numbers of differentially
expressed genes (DEGs) were affected by the NMs (NM300K: 313, NM104: 674; NM401:
124). Only DEGs with a significance level of <0.05 (FDR) and absolute fold-change ≥2 were
included in the subsequent analysis. We focused the IPA analysis on immune cells and im-
mune cell lines. The heatmap in Figure 3 shows the hierarchical cluster analysis of the top
canonical pathways identified in THP-1 cells exposed to NM300K, NM104, and NM401 at
various time-points. The color coding in the heatmap depicts the p-values for the pathways
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shown. The samples corresponding to the 24 h exposure to Ag (NM300K) and MWC-
NTs (NM401) are grouped together. To further refine the analysis, we analyzed each NM
separately. The results for TiO2 and Ag are shown in Supplementary Figures S3 and S4,
respectively, while the results for MWCNTs are reported in Figure 4. The analysis shows
clear time dependence insofar as the changes in gene expression are more robust (based on
p-values) at 24 h when compared to 6 h and 12 h. We found that cell cycle related pathways
were affected by all the tested NMs, and several pathways related to immune cell function
were affected by MWCNTs (Figure 4) and Ag NMs (Supplementary Figure S3), but not by
TiO2 NMs (Supplementary Figure S2). Based on the activation z-scores, cell cycle pathways
were deactivated, while immune related pathways were activated (data not shown).

Figure 3. Pathway analysis of transcriptomics data. Macrophage-differentiated THP-1 cells were exposed to TiO2 NMs
(NM104), Ag NMs (NM300K), and MWCNTs (NM401) for 6 h, 12 h, and 24 h (25 μg/mL) and samples were subjected to
RNA sequencing. The heatmap shows the canonical pathway analysis of the transcriptomics data. The significance values
indicate the probability of the association of the DEGs with the respective pathway. The cutoff for the p-value was p < 0.001
for at least one of the conditions.
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Figure 4. Canonical pathways affected by MWCNTs. The heatmap shows the results of the canonical pathway analysis of
the transcriptomics data obtained from THP-1 cells exposed to MWCNTs (NM401) at 25 μg/mL at the indicated time-points.
The corresponding analysis for NM401 and NM300K exposed cells is shown in Figures S2 and S3. The significance values
indicate the probability of the association of DEGs with the respective pathway. The cutoff for the p-value was p < 0.001 for
at least one of the conditions.

Our analysis showed that the top-most upregulated gene at every time-point in
cells exposed to MWCNTs (NM401) was CCR2. The log2 ratio differential expression
values for CCR2 were 7.938 (6 h), 8.158 (12 h), and 13.712 (24 h). CCR2 is a chemokine
receptor encoding gene, and the corresponding receptor binds chemokine (C-C motif)
ligand 2 (CCL2), also referred to as monocyte chemoattractant protein-1 (MCP-1). Figure 5A
provides a graphic depiction of the network involving CCR2 (at 24 h). It is notable that not
only CCR2, but also CXCR2 was significantly upregulated in cells exposed to MWCNTs.
CXCR2 is another chemokine receptor encoding gene and the corresponding protein serves
as a receptor for CXCL8 (previously known as IL-8). The only downregulated gene in
the network was NLRP12, encoding a member of the Nod-like receptor (NLR) family of
proteins that have been shown to play a role in inflammasome activation [24]. However,
NLRP3 was not affected (data not shown). To validate the RNA sequencing, we checked
the expression of the NLRP12 protein in THP-1 cells exposed for 24 h at 25 μg/mL, and
we could confirm that the protein expression was decreased following exposure to NM401
compared to the control (Figure 5B).
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Figure 5. Impact of MWCNTs on the chemokine signaling network in macrophage-like cells. (A) The
figure depicts the transcriptomics results for MWCNT-exposed (25 μg/mL) THP-1 cells at 24 h. The
color coding shows upregulated (red) and downregulated genes (green). Data were analyzed and
visualized by using the IPA software tool (Qiagen, Inc., www.qiagenbioinformatics.com/products/
ingenuity-pathway-analysis). (B) Western blot assay for the expression of NLRP12 in THP-1 cells
exposed or not to MWCNTs (25 μg/mL) for 24 h. GAPDH was included as a loading control.

3.5. Cytokine-Chemokine Profiling of Nanomaterials

To further corroborate the transcriptomics results and in order to add the biological
context, we performed multiplex assays for the detection of cytokines (IFN-γ, IL-1β, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF-α) and chemokines (Eotaxin, Eotaxin-2,
Eotaxin-3, IL-8, IP-10, MCP-1, MCP-2, MCP-3, MCP-4, MDC, MIP-1α, MIP-1β, and TARC).
To this end, THP-1 cells were exposed for 24 h to the different NMs (25 μg/mL). LPS
(0.1 μg/mL) was included as a positive control. Three independent experiments were
conducted and samples with values below the lower limit of detection were excluded from
the subsequent analysis. The results confirmed the notion that the NMs did not elicit a
pronounced induction of pro-inflammatory cytokines (at 25 μg/mL) (Figure S4). Hence,
TNF-α and IL-8 (CXCL8) were not upregulated, while a modest induction was noted for
IL-6. NM401 also triggered a modest induction of IL-1β. In contrast, several chemokines
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were significantly upregulated in response to NM401 (Figure S5). In particular, MCP-1
(CCL2) was upregulated, along with TARC (thymus and activation regulated chemokine,
also known as CCL17) and MDC (macrophage derived chemokine, also known as CCL22).
It is notable that the magnitude of these responses was similar to that of LPS. NM104 and
NM300K, on the other hand, did not show such effects.

To further probe the responses of macrophage-like cells to the three NMs, we per-
formed hierarchical cluster analysis to draw association dendrograms between cytokine
and chemokine responses, respectively. LPS exposed samples (supernatants from exposed
cells) were identified as separated from the other samples, both with respect to cytokine
(Figure 6A) and chemokine responses (Figure 6B). However, the NM401 exposed samples
clustered closer to the LPS samples in terms of chemokine responses, whereas NM104, and
to some extent, NM300K, segregated with the untreated control samples (Figure 6B).

Figure 6. Profiling of cytokine and chemokine production in NM-exposed cells. Macrophage-
differentiated THP-1 cells were exposed to TiO2 NMs (NM104), Ag NMs (NM300K), and MWCNTs
(NM401) for 24 h at 25 μg/mL and cytokine and chemokine production was monitored in the
supernatants using multiplex assays. As a positive control, cells were exposed to 0.1 μg/mL LPS.
The experiment was performed three times and results for individual biomarkers are reported in
Figures S4 and S5. Hierarchical cluster analysis was performed to draw association dendrograms
between cytokine (A) and chemokine (B) responses to NMs. Association clusters for exposures and
biomarkers are represented by dendrograms at the left and at the top of the heatmap, respectively.
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4. Discussion

Using representative NMs from the JRC nanomaterial repository, we have shown
that THP-1 cells are more susceptible to NM-induced cell death than A549 cells. The
differences between the two cell types could be because epithelial cells are less phagocytic
when compared to macrophages. However, we did not perform a quantitative analysis of
NM internalization in the present study. It is notable that A549 cells were also found to
be refractory to other NMs when compared to primary human lung epithelial cells [25].
Our main finding was that several chemokines and chemokine receptors were significantly
affected following a sub-lethal exposure (a dose at which the cell viability remained
>50%) of THP-1 cells to MWCNTs. However, we did not observe the induction of pro-
inflammatory cytokines, such as TNF-α or IL-8, at the same concentration (25 μg/mL),
though MWCNT triggered TNF-α secretion was observed in THP-1 cells when tested at
higher doses.

The cytotoxicity of MWCNTs towards THP-1 cells could be related to the shape of these
NMs. Indeed, previous investigations have shown that long and needle-like NM401, but
not short and tangled NM400 or NM402, elicited a dose-dependent loss of cell viability [12].
Furthermore, in vivo studies have demonstrated that “rod-like” MWCNTs are prone to
triggering pulmonary responses with fibrosis and granuloma formation [26–28]. However,
other properties or features of MWCNTs in addition to their geometric characteristics may
also play a role, including the presence of metallic impurities [29–31]. We also found that
Ag NMs (NM300K) triggered a loss of cell viability in THP-1 cells, while a minor effect was
observed in A549 cells at the highest concentrations tested, i.e., 75 and 100 μg/mL. For
the latter NMs, cellular uptake and subsequent dissolution of the particles within cells has
been identified as one of the key determinants of cytotoxicity [32,33]. Hence, for different
NMs, different physicochemical properties may come into play.

It is interesting to consider whether the MWCNTs might emulate some other sub-
strate(s) to which macrophages are programmed to respond. This is presently a matter of
conjecture, but we have previously reported that SWCNTs induced chemokine secretion
in primary human monocyte-derived macrophages through a Toll-like receptor (TLR)-
dependent signaling pathway [16], and a very recent study has provided evidence that the
phosphatidylserine (PS) receptor Tim4 (T cell immunoglobulin mucin 4) contributes to the
recognition of MWCNTs by murine peritoneal macrophages and plays a role in granuloma
formation [34]. Thus, it appears that CNTs might “hijack” pattern recognition receptors
that are otherwise deployed by macrophages to respond to microbes or dying cells.

Greco and co-workers recently employed toxicogenomics approaches to study the im-
pact of carbon-based nanomaterials, including MWCNTs on various human cell lines [35,36].
The authors demonstrated that A549 cells are less sensitive than THP-1 cells, as evidenced
by the magnitude of the molecular events [35]. In a follow-up study, the authors exposed
THP-1 cells to long and rigid MWCNTs and studied genome wide transcription and gene
promoter methylation in tandem [36]. Interestingly, among the 220 genes that were found
to be affected both at the expression and methylation level, several chemokine encoding
genes were identified. In the present study, both CCL17 and CCL22 were significantly
upregulated in THP-1 cells exposed to MWCNTs. These chemokines are known to be
highly expressed in the thymus and to a lesser extent by dendritic cells and macrophages
in secondary lymphoid tissues [37]. Furthermore, both chemokines signal through CCR4,
and both have been implicated in type 2 immune responses and were shown to play a role
in asthma and in atopic dermatitis [38]. Moreover, we found that CCL2 was significantly
induced by MWCNTs. CCL2 is a chemokine, which mediates monocyte chemotaxis and is
involved in monocyte infiltration in inflammatory diseases such rheumatoid arthritis [39].
CCL2 acts as a ligand for CCR2, and it is notable that the gene encoding the latter re-
ceptor was the most highly upregulated gene in the present study. In a previous in vitro
study, we provided evidence that the secretion of CCL3 and CCL5 by primary human
monocyte-derived macrophages exposed to endotoxin-free SWCNTs occurred through
a TLR2/4-MyD88-NFκB signaling pathway [16]. Furthermore, other investigators have
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shown that CCR5 (the receptor for CCL3, CCL4 and CCL5) plays an important role in
the resolution of pulmonary inflammation in mice exposed toi SWCNTs [40]. Snyder-
Talkington et al. [41] investigated in vivo responses to MWCNTs by microarray analysis
and could show that several chemokine encoding genes were deregulated in the lungs of
mice. Using small airway epithelial cells, the authors reported concordant results in vitro
with regard to CCL2. Other investigators have shown, using the murine macrophage-like
cell line J774A.1, that long (>20 μm) MWCNTs elicited CCL2 (MCP-1) secretion, even at a
relatively low concentration [42]. Taken together, single- and multi-walled CNTs promi-
nently affect chemokine signaling in immune-competent cells and especially CCL2 has
been highlighted in several studies. The secretion of chemokines such as CCL2 may play a
role in the granuloma formation that has been reported in the lungs following pulmonary
exposure or in the pleural or abdominal cavity following intra-pleural or intra-peritoneal in-
stillation of MWCNTs [43,44]. Moreover, Sydlik et al. [45] evaluated the biocompatibility of
graphene oxide (GO) following implantation in subcutaneous and intraperitoneal tissues in
mice and demonstrated a typical “foreign body” reaction (i.e., granuloma formation). The
authors found that cells retrieved from these sites secreted significant amounts of monocyte
chemotactic protein-1 (MCP-1) (CCL2) and macrophage inflammatory protein-1β (MIP-1β)
(CCL4), providing further evidence for a role of these inflammatory chemokines in granu-
lomatous tissue reactions. This also shows that CCL2 (MCP-1) upregulation is not specific
for CNTs and is more likely part of a conserved response towards offending pathogens or
xenobiotics. Indeed, we previously reported that CCL2 was upregulated almost 90-fold
in the lungs of rats exposed to CuO NMs and these findings were corroborated at the
protein level [46]. Moreover, welding-related NMs (essentially, oxides of Fe, Mn and Cr)
were found to induce the production of CCL2 in THP-1 cells [47]. Hence, CCL2 may be
a particularly sensitive biomarker of immunological perturbations triggered by a variety
of NMs.

In addition, we found that NLRP12 was downregulated in THP-1 cells exposed to
MWCNTs, and this was confirmed at the protein level. NLRP12 belongs to the NLR
family of proteins involved in inflammasome activation [48]. However, unlike NLRP3,
which plays an important role in IL-1β activation in response to a variety of stimuli in-
cluding MWCNTs [49], NLRP12 seems to attenuate inflammation by dampening NF-κB
signaling [50,51]. NLRP12 may also maintain intestinal homeostasis by modulating the
gut microbiome [52]. Further studies are needed to investigate the role(s) of NLRP12
for MWCNT-triggered immune responses, and it is worth noting that NLRP12 may im-
pinge on neutrophil function [53]. Neutrophils are a somewhat neglected cell type in
nanotoxicology [54].

5. Conclusions

Using a combination of transcriptomics approaches and conventional biological assays,
we have shown that sub-lethal doses of MWCNTs trigger a deregulation of chemokines
and chemokine receptors in a human macrophage-differentiated cell line. These results
support the emerging view that CNTs may elicit or interfere with chemokine signaling,
and further our understanding of the toxicity of this class of materials [55,56]. However,
it is noted that we have only studied one type of MWCNTs, and one cannot extrapolate
the findings to other types of single or multi-walled CNTs. Indeed, grouping all CNTs
into one material category is scientifically unjustified and may hinder innovation [57,58].
Therefore, further studies are needed to fully address the physicochemical properties that
are responsible for the observed biological or toxicological effects of CNTs [10].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11040883/s1, Table S1: Physicochemical characterization of the selected NMs. Figure S1:
TEM imaging of cells exposed to NM401. Figure S2: Pathway analysis of transcriptomics data from
cells exposed to NM104. Figure S3: Pathway analysis of transcriptomics data from cells exposed
to NM300K. Figure S4: Cytokine release in cells exposed to selected NMs. Figure S5: Chemokine
release in cells exposed to selected NMs.
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Abstract: Various cell types are compromised by synthetic amorphous silica (SAS) if they are exposed
to SAS under protein-free conditions in vitro. Addition of serum protein can mitigate most SAS
effects, but it is not clear whether this is solely caused by protein corona formation and/or altered
particle uptake. Because sensitive and reliable mass spectrometric measurements of SiO2 NP are
cumbersome, quantitative uptake studies of SAS at the cellular level are largely missing. In this study,
we combined the comparison of SAS effects on alveolar macrophages in the presence and absence
of foetal calf serum with mass spectrometric measurement of 28Si in alkaline cell lysates. Effects on
the release of lactate dehydrogenase, glucuronidase, TNFα and H2O2 of precipitated (SIPERNAT®

50, SIPERNAT® 160) and fumed SAS (AEROSIL® OX50, AEROSIL® 380 F) were lowered close to
control level by foetal calf serum (FCS) added to the medium. Using a quantitative high resolution
ICP-MS measurement combined with electron microscopy, we found that FCS reduced the uptake
of particle mass by 9.9% (SIPERNAT® 50) up to 83.8% (AEROSIL® OX50). Additionally, larger
particle agglomerates were less frequent in cells in the presence of FCS. Plotting values for lactate
dehydrogenase (LDH), glucuronidase (GLU) or tumour necrosis factor alpha (TNFα) against the
mean cellular dose showed the reduction of bioactivity with a particle sedimentation bias. As a
whole, the mitigating effects of FCS on precipitated and fumed SAS on alveolar macrophages are
caused by a reduction of bioactivity and by a lowered internalization, and both effects occur in a
particle specific manner. The method to quantify nanosized SiO2 in cells is a valuable tool for future
in vitro studies.

Keywords: nanomaterials; synthetic amorphous silica; in vitro testing; NR8383 alveolar macrophage;
ICP-MS analysis of cell bound SiO2

1. Introduction

Synthetic amorphous silica (SAS) form a major group of industrially relevant nanoma-
terials (NMs) [1–3]. They are produced either from aqueous solutions of sodium silicate
to form colloidal silica, silica gels, and precipitated silica, or may be synthesized from the
gaseous phase of SiCl4 to form fumed (pyrogenic) silica [3,4]. Due to the production pro-
cess, pyrogenic and precipitated silica form indivisible aggregates, which have no physical
boundaries among their primary structures. These aggregates have external dimensions
that are highly variable in nature with some particles being in the nano-size range [3,5].
Since most SAS materials come as dry powders, a non-intentional uptake into the body
may occur via inhalation [6,7]. Animal studies have shown that SAS can induce transient
inflammatory responses in the rat lung [6–10] whereas fibrogenic or genotoxic effects, as
induced by crystalline silica, such as quartz or cristobalite, were not induced even at high
lung burden [11,12].
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To describe and predict the bioactivity of the multitude of SAS, in vitro assays us-
ing different cell types and incubation conditions have been published [13–17]. Recently,
the effects of SAS from all major production processes were tested using rat alveolar
macrophages (NR8383) in vitro [18]. A major finding was that SAS, irrespective of the
production method, elicit highly uniform responses, e.g., with respect to the release of
lactate dehydrogenase (LDH), glucuronidase (GLU), tumour necrosis factor alpha (TNFα)
or induction of H2O2 release [18]. In these experiments, cells were exposed to SAS under
protein-free standard conditions, i.e., in the absence of serum proteins. This is a well-
established testing procedure reflecting the circumstance that particles entering into lung
alveoli are primarily protein-free entities. Furthermore, the protein-free in vitro conditions
allow to study particle effects linked, e.g., to surface properties of nanoparticles [19]. How-
ever, for most SAS, the half maximal effective concentration (EC50) for several endpoints
is comparatively low under protein-free conditions (e.g., 10–20 μg/mL for the release of
LDH) [18], a finding which does not correspond to the in vivo effects of SAS especially
when effects of amorphous and crystalline silica are compared [12]. On the other hand,
the bioactivity of SAS in vitro is strongly reduced when particles (i) are administered in
the presence of serum [20], (ii) are protein-treated prior to exposure [21–24] or (iii) are
dispersed by extensive ultrasonic energy in the presence of low concentrations of albu-
min [25]. All aforementioned protein-treatments inevitably lead to the formation of a
protein corona [26,27]. However, they also influence particle dispersion, gravitational
settling and uptake by cells. Studies with fluorescent silica probes showed a decreased
gravitational settling in the presence of protein, whereas larger precipitates of SAS settled
onto the cells in the absence of protein [21,22,28]. The direct contact with the cell membrane
and/or the uptake of particles is a prerequisite at least for poorly soluble particles to elicit
cellular effects. Therefore, a lower rate of gravitational settling can reduce the effects of
nanoparticles under submersed in vitro conditions [29]. Interestingly, the addition of pro-
tein has no uniform effect on the uptake of SAS particles and this appears to be especially
relevant for macrophages. In RAW264.7 macrophages, addition of FCS enabled the uptake
of SAS but mitigated cytotoxic effects [21]. In contrast, albumin-coating of NM-200, a
precipitated SAS and of the pyrogenic NM-203 led to more cytotoxicity in THP-1 cells,
but lowered the cytotoxicity in RAW264.7 cells [25]. Another unexpected result was pro-
vided by Binnemars–Postma and co-workers, who showed that human M1 macrophages
ingested more silica nanoparticles in the absence of serum, whereas the presence of serum
increased the uptake of SAS by M2 macrophage [30]. Although not yet fully elucidated,
these discrepancies may be due to the presence of surface receptors involved in particle
uptake, such as the scavenger receptor expressed in RAW264.7 cells [31]. Together, these
results show that the effects of FCS on bioactivity and uptake of SAS are cell-type specific
and need to be explored more thoroughly, especially when different types of macrophages
are compared.

In the present paper, we aim to close this gap for NR8383 alveolar macrophages from
rat lung using fumed and precipitated SAS with small and large specific surface areas,
which were chosen to represent the large number of different SAS on the market. The
well-established NR8383 cell line is widely used to analyse the bioactivity of particles in
the lung: in the so-called macrophage model, NR8383 cells are exposed to settling particles
under submersed conditions. The particles’ bioactivity in the lung is then predicted from a
set of assays carried out with the cell culture supernatant [19,32–36]. However, because
SAS particles are small, their gravitational settling followed by cellular uptake may be
incomplete counteracting a reliable dosimetry. Although elaborated models may predict
the fraction of gravitationally settled of SAS in a time-dependent manner [37], there is still
a need for quantitative measurements of SAS in cells. The quantification of SAS in cells
requires a sensitive and valid analytical method. Since the mass spectrometric measurement
of silicon suffers from N2 interference, an instrument with a high mass resolution is
needed. Moreover, the conventional solubilisation of silica particles in organic matter with
hydrofluoric acid (HF) is subject to critical handling guidelines and requires specialized
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labs and personnel [38]. Recently, Bossert et al. (2019) proposed a HF-free hot alkaline
lysis followed by acid treatment to dissolve silica particles; silicon was then detected by
ICP-OES or by a colorimetric method with a limit of detection (LOD) being in the range
of 40–100 mg/L [39]. Of note, cells exposed in vitro to approximately 10 μg SAS per mL
likely underscore this LOD by at least one order of magnitude, unless the cell number is
scaled up to very high amounts. To meet more conventional dimensions of cell culture
testing, i.e., testing of several million cells per well, here we present a sufficiently sensitive
method for SAS quantification, combining alkaline dissolution, acid neutralization and
high resolution ICP-MS. By this, the amount of cellular SAS was measured and compared
with the subcellular distribution of SAS in NR8383 cells in the absence and presence of
foetal calf serum (FCS). This way the effect of FCS, known to reduce the bioactivity of SAS
on macrophages in vitro, could be analysed for the first time on the basis of quantitative
uptake data.

2. Materials and Methods

2.1. Materials

The materials were provided by Evonik Operations GmbH (Hanau-Wolfgang, Ger-
many) as dry powders and had been extensively characterized in a previous publica-
tion [18]. The main data are summarized in Table 1.

Table 1. Material properties of the synthetic amorphous silica (SAS) used in the study.

Material
Size of Primary

Structures (nm) (1)
Aggregate

Size (nm) (1)
BET

(m2/g) (2)
Zeta Potential

(mV) (3)
Solubility
(mg/L) (4) pH (5) SEARs

No. (6)

AEROSIL® 380F 8.0 ± 2.7 101.9 390 −36 226.0 4.2 14.5
AEROSIL® OX50 41.4 ± 18.3 233.7 45 −40 117.9 4.6 1.8
SIPERNAT® 50 3.1. ± 0.7 59.8 460 −21 113.9 6.3 16.3

SIPERNAT® 160 12.2. ± 2.7 58.3 180 −53 112.1 6.1 11.1
(1) As measured by transmission electron microscopy. (2) Specific surface area measured by N2 adsorption. (3) Zeta potential and point of
zero charge. (4) Measured according to enhanced OECD 105 Test Guideline on solubility. (5) Measured in 5% solution; (6) a measure for the
number of silanol groups on the surface of silica according. For details, see [18].

2.2. Preparation of Particle Suspensions

The main goal of the study was to compare effects of SAS in the absence and presence
of foetal calf serum, after particles had been dispersed according to a previously established
protocol [18]. In brief, particles were suspended in sterile H2O (Aqua ad injectabilia,
Braun Melsungen, Germany) at a concentration of 2 mg/mL. Suspensions were vortexed,
stirred with a magnetic bar for 90 min and passed through a sterile polyamide gauze
with a nominal pore width of 5 μm (Bückmann, Mönchengladbach, Germany) (see [4] for
filtration characteristics). 5 mL of each filtrate was then transferred to a 20 mL glass vial
and subjected to an ultrasonic dispersion energy 270 J/mL [4]. Dispersed masses amounted
to 70–100% the original masses, as determined by gravimetric analysis. The stock aqueous
stock suspensions of SIPERNAT® 160, SIPERNAT® 50, AEROSIL® OX50 and AEROSIL®

380 F were adjusted to 360 μg/mL, and stored at 4 ◦C for up to 4 weeks. Immediately
before experiments, aqueous stock suspensions were mixed with an equal volume double
concentrated KRPG buffer (see below) or F-12K media to obtain a physiologic medium
composition.

2.3. Cultivation of NR8383 Macrophages and Cell Culture Assays

NR8383 cells (ATCC, Manassas, VA, USA; ATCC® Number: CRL-2192TM) were main-
tained in F-12K cell culture medium (Sigma-Aldrich, Taufkirchen, Germany) supplemented
with 15% foetal calf serum (FCS), 1% penicillin/streptomycin and 1% L-glutamine (all
from PAN Biotech, Aidenbach, Gremany) under cell culture conditions (37 ◦C and 5%
CO2) [32]. For the assay, 3 × 105 cells were seeded per well of a 96-well plate, and covered
with 200 μL F-12K cell culture medium plus 5% (v/v) FCS to foster cell adherence. The
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next day, the medium was replaced by serum-free or FCS (10%)-containing F-12K medium
containing increasing concentrations of each material (11.25, 22.5, 45 or 90 μg/mL). After
16 h, supernatant was retrieved to determine LDH, GLU and TNFα. To measure the release
of H2O2, materials were equivalently diluted in KRPG buffer (129 mM NaCl, 4.86 mM KCl,
1.22 mM CaCl2, 15.8 mM NaH2PO4, 5–10 mM glucose; pH 7.3–7.4).

Assays were carried out as described [32]. In brief, H2O2 was quantified with the
Amplex Red® assay by photometrically measuring formed resorufin at 570 nm (reference
value: 620 nm) with a plate reader (Tecan Infinite F200Pro, Tecan GmbH, Crailsheim, Ger-
many); positive controls were run with 360 μg/mL zymosan (Sigma-Aldrich, Taufkirchen,
Germany). Measurements were corrected for background absorbance of cell free-particle
controls and converted into concentrations of H2O2 as described. LDH activity was mea-
sured with the Roche Cytotoxicity Kit (Sigma-Aldrich, Taufkirchen, Germany) according to
the manufacturer’s protocol. GLU activity was detected with p-nitrophenyl-D-glucuronide
dissolved in 0.2 M sodium acetate buffer (pH 5) containing 0.1% Triton X-100. Both the
LDH- and GLU-based values were corrected for cell-free absorption and normalised to
the positive control (0.1% Triton X-100 in F-12K) which was set to 100%. Tumour necro-
sis factor α (TNF α) was determined with a specific enzyme-linked immosorbent assay
(ELISA) for rat TNFα (Quantikine ELISA Kit) according to the manufacturer’s protocol (Bio-
Techne GmbH, Wiesbaden-Nordenstadt, Germany). The TNFα-forming capacity of NR8383
cells was tested with 0.5 μg/mL lipopolysaccharide (LPS, Sigma-Aldrich, Taufkirchen,
Germany). Notably, aliquots for measuring LDH, GLU and TNFα were taken from the
same well.

2.4. Particle Size Determination under Cell Culture Conditions with Particle Tracking Analysis

The hydrodynamic diameter was determined by optical tracking analyses using a
NanoSight LM10 instrument equipped with a violet laser (405 nm), an Andor CCD camera,
and particle tracking software NTA3.0 (all from: Malvern Instruments GmbH, Herrenberg,
Germany). Starting with the aqueous particle stock suspension, dilutions were prepared in
KRPG and F-12K medium in the absence and presence of 10% FCS. Concentration was uni-
formly set to 90 μg/mL. Suspensions were incubated under cell culture conditions (37 ◦C,
5% CO2, 100% humidity) for 90 min (KRPG) and 16 h (F-12K), respectively. Suspensions
were further diluted to obtain measurable concentrations, approximately in the range of
5 × 108 particle/mL.

2.5. Electron Microscopy of NR8383 Macrophages

NR8383 cells were seeded onto small discs (diameter 6 mm) of Melinex film (Plano,
Wetzlar, Germany) placed in the wells of a 96-well plate, subjected to particle treatment
for 16 h as described in paragraph 2.4. Then, media were withdrawn and cells were
immediately covered with 2.5% glutardialdehyde in 0.1 M sodium phosphate buffer (SPB,
pH 7.3) for 60 min. Cells were washed three times with SPB, post-fixed in 1% OsO4,
dehydrated in ethanol to the 70% step, and stained en bloc with uranium acetate (1%).
Cells were dehydrated via ethanol/propylene oxide, and embedded in Epon 812 (Sigma
Aldrich, Taufkirchen, Germany). Ultrathin sections (50–60 nm) were viewed with a Tecnai
G2 electron microscope operated at 100 or 120 kV; images were taken with a Quemesa
digital camera (Olympus Soft Imaging Solutions, Münster, Germany).

2.6. Quantification of Cell-Associated SiO2 NP by High Resolution ICP-MS

To quantitate the amount of cell-associated SiO2 NP, 2.8 × 106 NR8383 cells were
seeded into each well of a 6-well plate and incubated in 6 mL F-12K medium containing
11.25 μg/mL of each SiO2 samples, both in the absence and presence of 10% FCS. After 16 h,
the culture medium was completely withdrawn and replaced by 1 mL phosphate buffered
saline (PBS). Cells were detached from the plates by vigorous pipetting and transferred
into a 15 mL test tube (Falcon) pre-loaded with 6 mL fresh F-12K medium. Cells were spun
down (200× g, 10 min), washed with 2 mL KRPG buffer, pelleted again (200× g, 10 min),
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and finally re-suspended in 130–230 μL KRPG buffer. A defined volume (90%) of this final
suspension was dehydrated at 60 ◦C for 12 h for analysis.

To measure the SiO2 content, each sample was dissolved with 50 μL of 20% NaOH and
heated to 120 ◦C for 2 h. Lysates were diluted with 5 mL ultrapure H2O. In further dilution
steps, 4% (v/v) of a HNO3 solution was added. Measurements of Si were carried out with a
double focusing magnetic sector field ICP-MS instrument in the medium resolution mode
(Element 2™, Thermo Fisher Scientific, Meerbusch, Germany) equipped with a quartz
spray chamber and a quartz injection device (sample loop: 500 μL, ESI-Fastvalve). 115In
was used as an internal standard. To calibrate the ICP-MS signal for 28Si, a Si standard
stock solution of 100 mg/L (Labkings, Hilversum, The Netherlands) was diluted with
4% (v/v) of a HNO3-solution and an equivalent amount of NaOH as mentioned above to
obtain a calibration range of 0.5–100 μg/L. Final SiO2 concentrations were obtained by
multiplying measured Si concentrations with the stoichiometric factor of 2.1393.

2.7. Statistical Evaluation

For in vitro testing, i.e., effects on LDH, GLU, H2O2, and TNFα, three independent
repetitions were carried out; data were expressed as mean ± standard deviation (SD).
To find significant differences, values from each concentration step were compared to
the respective vehicle-treated control using 2-way analysis of variance (ANOVA) with
Dunnett’s multiple comparisons test. Calculations were carried out with GraphPad Prism
software. A value of p ≤ 0.05 was considered significant. Calculation of hydrodynamic
diameters were carried out with NTA 3.0 software.

3. Results

3.1. Particle Characterization

Two precipitated and two fumed SAS were selected for this study, whose major
physical-chemical properties are shown in Table 1. A smaller and a larger particle type was
selected for each group, also reflected by the BET values which, overall, span more than
one order of magnitude. Acidity of the SAS powders was low but more pronounced for
both AEROSIL®s. The SEARs No., which is a measure for the number of silanol groups at
the particles’ surface, was similar for three SAS but lower for AEROSIL® OX50. Solubility
was very similar (112.1 to 117.9 mg/L) but slightly higher for AEROSIL® 380 F.

The addition of FCS to a SAS dispersion is likely to change the particles’ surface charge
and agglomeration behaviour which is highly relevant for in vitro testing. Therefore, the
hydrodynamic diameter (HD) of all four SAS was measured with particle tracking analysis
(PTA) in H2O, and in the absence and presence of 10% foetal calf serum (FCS) in KRPG
and F-12K medium, to mimic testing conditions (Table S1). In the case of SIPERNAT®

160 and SIPERNAT® 50, the HD (mode values) obtained in KRPG and F-12K were only
slightly increased (<15%) compared to H2O; HD values also hardly increased upon of 10%
FCS. AEROSIL® 380 F particles were too small to be measured in H2O but measurable
agglomerates were found in F-12K medium especially in the presence of FCS. The size of
AEROSIL® OX50 agglomerates increased in KRPG only. Overall, the effects of FCS on the
hydrodynamic diameter of the particle fraction measurable by PTA were low. Nevertheless,
the addition of FCS led to the formation of agglomerates visible by light microscopy at the
bottom of the culture vessels (Figure 1). This effect was pronounced for AEROSIL® 380 F
(Figure 1a,b), but low for AEROSIL® OX50 (Figure 1e,f), SIPERNAT® 160 (Figure 1i,j) and
SIPERNAT® 50 (Figure 1m,n).

3.2. Quantification of Particle Uptake by NR8383 Cells

To measure the cell-associated SAS fraction which comprises internalized plus surface-
bound particulate matter, we administered the lowest concentration of SAS particles
(11.25 μg/mL) to a defined number of cells for 16 h (2.8 × 106 per well). As expected, this
treatment led to a low amount of dead cells in the absence (4.2–10.6%) and nearly no dead
cells in the presence of serum (1.5–2.5%, see Table S2). Table 2 shows the cell-associated SiO2
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masses measured by ICP-MS: Control cells contained low, though measurable amounts
of 28Si. All SAS-treated cells showed a cell-associated SiO2 mass above background level,
which could not be lowered, e.g., by avoiding SiO2 containing cell culture material (data
not shown). In the presence of 10% FCS, values for the precipitated SAS SIPERNAT® 50
and SIPERNAT® 160 were higher than those for the fumed SAS AEROSIL® OX50 and
AEROSIL® 380 F and this difference was not obvious under FCS-free conditions (Table 2).
The cell-associated amount of SiO2 was reduced in the presence of 10% FCS-free conditions.
The effect was pronounced for AEROSIL® 380 F (−69.5%), AEROSIL® OX50 (−83.8%), and
SIPERNAT® 160 (−62.3%), but comparatively small for SIPERNAT® 50 (−9.9%).

 

Figure 1. Sedimentation and uptake of precipitates by NR8383 cells which were formed in the presence of AEROSIL®

380 F (a–d), AEROSIL® OX50 (e–h), SIPERNAT® 50 (i–l) and SIPERNAT® 160 (m–p). Micrographs were taken 16 h after
administration of particles (180 μg/mL) in the absence (w/o cells) and presence of cells (+NR8383). Foetal calf serum (FCS)
led to the formation of agglomerates. In the absence of serum, many cells appeared deteriorated.

Table 2. Quantification of SiO2 uptake in the absence and presence of foetal calf serum (FCS).

10% FCS FCS-Free

Material
Cell-Associated

SiO2 (μg) (1) % Total (2) Cell-Associated
SiO2 (μg) (1) % Total (2) Ratio

FCS-Free/10% FCS (3)

AEROSIL® 380 F 4.4/4.4 6.6/6.6 13.3/15.6 19.9/23.4 3.28
AEROSIL® OX50 5.7/5.8 8.4/8.6 33.3/37.8 49.5/56.2 6.18
SIPERNAT® 50 25.5/26.7 42.3/44.3 27.8/30.1 46.1/49.9 1.11

SIPERNAT® 160 13.3/14.4 21.1/22.8 34.4/38.9 54.5/61.6 2.65
Control (4) 1.2/1.6 -/- 1.2/1.3 -/- -
(1) Amounts of SiO2 in the cell pellet after 16 h, as measured by ICP-MS; values measured in duplicates are separated by a slash. (2) Cell-
associated SiO2 in percent of the total added mass (67.5 μg SAS per 6 mL medium; weigh in of each SAS was individually corrected for its
water content measured as loss on ignition [18]. (3) Ratios were calculated from mean values of columns 2 and 4. (4) 28Si values from control
cells were assumed to represent SiO2 and were converted equivalently.

3.3. In Vitro Toxicity Determination of SAS and Electron Microscopic Study

In vitro toxicity of SAS was measured in the absence and presence of FCS with the
well-established alveolar macrophage assay. The activity of lactate dehydrogenase (LDH)
and glucuronidase (GLU), as well as the concentration of tumour necrosis factor α (TNFα),
were determined in the cell culture supernatant. Corundum and quartz DQ12 particles
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were included as negative and positive particle controls, respectively. Numerical results are
shown in Table S3. The subcellular distribution of particles was investigated by transmis-
sion electron microscopy (TEM) of cells treated with the lowermost particle concentration
of the study (11.25 μg/mL) and matched the particle concentration used above for the
quantification experiments.

3.3.1. AEROSIL® 380 F and AEROSIL® OX50

Both AEROSIL®s showed a high biologic activity under FCS-free conditions
(Figure 2a,b), indicated by the dose-dependent release of LDH, GLU and TNFα. As for
most SAS particles the release of H2O2 was low and became significant at the highest
doses only. In the presence of 10% FCS, all aforementioned responses were abolished
(H2O2) or drastically lowered, as indicated by the flattened curves for the release of LDH,
GLU and TNFα. The degree of reduction and the shift in the low observed adverse effect
concentration (LOAEC) are provided in Table 3.

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. In vitro response of NR8383 alveolar macrophages to AEROSIL® 380 F and to AEROSIL® OX50 in the absence
or in the presence of 10% FCS (dashed lines). Lactate dehydrogenase activity (LDH), glucuronidase activity (GLU), H2O2

concentration, and tumour necrosis factor alpha (TNFα) were measured in the supernatant from NR8383 cells exposed to
AEROSIL® 380 F (a) or AEROSIL® OX50 (b). Effects of zymosan and lipopolysaccharide (LPS) on the formation of H2O2

and TNFα, respectively, are indicated by vertical lines.

The TEM investigation of NR8383 cells laden with AEROSIL® 380 F in the absence
of FCS cells is shown in Figure 3a–d. Although minor portions of the material were
regularly found at the outer cell membrane (Figure 3b), larger assemblies occurred within
phagosomes (Figure 3a,c). Small particle deposits were found in lysosomes (Figure 3d) and
autophagosomes, together with condensed cellular material (Figure 3d). Of note, small
and often branched aggregates/agglomerates of AEROSIL® 380 F particles occurred in
the cytoplasm; neither mitochondria nor the cell nucleus were found to contain particles.
In the presence of FCS, particles (aggregates/agglomerates) of AEROSIL® 380 F were not
found at the outer cell membrane or within the cytoplasm. Additionally, heavily laden
phagosomes were not found. Instead, cells contained large phagosomes filled with fine
granular material of low-to-medium electron density (Figure 4a). Particles were mainly
found in lysosomes (Figure 4b).

AEROSIL® OX50 was found as single particles or small groups thereof within en-
dosomes, most likely presenting lysosomes, and phagosomes (Figure 5a–c). Although
the presence of FCS did not lead to a major change of this pattern, smaller aggregates
appeared to be more frequent (Figure 6a–c). Typical uptake-figures (Figure 6b) showed
single particles close to a membrane invagination, suggesting that particles enter into cells
via small endosomes. The material was also found in autophagosomes.
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Figure 3. Electron microscopy of NR8383 cells laden with AEROSIL® 380 F (11.25 μg/mL) in the absence of FCS for 16 h.
(a) Overview of a cell containing particle filled phagosomes (Ph) and branched particle assemblies in distinct regions of
the cytoplasm (asterisk). The cytoplasm of this cell appears condensed. (b) Particles adhering to a section of the outer cell
membrane (arrows). (c) Particle filled phagosomes; arrows point to the enclosing membrane. (d) An autophagosome (aPh)
filled with condensed matter together with several electron dense lysosomes (arrow); both compartments contain small
amounts of the typical, small electron dense AEROSIL® 380 F particles.

 

Figure 4. Electron microscopy of NR8383 cells laden with AEROSIL® 380 F (11.25 μg/mL) in the presence of FCS for 16 h.
(a) Aspect from a cell with typical phagosomes (Ph) mainly filled with fine granular material, particle laden lysosomes and
a clear vacuole (CV). (b) Boxed area from (a) showing several particle-laden lysosomes (arrows).

29



Nanomaterials 2021, 11, 628

 

Figure 5. Electron microscopy of NR8383 cells laden with AEROSIL® OX50 F in the absence of FCS for 16 h. Electron lucent
areas close to particles are interpreted as cutting artefacts. (a) Overview of a cells with particle-containing phagosomes
(large arrows) and smaller endosomes (small arrows). (b) shows a typical particle-laden; (c) shows a higher magnification
of a phagosome (large arrow) and three small endosomes (small arrows) and arrows point to membrane continuities.

 

Figure 6. Electron microscopy of NR8383 cells laden with AEROSIL® OX50 F in the presence of FCS for 16 h. Electron lucent
areas close to particles are interpreted as cutting artefacts. (a) Overview of a cell with particle-containing phagosomes (large
arrows) and smaller endosomes (small arrows). (b) A membrane invagination (arrow) underneath a particle attached to the
cell membrane, interpreted as an early uptake figure. (c) A small particle-filled endosome; (d) shows two particle-containing
autophagosomes (aPh).

3.3.2. SIPERNAT® 50 and SIPERNAT® 160

The biological activity of SIPERNAT® 50 and SIPERNAT® 160 was very similar to
that of the AEROSIL®s (Figure 7a,b), though the dose-dependent release of LDH, GLU and
TNFα was more pronounced for SIPERNAT® 160. Again, 10% FCS abolished the H2O2
response and strongly reduced the cytotoxic effect (LDH, GLU) and also TNFα formation.
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There was a strong reduction of bioactivity in the presence of FCS. The shift in LOAEC
upon FCS treatment are provided in Table 3.

The electron microscopic examination revealed no major differences with respect to
the endosomal compartments crowed by SIPERNAT® 50 or SIPERNAT® 160 particles.
Even the fine structure of agglomerates within phagosomes appeared indistinguishable
(Figures S1 and S2). With respect to SIPERNAT® 160, endosomes with larger particle
assemblies appeared less frequent (Figures S3 and S4).

(a) 

(b) 

Figure 7. In vitro response of NR8383 alveolar macrophages to SIPERNAT® 50 and SIPERNAT®

160 in the absence or in the presence of FCS (dashed lines). Lactate dehydrogenase activity (LDH),
glucuronidase activity (GLU), H2O2 concentration and tumour necrosis factor alpha (TNFα) were
measured in the supernatant from NR8383 cells exposed to SIPERNAT® 50 (a) or SIPERNAT® 160 (b).
Effects of zymosan and lipopolysaccharide (LPS) on the formation of H2O2 and TNFα, respectively,
are indicated by vertical lines.

31



Nanomaterials 2021, 11, 628

Table 3. Apparent reduction of the bioactivity of SAS nanoparticles upon addition of FCS.

Low Observed Adverse Effect Concentration (LOAEC)
Shift (μg/mL) (2)

Material LDH (1) GLU (1) TNFα (1) LDH GLU H2O2 TNFα

AEROSIL® 380F −92.6% −81.2% −87.4% 11.25−→90 11.25−→90 90−→≥90 45−→≥90
AEROSIL® OX50 −68.9% −65.9% −81.2% 45−→90 45−→90 90−→≥90 45−→≥90
SIPERNAT® 50 −72.3% −64.1% −81.9% 22.5−→90 45−→90 45−→≥90 45−→≥90

SIPERNAT® 160 −79.6% −71.6% −79.6% 11.25−→45 22.5−→90 90−→≥90 45−→≥90
(1) Measured at 90 μg/mL by linear interpolation; (2) LOAEC with and without FCS as derived from Table S3. LDH: Lactate dehydrogenase,
GLU: glucuronidase, TNFα: tumor necrosis factor α.

3.4. Evaluation of Data Using the Cell-Associated SiO2 Mass as a Dose Metric

Finally, we plotted the release of LDH, GLU and TNFα (Table S1) against the cell-
associated particle mass. Except for AEROSIL® 380 F, which partly adhered to the cell
surface in the absence of FCS (Figure 3), the cell-associated particle mass in fact reflects
fully internalized particles. Because a meaningful determination of SiO2 uptake relative
to administered SAS concentration had to rely on non-compromised cells (i.e., at low
cytotoxicity), we background corrected the “% total” values from Table 3 and extrapolated
them to the maximum theoretical cell burden at a given concentration step (i.e., 7.5, 15, 30
and 60 pg/cell; see Supplementary Information for calculation).

These uptake-corrected abscissa values were then plotted against the released enzyme
activities the absence and presence of FCS (Figure 8). The FCS-mediated reduction in
particle uptake is reflected by a shortening of the curves and the lowered slopes seen for the
releases of LDH, GLU and TNFα indicate the FCS-mediated reduction of biological activity.
The slope reductions (LDH, GLU and TNFα curves) appeared largely uniform for each
singly SAS but differed in the order SIPERNAT® 50 > SIPERNAT® 160 = AEROSIL® 380
F. AEROSIL® OX50 was not evaluable due to a strong shortening of the respective curve.
Resulting EC50 values were calculated for the FCS-free administration of SAS (Table S4)
and will be discussed below. Overall, the curves shown in Figure 8 reveal that the reduced
bioactivity of SAS in the presence of FCS is material dependent and due, at least in parts,
to cellular processes secondary to particle uptake.
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Figure 8. In vitro response of NR8383 alveolar macrophages to the cell-associated masses of SIPERNAT® 160, SIPERNAT® 50,
AEROSIL® OX50 and AEROSIL® 380 F in the absence and presence of FCS. Values (from Table S1) for lactate dehydrogenase
activity (LDH), glucuronidase activity (GLU), H2O2 concentration, and tumour necrosis factor alpha (TNFα) from were
plotted against the cell-associated masses of SAS which were measured for a low SAS concentration and then extrapolated
to higher values.

4. Discussion

In this investigation, we analysed the effect of FCS on the apparent bioactivity of
fumed and precipitated SAS using an established alveolar macrophage model. For the first
time, the uptake of SAS by alveolar macrophages was quantified with a high resolution
ICP-MS technique. This enabled us to attribute the effect of FCS to both an influence on
particle adhesion and subsequent uptake by cells, and an influence on the bioactivity of the
cell-associated, i.e., ingested SAS material.

The reduction of particle uptake in the presence of FCS was largest for both AEROSIL®s
(69.5 to 83.5%): TEM analyses strongly suggest that the lower content of the AEROSIL®s
in cells in the presence of FCS was mainly due to less particles captured within large
phagosomes, whereas lysosomes or autophagosomes contained similar loads of particles
under both conditions and, therefore, appear to be of minor relevance for the mitigating
effect of FCS on the SAS effects. This appears to be different from the changing numbers of
autophagosomes and lysosomes observed in alveolar macrophages treated with crystalline
silica [40]. The failure to form larger particle-filled phagosomes may by explained, at least
in part, by an absence of binding of AEROSIL® 380 F to the cell surface in the presence of
FCS. The lack of large particle-filled and afterwards disrupted phagosomes may have also
prevented AEROSIL® 380 F particles from entering into the cytoplasm under protein-free
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conditions, a mode of particle uptake strongly suggested by the patchy distribution pattern
of SiO2 nanoparticles (Figure 3a). The reduced uptake of AEROSIL® 380 F in the presence
of FCS is seemingly in contrast to the strongly increased aggregate/agglomerate size (up
to several hundred micrometers, see Table S1) and to the large number of precipitates
visible with phase contrast optics (Figure 1a,b). We assume, however, that these particu-
lates mainly consist of precipitated proteins which were cleared from the culture bottom
most likely via ingestion by the NR8383 cells. Evidence for this assumption comes from
numerous large vacuoles filled with low-contrast material possibly representing protein
but only few silica particles (Figure 4a). Overall, the presence of FCS led to an enlargement
of the AEROSIL® 380 F particles’ HD, a reduced uptake into phagosomes, followed by an
altered subcellular localization and reduced the biological activity.

The influence of FCS on the uptake of both precipitated SAS was not uniform. While
FCS reduced the uptake of SIPERNAT® 160, most likely again by reducing the formation
of particle-filled phagosomes, it had nearly no influence on the uptake of SIPERNAT® 50.
The lack of ultrastructural changes seen for SIPERNAT® 50 upon FCS treatment was in
line with the quantitative ICP-MS measurement. Therefore, the pronounced reduction
of biologic activity seen for SIPERNAT® 50 was more directly attributable to a change
of biological particle properties. Of note, SIPERNAT® 50 exhibited the smallest primary
structures, the largest specific surface area, and also the highest number of reactive silanol
groups as reflected by SEAR’s number (see Table 1). Reactive silanol groups of SAS are
believed to contribute to the bioactivity of crystalline silica [41,42]. A protein corona,
which will inevitably form around SAS in the presence of FCS [26,27], may keep biological
structures at a distance from reactive structures at the SAS surface and this protective effect,
as illustrated by the reduced slopes of LDH, GLU and TNFα release (Figure 8), may be
larger for highly reactive SAS.

Interestingly, the reduction of biological activity by FCS found for ingested AEROSIL®

OX50 appeared to be solely due to the reduction in particle uptake (Figure 8). Unlike
all other SAS nanomaterials, the slope of the shortened curve reflecting the effect of the
ingested AEROSIL® OX50 was not reduced, suggesting that FCS had a minor effect on
the biologic activity of ingested AEROSIL® OX50. Although a protein corona formation
around this material is highly likely, its effect may be relatively small, possibly because
AEROSIL® OX50 had the smallest specific surface and the smallest SEAR’s number. Of
note, the addition of protein to nanoparticles does not change or attenuate their biologic
activity in general, as shown, e.g., for CeO2 [43], TiO2 or Fe2O3 [24]. Therefore, the specific
surface reactivity of a given material needs to be taken into account if the effect of protein
coating has to be predicted.

It may also be speculated that the primary particle size and/or the specific surface
(BET value) correlates to the protective effect of FCS, because the highest reduction in
bioactivity (80–90%) was found for AEROSIL® 380 F (see Table 3). However, despite large
differences in size and/or BET surface, the mitigating effects of FCS on all other SAS
were highly similar (70–80%), arguing against a simple correlation of primary particles
size and FCS-mediated reduction of bioactivity. On the other hand, there may be a size
and/or surface-dependent influence of FCS on the uptake of SAS, which was more reduced
for AEROSIL® 380 F and also for the SIPERNAT® 160 both of which exhibit the largest
specific surface of the fumed and precipitated SAS, respectively (see Table 2: Ratio FCS-
free/10% FCS). However, this effect may be indirectly caused via an influence of FCS on
particle settling.

In a previous test of the four SAS with the macrophage model, we found that the
EC50 values for the release of LDH span a comparatively narrow range (from 13.2 μg/mL
(AEROSIL® 380 F) to 31.7 μg/mL (SIPERNAT® 50). As shown here, this range becomes
larger when the EC50 values are expressed as pg per cell (2.03 pg/cell (AEROSIL® 380 F)
to 28 pg/cell (AEROSIL® OX50); see compilation in Table S4). The disparity of the EC50
values based on the cellular dose is likely to be more relevant because it is measured directly
and is not deduced from particle agglomeration and settling. However, the knowledge of
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cell-associated particle burden helps not only to compare different experimental conditions.
It is also urgently needed to better compare in vitro and in vivo data with the aim to refine
in vitro tests by using adequate cellular doses. At present, in vivo experiments have mostly
been evaluated for organ burden of nanoparticles. Values at the single cell level are rare,
although some progress has been made, e.g., for silver laden phagocytes in lymph nodes,
whose silver content has been estimated to reach up to 140 pg per cell [44].

The question of which type of protein coating in vitro adequately mimics the situation
of particles in the lung is still unresolved. While it is beyond dispute that nanoparticles
in body fluids such as blood or extracellular fluid carry a protein corona [13,43,45], pro-
tein corona formation in the lung parenchyma is more complex. At least in theory, a
respirable (SAS) particle will first contact and adsorb biomolecules of the lung surfactant
(phospholipids, various surfactant proteins) before it enters into the lung lining fluid with
its multitude of different proteins [46–48]. During inhalation exposure, the dose rate is
typically low and the binding of surfactant and protein components to inhaled particles
may be complete and more or less well-structured. In contrast, the administration of a
particle-containing fluid into the lung, i.e., a high dose rate, may locally disturb the lung’s
surfactant layer and lead to unconventionally coated or even uncoated particles. In the
case of colloidal SAS, this leads to a more intense inflammatory reaction of the rat lung
during the first days after particle administration compared to inhalation exposure [36]. It
is also noteworthy that in the case of an acute lung inflammation upon SAS, the protein
concentration of the lung lining fluid will rise [33], which may limit the bioactivity of SAS
as observed in vitro.

Based on these considerations and on the findings of this study, the way of in vitro
testing being most predictive for the in vivo outcome remains a matter of discussion.
Depending on the starting conditions, alveolar macrophages in vivo may engulf uncoated
as well as protein-coated particles. However, we suggest that the well-established alveolar
macrophage assay with NR8383 cells, which was originally developed and validated
as a protein-free approach [32] and, as such, has been successfully incorporated into a
tiered grouping strategy for nanomaterials [49], may be expanded for effects of proteins
on the in vitro bioactivity of nanomaterials. As shown here for SAS, protein-free and
protein-supplemented exposure of cells may differ substantially and the effects of both
treatments should be understood as corner points possibly spanning the full range of
responses of alveolar macrophages in situ. In any case, the additional inclusion of protein-
containing assays needs to be supported by a quantification of nanomaterials’ uptake to
avoid unwarranted conclusions. To this end, the method introduced here is applied as a
reliable tool to quantify SAS nanomaterials at the cell culture level.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/3/628/s1, Figure S1. Electron microscopy of NR8383 cells laden with SIPERNAT® 50 in the
absence of FCS for 16 h. Figure S2. Electron microscopy of NR8383 cells laden with SIPERNAT®

50 in the presence of FCS for 16 h. Figure S3. Electron microscopy of NR8383 cells laden with
SIPERNAT® 160 in the absence of FCS for 16 h. Figure S4. Electron microscopy of NR8383 cells laden
with SIPERNAT® 160 in the presence of FCS for 16 h. Table S1. Hydrodynamic diameter of SAS in
H2O and cell culture media. Table S2. Trypan Blue Exclusion Test and cell numbers of SAS-treated
cells used for mass spectrometric. Table S3. Numerical values from in vitro tests with the Alveolar
Macrophage Model. Table S4. EC50 values for cell-associated SAS causing the release of LDH, GLU
and TNFα. Table S5. EC50 values calculated for extrapolated intracellular SAS concentrations.
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Abstract: Previously, we noted that carboxylated multi-walled carbon nanotubes (cMWNTs) coated
with Pluronic® F-108 (PF108) bound to and were accumulated by macrophages, but that pristine multi-
walled carbon nanotubes (pMWNTs) coated with PF108 were not (Wang et al., Nanotoxicology 2018,
12, 677). Subsequent studies with Chinese hamster ovary (CHO) cells that overexpressed scavenger
receptor A1 (SR-A1) and with macrophages derived from mice knocked out for SR-A1 provided
evidence that SR-A1 was a receptor of PF108-cMWNTs (Wang et al., Nanomaterials (Basel) 2020, 10,
2417). Herein, we replaced the PF108 coat with bovine serum albumin (BSA) to investigate how a
BSA corona affected the interaction of multi-walled carbon nanotubes (MWNTs) with cells. Both
BSA-coated cMWNTs and pMWNTs bound to and were accumulated by RAW 264.7 macrophages,
although the cells bound two times more BSA-coated cMWNT than pMWNTs. RAW 264.7 cells
that were deleted for SR-A1 using CRISPR-Cas9 technology had markedly reduced binding and
accumulation of both BSA-coated cMWNTs and pMWNTs, suggesting that SR-A1 was responsible for
the uptake of both MWNT types. Moreover, CHO cells that ectopically expressed SR-A1 accumulated
both MWNT types, whereas wild-type CHO cells did not. One model to explain these results is that
SR-A1 can interact with two structural features of BSA-coated cMWNTs, one inherent to the oxidized
nanotubes (such as COOH and other oxidized groups) and the other provided by the BSA corona;
whereas SR-A1 only interacts with the BSA corona of BSA-pMWNTs.

Keywords: carbon nanotube; macrophages; scavenger receptor; phagocytosis; protein corona; bovine
serum albumin

1. Introduction

The interaction of engineered nanoparticles (ENPs) with cells is influenced by a
corona of macromolecules that deposit on the ENP surface from the surrounding biological
fluid. What macromolecules (often proteins) adhere to the ENP depends on the proper-
ties of the macromolecules and on the ENP surface structure, charge, hydrophobicity, and
geometry [1–4]. Corona components may provide dominant features controlling the interac-
tion of ENPs with specific cell surface binding sites, often followed by ENP internalization
and a subsequent response by the cells. Understanding what corona components are
present on an ENP and how they interface with cells is thus important to provide rational
approaches for promoting positive responses, such as targeted drug delivery, or mitigating
negative responses, such as toxicity. However, understanding ENP coronas is challenging
because the potential corona components in complex biological environments are diverse
and the properties of ENP surfaces vary widely. Single-walled carbon nanotubes (SWNTs)
and multi-walled carbon nanotubes (MWNTs) are ENPs whose production is increasing
due to a wide variety of commercial applications [5–8]. Nevertheless, there is ample evi-
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dence that carbon nanotubes can be toxic to organisms and the environment, but how their
coronas contribute to toxicity is not well understood [9–11].

We previously noted that carboxylated MWNTs (cMWNTs) coated with Pluronic®

F-108 (PF108) preferentially bind to and are accumulated by cells, whereas PF108-coated
pristine MWNTs (pMWNTs) do not bind and are poorly accumulated [12]. This suggested
that surface receptors on macrophages selectively bind cMWNTs but not pMWNTs. Class A
scavenger receptors (SR-As) are membrane glycoproteins that bind polyanionic compounds
and modified proteins [13–15], and several observations in the literature implicate SR-
As as potential carbon nanotube receptors. For example, there is evidence that SWNTs
coated with bovine serum albumin (BSA) are targeted to SR-As [16]. There are also
numerous reports where antagonists of class A-type 1 scavenger receptors (SR-A1s) affect
cell responses to MWNTs: The accumulation of cMWNTs by RAW 264.7 macrophages
correlated with the extent of carboxylation and was inhibited by the SR-A1 antagonist
dextran sulfate [17]; the rate of apoptosis induced by MWNTs could be reduced by treating
the cells with poly I, another SR-A antagonist [18]; and the accumulation of FITC-BSA-
coated MWNTs by THP-1 macrophages was inhibited by the SR-A antagonist fucoidan [19].
In addition, Hirano et al. found that MWNTs suspended in the surfactant Pluronic® F-68
bind to MARCO (SR-A6) receptors on Chinese hamster ovary (CHO) cells overexpressing
MARCO [20]. We also observed that dextran sulfate reduced the binding of PF108-coated
cMWNTs by macrophages [12].

Recently, we reported that alveolar macrophages derived from SR-A1 knockout mice
did not bind or accumulate PF108-cMWNTs whereas they were accumulated by CHO cells
that ectopically expressed SR-A1 [21]—strong evidence that SR-A1 is a receptor for PF108-
coated cMWNTs. An interesting feature of PF108-coated cMWNTs is that they bind strongly
to cells in the absence of serum or any exogenous protein, suggesting that a protein corona
is not required for cMWNT binding to SR-A1 [12]. Thus, some inherent structural feature of
oxidized MWNTs, perhaps carboxyl groups, carbonyl groups, or hydroxyl groups, appear
sufficient for interaction with SR-A1.

Herein, we replaced the PF108 coat with BSA and studied the interaction of cMWNTs
and pMWNTs bearing a BSA corona with CHO cells that ectopically express SR-A1 and
with RAW 264.7 cells that were deleted for SR-A1 using CRISPR-Cas9 technology. CHO
cells expressing SR-A1, but not wild-type (WT) CHO cells, accumulated both BSA-coated
cMWNTs and pMWNTs, but the amount of cMWNTs accumulated was 2–3 times more than
pMWNTs. WT RAW 264.7 cells also accumulated approximately 2 times more BSA-coated
cMWNTs than pMWNTs. Moreover, in binding studies with RAW 264.7 cells at 4 ◦C in
the absence of serum, more BSA-cMWNTs than BSA-pMWNTs were bound. These data
suggest that there are more binding sites on the RAW 264.7 cell surface for BSA-cMWNTs
than BSA-pMWNTs. To assess what effect the absence of SR-A1 would have, the binding
and accumulation of BSA-coated cMWNTs and pMWNTs to SR-A1 knockout RAW 264.7
cells at 4 ◦C in medium without serum and at 37 ◦C was measured. The amount of bound
or accumulated BSA-MWNTs in the knockout SR-A1 cells was significantly decreased
for both BSA-pMWNTs and BSA-cMWNTs compared to the WT RAW 264.7 cells. These
observations suggest that pMWNTs coated with a BSA protein corona gain the capacity to
bind SR-A1. Overall, BSA-cMWNTs have enhanced binding to SR-A1 above that observed
with BSA-pMWNTs, emphasizing the differences between how BSA-coated cMWNTs and
pMWNTs interact with receptors. Models to account for the differences are presented.

2. Materials and Methods

2.1. Nanomaterials

The pMWNT (product 1236-YJS, lot 2015-041709) and cMWNT (product 1256-YJF, lot
2015-070510) powders were purchased from Nanostructured & Amorphous Materials, Inc.
(Houston, TX). pMWNTs and cMWNTs were synthesized using a Fe/Co/Ni-catalyzed
chemical vapor deposition process. Caution should be taken, and a fine particulate respira-
tor and other appropriate personal protective equipment should be worn when handling
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dry MWNT powders. Both MWNT products were reported by the manufacturer to be
>95% in purity and to contain MWNTs with outer diameters of 10–20 nm, inner diameters
of 5–10 nm, and lengths of 0.5–2 μm. The cMWNT powder was oxidized using sulfuric acid
and potassium permanganate and comprised 1.9–2.1% by weight carboxylic acid groups.
Elemental analyses of MWNTs were performed using a previously described combustion
analysis technique [22]. The combined carbon, hydrogen, nitrogen, sulfur, and oxygen
elemental analyses of the pMWNTs and cMWNTs were 99.52% and 98.18%, respectively,
indicative of MWNT powders that are essentially metal-free. An extensive physical and
chemical characterization of the pMWNTs and cMWNTs powders appears elsewhere [23].
The major similarities of the pMWNTs and cMWNTs were their outer diameters (18 ± 3 nm
and 19 ± 5 nm, respectively) and inner diameters (5.6 ± 1.3 and 5.7 ± 1.7 nm, respectively),
as determined using transmission electron microscopy. The key difference was the presence
of a carbonyl vibrational stretching mode associated with carboxyl groups in the infrared
spectra of cMWNTs that was not observed in the pMWNT spectra.

2.2. Chemicals and Solutions

Dulbecco’s modified Eagle medium (DMEM) and Ham’s F-12K complete medium
were purchased from Gibco (Grand Island, NY, USA), fetal bovine serum (FBS) from Atlanta
Biologicals (Flowery Branch, GA, USA), Geneticin® selective antibiotic G418 sulfate from
Calbiochem (San Diego, CA, USA), and AccumaxTM from Innovative Cell Technologies
(San Diego, CA, USA). SR-AI/MSR Alexa Fluor® 488-conjugated antibody and rat IgG2B
Alexa Fluor® 488-conjugated Isotype Control were purchased from R&D Systems
(Minneapolis, MN, USA). Bovine serum albumin (BSA), dextran sulfate (product # D6001),
chondroitin sulfate (product # C9819), penicillin (10,000 U/mL), streptomycin (10 mg/mL),
and all other chemicals were purchased from Millipore Sigma (Burlington, MA, USA).
All chemicals were used as received. Deionized water (18.3 MΩ·cm) was obtained using
a Milli-Q® Integral water purification system (Billerica, MA, USA). Phosphate buffered
saline (PBS; 0.8 mM phosphate, 150 mM NaCl, pH 7.4) was sterilized by autoclaving at
121 ◦C for 45 min. Stock solutions of 100 mg/mL BSA were prepared by dissolving 10 g
of BSA in 100 mL of deionized water and adjusting the pH to 7.4. Working solutions of
0.10 mg/mL BSA were prepared by diluting stock BSA solutions with aqueous 10 mM
HEPES (pH 7.4) and filtering the solutions through a 0.22-μm pore membrane; stock and
working solutions of BSA were stored at 4 ◦C in the dark.

2.3. Cell lines and Cell Culture

Abelson murine leukemia virus transformed RAW 264.7 macrophages were purchased
from the American Type Culture Collection (ATCC® TIB-71™; Manassas, VA, USA). A
scavenger receptor A1 (SR-A1) knockout RAW 264.7 cell pool was purchased from Synthego
Corporation (Silicon Valley, CA, USA). The cell pool was generated using CRISPR-Cas9
technologies with the guide RNA sequence CAGCAUCCUCUCGUUCAUGA. Synthego
validated, via genome sequencing, that 70% of the SR-A1 knockout pool of RAW 264.7 cells
had insertion(s) or deletion(s) between base pairs 41 and 42 of the SR-A1 gene. Because the
site of alteration is at the beginning of the gene, expression of SR-A1.1, which is a splice
variant of SR-A1, would also be affected. A dilution scheme was used to clone cells that did
not express SR-A1 receptors on their surface. Serial dilutions of the SR-A1 knockout RAW
264.7 cell pool were plated in 96-well plates and incubated for 7 days. Cells that had arisen
from a single colony were grown for several passages before selecting clones that lacked
surface SR-A1 expression using immunofluorescence microscopy and flow cytometry. All
RAW 264.7 cells and SR-A1 knockout RAW 264.7 cells were grown in DMEM supplemented
with 1.5 mg/mL sodium bicarbonate, 10 mM HEPES (pH 7.4), and 10% (v/v) FBS.

Chinese hamster ovary (CHO) cells stably transfected with mouse SR-A1 cDNA
(CHO[mSR-AI] cells) were generously provided by Professor Monty Krieger (Massachusetts
Institute of Technology) [24]. The control WT CHO cell line for CHO[mSR-AI] cells were
CHO-K1 cells (ATCC® CCL-61™). All CHO cells were grown in Ham’s F-12K medium
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supplemented with 2.0 mg/mL sodium bicarbonate, 10 mM HEPES (pH 7.4), 10% (v/v) FBS,
100 units/mL penicillin, and 100 μg/mL streptomycin; the mSR-AI cells were additionally
maintained under 0.25 mg/mL G418. The standard incubation conditions for all cell lines
were 37 ◦C in a 5% CO2 and 95% air environment.

2.4. Preparation of BSA-MWNT Suspensions

The sonication and centrifugation protocol described in our previous works [12,25]
was used with slight modifications to prepare purified BSA-coated MWNT suspensions, as
summarized in Scheme 1. MWNTs were coated with BSA to match the albumin in the FBS
used in growth media. A total of 10.0 mg of pMWNT or cMWNT powder was weighed
into a pre-cleaned 20-mL glass vial and baked at 200 ◦C for 2 h to inactivate potential
endotoxin contaminants [26]. Next, 10 mL of a 0.10 mg/mL BSA working solution was
added to the vial and the mixture was sonicated. Specifically, a single vial was secured in
a hanging rack and sonicated for 240 min using an ultrasonic bath sonicator (Elmasonic
P30H; Elma Ultrasonic, Singen, Germany) that was operated at 120 W and 37 kHz in a 4 ◦C
cold room. During sonication, the temperature of the bath water was maintained below
18 ◦C by using a refrigerated water bath circulator (Isotemp 1006S). After sonication, the
solution was divided by transferring 1-mL aliquots into ten 1.5-mL centrifuge tubes. One
of the 1-mL aliquots of each non-centrifuged BSA-pMWNT or BSA-cMWNT suspension
was set aside as the standard suspension, and each standard solution was serially diluted
with a 0.10 mg/mL-BSA working solution. The absorbance at 500 nm of the dilutions
determined using a BioTek SynergyMx plate reader (Winooski, VT, USA) was used to
construct pMWNT or cMWNT calibration curves. The remaining nine aliquots were
centrifuged at 20,000 RCF for 5 min at 4 ◦C using an Eppendorf 5417R centrifuge to remove
MWNT bundles and other impurities, as demonstrated in our previous work [27]. The top
900 μL from each supernatant was collected without disturbing the pellet and combined in
a sterile vial to afford ~9 mL of a purified BSA-pMWNT or BSA-cMWNT suspension. The
concentration of MWNTs in each purified suspension was determined using the measured
absorbance at 500 nm and the calibration curves described above. Purified BSA-MWNT
suspensions were stored at 4 ◦C in the dark.

Scheme 1. Preparation of purified BSA-coated MWNT suspensions by sonication and centrifugation.
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2.5. Characterization of MWNT Suspensions

The particle size distributions, in terms of hydrodynamic diameter, of BSA-MWNT
suspensions were determined by dynamic light scattering (DLS). In brief, aliquots of
purified pMWNT or cMWNT suspensions were diluted 1:10 in a 0.10 mg/mL BSA working
solution and analyzed using a 633-nm laser and a backscatter measurement angle of
173◦ (Zetasizer Nano-ZS 3600, Malvern Instruments, Worcestershire, UK). The instrument
was calibrated with Polybead® standards (Polysciences, Warrington, PA, USA) and ten
consecutive 30-s runs were taken per measurement at 25 ◦C. The hydrodynamic diameter
was calculated using a viscosity and refractive index of 0.8872 cP and 1.330, respectively,
for deionized water, and an absorption and refractive index of 0.010 and 1.891, respectively,
for MWNTs. Zeta potential values were also determined for purified BSA-coated MWNT
suspensions that were diluted 1:10 with deionized water, medium with serum, or serum-
free medium. In addition, DLS and zeta potential analyses were performed periodically
on purified MWNT suspensions stored at 4 ◦C to detect any changes. Typically, MWNT
suspensions were stable in storage for months, indicated by the lack of aggregates detected
by DLS and constant zeta potential results.

2.6. Crystal Violet Cell Proliferation Assay

For the assays with RAW 264.7 cells, purified BSA-MWNT suspensions were first
diluted with a freshly prepared 0.10 mg/mL-BSA working solution to a concentration
twice the desired MWNT concentration to be tested. The diluted MWNT suspensions were
then mixed 1:1 in equal volumes with 2X-concentrated medium that contained 3.0 mg/mL
sodium bicarbonate, 20 mM HEPES (pH 7.4), 20% (v/v) FBS, 200 units/mL penicillin,
and 0.2 mg/mL streptomycin. The result is a test medium with the same concentration of
10 mM HEPES and 10% FBS as the control medium. A total of ~3.5 × 104 RAW
264.7 cells/well were seeded in 48-well plates and incubated at 37 ◦C overnight before the
medium was replaced with freshly prepared control medium or test medium containing
MWNTs and incubated for 24 h. At the end of the incubation, cells were washed 3 times
with fresh medium, 2 times with PBS, air-dried, and fixed with 4% (w/v) paraformaldehyde
in PBS. Cell proliferation was determined using a standardized crystal violet assay, as
described in our previous work where it was demonstrated that MWNTs do not interfere
with the assay [28].

2.7. Quantitation of MWNTs Extracted from Cell Lysates by SDS-PAGE

The SDS-PAGE method with optical detection [29], previously validated by a large-
area Raman scan technique [12], was used for quantifying MWNTs extracted from RAW
264.7 cells or CHO cells. In brief, aliquots of known amounts of pMWNT or cMWNT
standard suspensions, lysates of control cells, and lysates of cells treated with MWNTs
were mixed with 5% 2-mercaptoethanol, 10% glycerol, 62.5 mM Tris-HCl, pH 6.2, and 2X-
concentrated SDS sample loading buffer to a final concentration of 2% SDS, and boiled for
3 min. Samples at various dilutions and volumes were subsequently loaded into the wells
of an SDS-polyacrylamide gel composed of a 4% stacking gel on top of a 10% resolving gel.
An electric current was applied at a constant 100 V for 2 h. MWNTs in standard suspensions
and in the lysates bind SDS in the sample loading buffer to become negatively charged and
migrate toward the anode upon electrophoresis. The large aspect ratio of MWNTs prevents
them from sieving through the pores of a 4% polyacrylamide gel mesh; thus, the MWNTs
accumulate at the bottom of the sample loading well during electrophoresis and form
a sharp dark band. Following electrophoresis, optical images of the gels were obtained
using a flatbed scanner (HP Scanjet G3110, Hewlett Packard Enterprise, Fort Collin, CO,
USA), and the pixel intensity of each dark band was quantified using ImageJ software
(NIH ImageJ system, Bethesda, MD, USA). The known amount of MWNTs in the standards
and their corresponding pixel intensities form a linear calibration curve that was used to
determine the unknown amount of MWNTs in cell lysates, based on the pixel intensities of
lysate bands loaded in the same gel as the standards.

43



Nanomaterials 2021, 11, 539

2.8. Accumulation of MWNTs by Cells at 37 ◦C

The following procedure was used to detect the accumulation of pMWNTs and
cMWNTs by RAW 264.7 or CHO cells at 37 ◦C for 24 h. MWNT suspensions were first
diluted in a freshly prepared 0.10 mg/mL BSA working solution to twice the desired
final MWNT concentrations specified in the experiment. The diluted MWNT suspension
samples were then mixed 1:1 with the appropriate 2X-concentrated medium. A total of
~3.5 × 105 cells/well were seeded in 6-well plates and incubated in medium at 37 ◦C
overnight to allow the cells to adhere to the plates. The medium was removed the next day
and 2 mL of the appropriate freshly prepared control medium that contained no MWNTs
or test medium that contained an MWNT suspension at a specified concentration was
added to each well. Cells were incubated in a control or test medium at 37 ◦C for 24 h, as
described in each experiment. At the end of the incubation, the control and test media were
removed by aspiration and the cells were washed 3 times with fresh medium followed by
2 washes with PBS. Cells were then lifted off the well using 0.5 mL AccumaxTM, transferred
to a centrifuge tube, and the well was rinsed with 1.5 mL PBS that was subsequently
added to the tube to make a final cell suspension of 2 mL/well/tube. Three aliquots of
cell suspension, 100 μL each, were used to determine cell counts in each sample using
a Beckman Coulter particle counter (Miami, FL, USA) and the cells in the remaining
1.7-mL cell suspension were collected by centrifugation at 1000× g for 5 min at 4 ◦C. The
cells in the pellet were lysed in 200 μL of cell lysis buffer that contained 0.25 M Tris-HCl
(pH 6.8), 8% (w/v) SDS, and 20% (v/v) 2-mercaptoethanol. To ensure complete lysis of the
cells, the lysate samples were heated in a boiling water bath for 2 h and then stored at 4 ◦C.
The amounts of MWNTs in the cell lysate samples were determined using the SDS-PAGE
method, as described previously herein.

2.9. Surface Binding of MWNTs to Cells at 4 ◦C

To detect and compare the association of pMWNTs and cMWNTs to the surface
of RAW 264.7 cells in the absence of endocytic or phagocytic activity, ~5.0 × 105 RAW
264.7 cells/well were first seeded in 6-well plates and incubated in the appropriate medium
at 37 ◦C overnight. Then, the cells were incubated in the appropriate serum-free medium
for 2 h at 37 ◦C to deplete the serum in the cells. In order to incubate cells at a low
temperature outside of the 37 ◦C incubator, the medium was replaced with the respective
serum-free medium that additionally did not contain sodium bicarbonate. The 6-well
plates were then placed on a shallow ice-water bath and incubated in a 4 ◦C cold room for
30 min. The appropriate 2X-concentrated, serum- and sodium bicarbonate-free medium
was pre-chilled to 4 ◦C before mixing 1:1 with a MWNT suspension, such that the final test
medium contained MWNTs at the desired concentration specified in the experiment. After
chilling down to 4 ◦C, the cells were incubated for 1 h at 4 ◦C with the appropriate pre-
chilled serum- and sodium bicarbonate-free medium that did not contain MWNTs (control),
or test serum- and sodium bicarbonate-free medium that contained a MWNT suspension
at the specified final MWNT concentration. Because phagocytosis and endocytosis are
blocked at low temperature, MWNTs in the test medium were free to interact with cell
surface components without subsequently entering the vacuolar compartment of the cells.
After incubation, the cells were washed, harvested, and the subsequent procedures for cell
counting and lysate preparation were followed, as described in the previous sections. The
amounts of cell-surface bound MWNTs in the cell lysate samples were determined using
the SDS-PAGE method, as described previously herein.

2.10. Dissociation of Bound BSA-cMWNTs and BSA-pMWNTs from RAW 264.7 Cells at 4 ◦C

MWNTs suspended in a 0.10 mg/mL BSA working solution were mixed with an equal
volume of 2X-concentrated, serum- and sodium bicarbonate-free medium to give a final
MWNT concentration of 100 μg/mL. Equivalent number of RAW 264.7 cells were seeded
in 6-well plates and incubated at 37 ◦C under standard cell culture conditions for 24 h prior
to the experiment. Next, the cells were pre-incubated with serum-free medium (in the

44



Nanomaterials 2021, 11, 539

absence of MWNTs) for 2 h at 37 ◦C to deplete the serum in the cells. The cells were then
pre-chilled to 4 ◦C and incubated at 4 ◦C for 1 h in serum- and sodium bicarbonate-free
medium that contained either BSA-pMWNTs or BSA-cMWNTs. Finally, the cells were
then incubated with serum- and sodium bicarbonate-free medium for an additional 20,
40, 60, 90, or 120 min, and then washed 3 times with serum- and sodium bicarbonate-free
medium, then 2 times with PBS. After incubation, surface-bound MWNTs were extracted
and quantified by the SDS-PAGE method, as described previously herein.

2.11. Additive Binding Test for BSA-cMWNTs and BSA-pMWNTs to RAW 264.7 Cells

To determine whether BSA-cMWNTs and BSA-pMWNTs use independent surface
binding sites, ~5.0 × 105 RAW 264.7 cells/well were first seeded in 6-well plates and
incubated in medium at 37 ◦C overnight. Cells were then incubated in a serum-free
medium for 2 h at 37 ◦C to deplete the serum in the cells. Next, this medium was replaced
with a serum-free medium that did not contain sodium bicarbonate. The 6-well plates
were placed on a shallow ice-water bath and incubated in a 4 ◦C cold room for 30 min.
A 2X-concentrated, serum- and sodium bicarbonate-free medium was pre-chilled to 4 ◦C
before mixing 1:1 with a MWNT suspension such that the final test serum- and sodium
bicarbonate-free medium contained 100 μg/mL MWNTs. After chilling to 4 ◦C, the cells
were incubated with either BSA-cMWNTs or BSA-pMWNTs separately at 4 ◦C for 90 min
or simultaneously with both ligands at 4 ◦C for 90 min. In a slightly different experimental
design, the ligands were added sequentially, first BSA-cMWNTs for 45 min at 4 ◦C followed
by washing the cells and the addition of BSA-pMWNTs, for 45 min at 4 ◦C for a total
incubation time of 90 minutes. The order of the ligand addition was then reversed with
another set of cells. The amounts of cell-surface bound MWNTs in the cell lysate samples
were determined using the SDS-PAGE method, as described previously herein.

2.12. Surface Binding of MWNTs to RAW 264.7 Cells in the Presence of Dextran Sulfate, an
SR-A1 Antagonist

To determine the effects of dextran sulfate on the association of pMWNTs and cMWNTs
to the surfaces of RAW 264.7 cells, ~5.0 × 105 RAW 264.7 cells/well were seeded in 6-well
plates and incubated in medium at 37 ◦C overnight. Then, RAW 264.7 cells were incubated
in serum-free medium for 2 h at 37 ◦C to deplete the serum in the cells. To incubate cells
at low temperature outside of the 37 ◦C incubator, the serum-free medium was replaced
with serum-free medium that did not contain sodium bicarbonate. The 6-well plates were
then placed on a shallow ice-water bath and incubated in a 4 ◦C cold room for 30 min. A
2X-concentrated, serum- and sodium bicarbonate-free medium was pre-chilled to 4 ◦C
before mixing 1:1 with a MWNT suspension followed by the addition of dextran sulfate (or
chondroitin sulfate, a control that is not an SR-A1 antagonist) at various concentrations
such that the final test serum- and sodium bicarbonate-free medium contained 100 μg/mL
MWNTs. After chilling down to 4 ◦C, the cells were incubated for 1 h at 4 ◦C with test
serum- and sodium bicarbonate-free medium that contained 100 μg/mL MWNTs, washed
3 times with serum- and sodium bicarbonate-free medium, and then washed 2 times with
PBS. In all cases, the amounts of cell-surface bound MWNTs in the cell lysate samples were
determined using the SDS-PAGE method, as described previously herein.

2.13. Immunofluorescence Microscopy of WT and SR-A1 Knockout RAW 264.7 Cells

A total of ~2 × 104 RAW 264.7 cells were seeded on coverslips in 4-well plates and
incubated in medium at 37 ◦C for 48 h to allow the cells to adhere to the plates. RAW
264.7 cells were incubated in serum-free medium for 1 h at 37 ◦C to deplete the serum in
the cells. The cells were washed three times with media and 2 times with PBS. Then the
cells were fixed with 4% paraformaldehyde at room temperature for 20 min followed by
washing with PBS. The cells were incubated in blocking buffer containing 4% fish gelatin in
PBS at room temperature for 1 hour to block non-specific protein-protein interactions. The
cells were incubated with mouse SR-AI/MSR Alexa Fluor® 488-conjugated antibody or a
rat IgG2B Alexa Fluor® 488-conjugated monoclonal antibody as the isotype control at room
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temperature for 1 h in the dark; control cells were not treated with any antibody. After
rinsing, cell nuclei were stained with Hoechst 33342 dye for 10 min at room temperature.
Then the cells were washed two times with PBS to remove excess dye. The coverslips
were mounted on the glass slide using Fluoromount-G™. Images were taken with a Nikon
Eclipse TE-2000 fluorescence microscope using a 60× oil-immersion objective with a NA of
1.4; the images for Hoechst 33342 (Ex. 350 nm; Em. 435–485 nm) and Alexa Fluor®488 (Ex.
488 nm; Em. 520–550 nm) were overlaid using ImageJ software.

2.14. Flow Cytometry for Surface Receptor(s) on WT and SR-A1 Knockout RAW 264.7 Cells

A total of ~2 × 106 RAW 264.7 cells were seeded in 10-mm plates and incubated in
medium at 37 ◦C for 48 h to allow the cells to adhere to the plates. The cells were rinsed
and harvested with warm FACS staining buffer (1% BSA in PBS) in 15 mL centrifuge
tube followed by centrifugation (1000× g) for 5 min. The cells were suspended in 1 mL
of FACS staining buffer, then three 100 μL-aliquots of the cell suspension were used to
determine cell counts in each aliquot using a Beckman Coulter particle counter. A total
of ~1 × 106 cells in 100 μL FACS staining buffer were aliquoted into 2 mL tubes. The
cells were incubated in blocking buffer containing 5 μg IgG for 15 min at 4 ◦C to block
non-specific protein interactions. The cells were stained with 5 μg mouse SR-AI/MSR
Alexa Fluor® 488-conjugated antibody (R&D Systems cat. No. FAB1797G) or a rat IgG2B
Alexa Fluor® 488-conjugated monoclonal antibody (R&D Systems cat. No. IC013G) as
the isotype control for 30 min at 4 ◦C in the dark. Unbound antibody was removed by
washing and re-suspending the cells in 1.5 mL FACS staining buffer thrice. The cells were
re-suspended in 500 μL of FACS staining buffer for the final flow cytometric analysis.
Flow cytometry analysis and data processing were performed using BD Accuri™ C6
Plus flow cytometer and CSampler™ Plus software (Becton and Dickinson Company,
Franklin Lakes, NJ, USA) to determine the mean fluorescent index of each sample using a
518–548 nm emission filter.

3. Results

3.1. Characterization of BSA-MWNT Suspensions

The sonication and centrifugation protocol used to prepare purified BSA-coated MWNT
suspensions is shown in Scheme 1. The initial baking step is to inactivate lipopolysaccharide
derived from bacteria, should any be present. DLS and zeta potential analyses were used
as part of a quality control routine for the preparation of all MWNT suspensions, as
previously described [25,27]. Table 1 shows few differences in the particle size distributions
of BSA-pMWNT and BSA-cMWNT suspensions, and that the zeta potentials for the BSA-
cMWNTs in deionized water were slightly more negative than those for the BSA-pMWNTs.
Zeta potentials were also determined for BSA-pMWNTs and BSA-cMWNTs in cell culture
medium with and without 10% serum. In both matrices, the values were less negative
for both MWNT samples in medium than in water as expected due to the increase in salt
and/or serum proteins; the BSA-cMWNTs still had a slightly more negative zeta potential
than the BSA-pMWNTs as expected due to the presence of ionized carboxyl groups on
the cMWNTs.

3.2. BSA-pMWNTs and BSA-cMWNTs Are Not Significantly Toxic to RAW 264.7 Cells

The cell proliferation of RAW 264.7 cells incubated with BSA-pMWNTs or cMWNTs
was measured after 24-h exposure to different concentrations of MWNTs up to 200 μg/mL
using a previously standardized crystal violet assay [28]. The control in each case was
cells exposed to BSA alone. Figure 1 shows no significant decline in cell proliferation for
RAW 264.7 cells with either BSA-pMWNTs or cMWNTs at the highest concentrations tested
(200 μg/mL); however, exposures longer than 24 h could reveal toxicity. Except where
noted, a MWNT concentration of 100 μg/mL was chosen for the majority of experiments
involving a constant MWNT concentration.
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Table 1. Dynamic light scattering (DLS) particle size and zeta potential analyses of BSA-MWNT
suspensions.

MWNT
Suspension

DLS 1 Zeta Potential 2

(mV)

HDD (nm) PDI Water
Medium

+ FBS
Medium
− FBS

BSA-pMWNTs 83.23 0.20 −31.2 −5.7 −5.6
BSA-cMWNTs 84.18 0.19 −32.5 −6.6 −6.1

1 Aliquots of purified pristine multi-walled carbon nanotubes (pMWNT) or carboxylated multi-walled carbon
nanotubes (cMWNT) suspensions were diluted 1:10 in 0.10 mg/mL BSA working solutions. HDD is the hydrody-
namic diameter, and PDI is the polydispersity index. 2 Aliquots of purified pMWNT or cMWNT suspensions
were diluted 1:10 in deionized water, medium with fetal bovine serum (FBS), or FBS-free medium.

Figure 1. Cell proliferation of RAW 264.7 cells cultured with BSA-MWNTs. MWNTs suspended
in a 0.10 mg/mL BSA working solution were mixed with an equal volume of 2X-concentrated
medium to produce MWNT concentrations shown on the x-axes of the graphs. An equivalent
number of cells were seeded in 48-well plates and incubated at 37 ◦C under standard cell culture
conditions for 24 h prior to the experiment. Cell proliferation after incubation with control and test
media for 24 h at 37 ◦C was determined by the crystal violet assay as described in the Methods,
where the proliferation of control cells exposed to BSA in the absence of MWNTs was set to 100%.
(Top) RAW 264.7 macrophage cell proliferation post 24-h incubation with various concentrations
of BSA-pMWNTs. (Bottom) RAW 264.7 macrophage cell proliferation post 24-h incubation with
various concentrations of BSA-cMWNTs. Both data sets are the mean of quadruple samples in three
independent experiments ± the standard deviation (SD).
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3.3. Evidence for BSA-MWNT Receptors on RAW 264.7 Cells

The accumulation of MWNTs by RAW 264.7 cells at 37 ◦C as a function of the ap-
plied BSA-MWNT concentrations between 0 and 200 μg/mL at 37 ◦C for 24 h was deter-
mined for BSA-pMWNTs and cMWNTs (Figure 2 top). For both, the uptake was linear to
~100 μg/mL and then began to decline as the concentration approached 200 μg/mL, con-
sistent with a saturable receptor-mediated uptake process. To determine whether the
receptors could be saturated when bound MWNTs were not internalized and in the absence
of serum that otherwise could complicate the interpretation of the results, MWNT binding
to cells was performed at 4 ◦C in medium without serum. RAW 264.7 cells were incubated
with different concentrations of BSA-MWNTs (0–200 μg/mL) at 4 ◦C for 1 h in serum-
and sodium bicarbonate-free medium. As shown in Figure 2 bottom, these experiments
directly demonstrated that the binding of both MWNT types to the cell surface was a
saturable function of the applied MWNT concentration, supporting the idea that there
are receptors that bind BSA-coated MWNTs. Note also that more BSA-cMWNTs were
bound than BSA-pMWNTs, suggesting that there are differences in the receptor interactions
between the two MWNT types.

Figure 2. Accumulation at 37 ◦C and surface binding at 4 ◦C of BSA-MWNTs by RAW 264.7 cells
as a function of the applied BSA-MWNT concentration. MWNTs suspended in a 0.10 mg/mL BSA
working solution were mixed with an equal volume of 2X-concentrated medium to produce MWNT
concentrations shown in the x-axes of the graphs. Exposure to a 0.10 mg/mL BSA working solution
alone (in the absence of MWNTs) was the control. (Top) RAW 264.7 cells in 6-well plates were
incubated at 37 ◦C for 24 h in complete medium with serum that contained either BSA alone, BSA-
pMWNTs (blue line), or BSA-cMWNTs (red line). After incubation, MWNTs were extracted from
cells and quantified by the SDS-PAGE method. (Bottom) Cells in 6-well plates were pre-incubated
with serum-free medium (in the absence of BSA-MWNTs) for 2 h at 37 ◦C to deplete the serum in
the cells. The cells were then pre-chilled to 4 ◦C and incubated at 4 ◦C for 1 h in serum- and sodium
bicarbonate-free medium that contained either a 0.10 mg/mL BSA working solution without MWNTs,
with BSA-pMWNTs (blue line), or with BSA-cMWNTs (red line). After incubation, surface-bound
MWNTs were extracted and quantified by the SDS–PAGE method. For both data sets the numbers
above the data points are the mean femtograms of MWNTs/cell; each data point is the mean of
≥3 independent experiments ± SD.
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To further characterize the ligand/receptor properties of bound BSA-coated MWNTs,
the dissociation of bound BSA-cMWNTs and BSA-pMWNTs from cells was measured in the
absence of serum at 4 ◦C. Briefly, RAW 264.7 cells were incubated with BSA-coated MWNTs
to allow binding at 4 ◦C, washed, and further incubated in medium without serum to allow
dissociation, followed by quantitating the amount of cell-bound MWNTs as a function
of dissociation time. BSA-pMWNTs dissociated very slowly from cells, with more than
80% of the material still bound after 120 min (Figure 3, inset). This slow dissociation is not
surprising considering that BSA is likely a major determinant of receptor interaction, and
there are multiple copies of BSA on each nanotube that may simultaneously interact with
multiple receptors, decreasing the probability of dissociation. BSA-cMWNTs’ dissociation
was biphasic, with about 50% of the bound material dissociating within the first hour,
followed by a slowly dissociating component, suggesting that BSA-cMWNTs may contain
two binding sites for cells that have different dissociation rates from the two receptor
sites. Further, the slowly dissociating component seen with BSA-cMWNTs might share
features with the slowly dissociating material observed with BSA-pMWNTs. Regardless of
mechanistic details, these data emphasize that the receptor interaction characteristics of
BSA-cMWNTs and BSA-pMWNTs are not identical.

Figure 3. Dissociation of bound BSA-cMWNTs and BSA-pMWNTs from RAW 264.7 cells at 4 ◦C.
A total of 100 μg/mL of BSA-cMWNTs or BSA-pMWNTs in serum- and sodium bicarbonate-free
medium were incubated with RAW 264.7 cells at 4 ◦C for 1 h to achieve binding, then washed and
incubated in serum- and sodium bicarbonate-free medium for the indicated times, as described in
Methods. Surface-bound MWNTs were extracted and quantified by the SDS-PAGE method. The
numbers above the bars are the mean femtograms of MWNTs/cell. Inset: The data are plotted as the
percentage of the initial surface-bound MWNTs at t = 0 min. Data are the mean of ≥3 independent
experiments ± SD.
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One explanation for the apparent differences between BSA-cMWNTs and BSA-pMWNTs
in the number of cell surface binding sites and the differing dissociation kinetics is that
there are two independent receptors on these cells—one for BSA-coated cMWNTs and
another for BSA-coated pMWNTs. If so, then their binding should be additive at satura-
tion; that is, if BSA-cMWNTs and BSA-pMWNTs are both added simultaneously, the total
cell-associated MWNTs should be the sum of the amount for each when added alone. As
shown in Figure 4, when cells were incubated with both BSA-cMWNTs and BSA-pMWNTs,
the amount bound by cells was greater than for BSA-pMWNTs alone, but did not exceed
that of BSA-cMWNTs alone, which is not fully additive. In a slightly different experimental
design to test additive binding, the cells were exposed to the ligands sequentially—an
experimental design that avoids the possible interaction of cMWNTs and pMWNTs when
they are together in medium during binding. Cells were first exposed for 45 min to BSA-
cMWNTs alone, followed by washing and exposure for 45 min to BSA-pMWNTs. The order
of the two sequential ligand additions was then reversed, with results seen in the last two
bars of Figure 4. When BSA-cMWNTs were added first, followed by BSA-pMWNTs, there
was no additional binding compared to BSA-cMWNTs alone, suggesting that there were
no further open sites for BSA-pMWNTs. When BSA-pMWNTs were added first, followed
by BSA-cMWNTs, there was additional binding compared to pMWNTs alone, but binding
did not exceed that of BSA-cMWNTs alone. Altogether, these data do not fit a simple
model of additive binding with two independent receptors each interacting autonomously
with the two ligands. Rather, they suggest a semi-additive situation where BSA-cMWNTs
can occupy all the sites that BSA-pMWNTs may interact with, but that there are sites for
BSA-cMWNTs to which BSA-pMWNTs do not bind.

Figure 4. Test for additive binding of BSA-cMWNTs and BSA-pMWNTs to cells. Equivalent numbers of RAW 264.7 cells
were seeded in 6-well plates and incubated at 37 ◦C under standard cell culture conditions for 24 h prior to the experiment
in preparation for the additive binding studies as described in Methods. Cells were exposed to serum- and sodium
bicarbonate-free media containing either 100 μg/mL BSA-pMWNTs or BSA-cMWNTs (labelled pM and cM in the graph)
followed by incubation at 4 ◦C for 90 min to establish the amount of each bound when separate. Additive binding was
tested by exposing the cells simultaneously to both BSA-cMWNTs and BSA-pMWNTs for 90 min. In a slightly different
experimental design, the cells incubated with either BSA-cMWNTs or BSA-pMWNTs at 4 ◦C for 45 min, washed, and
incubated with BSA-pMWNTs or BSA-cMWNTs, respectively, at 4 ◦C for 45 min for a total incubation time of 90 minutes.
Surface-bound MWNTs were extracted and quantified using the SDS-PAGE method. The numbers above the bars are the
mean femtograms of MWNTs/cell, and each data point is the mean of ≥3 independent experiments ± SD.
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3.4. An SR-A Antagonist Reduces Binding of BSA-MWNTs to RAW 264.7 Cells

SR-As are involved in the binding of anionic ligands and certain modified proteins,
such as oxidized LDL and maleylated albumin [30–33]. Moreover, the interaction of BSA
with several nanoparticles causes conformation changes in BSA that expose cryptic SR-
A1 binding sites [34–36]. In addition, there is indirect evidence that SRs bind carbon
nanotubes [20]. Work from our lab also provided evidence that PF108-cMWNTs, but not
PF108-pMWNTs, interact with SR-A1 [12,21]. Thus, SR-A1 is a potential receptor for BSA-
MWNTs. This was initially explored by determining whether dextran sulfate, a known
antagonist of SR-As, interferes with the binding of BSA-coated MWNTs. Chondroitin
sulfate, an anionic polysaccharide that is not a SR-A1 inhibitor, was used as the control.
RAW 264.7 cells were exposed to 100 μg/mL of BSA-MWNTs in serum- and sodium
bicarbonate-free medium at 4 ◦C in the presence or absence of dextran sulfate or chondroitin
sulfate, as indicated in Figure 5. The amount of BSA-cMWNTs bound to the cells declined
as a function of dextran sulfate concentration and leveled off to about 50% compared to
cells not exposed to the antagonist, whereas the amount of BSA-pMWNTs bound appeared
to monotonically decline to a final level of ~25% of the control at the highest dextran
sulfate concentration. These data again emphasize the differences in the receptor binding
properties of the two BSA-MWNT types and further suggest that binding of both MWNTs
types to receptors are sensitive to an SR-A1 antagonist; however, interpreting the data is not
straightforward because the inhibition was partial, especially for BSA-cMWNTs. Therefore,
studies were performed with cells that over- or under-express SR-A1 to clarify whether
SR-A1 might interact with BSA-cMWNTs or BSA-pMWNTs, or both.

3.5. Evidence That SR-A1 Mediates the Uptake of Both BSA-cMWNTs and BSA-pMWNTs in
CHO Cells Overexpressing SR-A1

CHO cells stably transfected with mouse SR-A1 cDNA (CHO[mSR-AI] cells) [24]
were studied to determine whether the expression of SR-A1 in a cell line that does not
normally express the receptor results in the accumulation of BSA-coated MWNTs by the
cells. CHO[mSR-AI] cells overexpressing SR-A1 were incubated at 37 ◦C for 24 h with
100 μg/mL of BSA-pMWNTs or cMWNT dispersions. Similarly treated wild-type CHO-K1
cells were the control. The results showed that the SR-A1 overexpressing CHO-K1 cells
accumulated BSA-pMWNTs and BSA-cMWNTs two and three times more, respectively,
compared to the control cells (Figure 6). This evidence supports the idea that SR-A1 is a
receptor for both BSA-cMWNTs and BSA-pMWNTs, and also recapitulates the observation
in Figure 2 that BSA-cMWNTs were accumulated to a greater extent than BSA-pMWNTs.

3.6. SR-A1 Knockout RAW 264.7 Cells Bind and Accumulate Far Less BSA-MWNTs Than
WT Cells

Another approach to understanding the role that SR-A1 has in the uptake and binding
of BSA-MWNTs is to knock out the SR-A1 gene using CRISPR-Cas9 technology. A RAW
264.7 cell knockout pool was obtained that contained a high proportion of cells with a
mutation in the SR-A1 gene at a site near the beginning of the DNA sequence. This ensured
that both SR-A1 as well as SR-A1.1 protein expression would be affected. A dilution
cloning strategy was used to obtain 10 cell clones that did not express SR-A1 receptors on
their surface as validated by immunofluorescence microscopy and flow cytometry. Both
techniques showed that WT RAW 264.7 cells had high expression of SR-A1 receptors,
whereas two knockout clones selected for study (termed C4 and B11) had negligible surface
receptors (Figure 7).
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Figure 5. Effect of dextran sulfate on BSA-MWNT binding to RAW 264.7 cells at 4 ◦C. MWNTs sus-
pended in a 0.10 mg/mL BSA working solution were mixed with an equal volume of 2X-concentrated,
serum- and sodium bicarbonate-free medium to give a MWNT concentration of 100 μg/mL followed
by the addition of chondroitin sulfate (CS) or the SR-A1 antagonist dextran sulfate (DS) at various
concentrations as described in the Methods. The serum- and sodium bicarbonate-free medium
control contained the same 100 μg/mL BSA-MWNTs, but without CS or DS. After initial plating and
attachment to the substrate, cells were pre-incubated with serum-free medium (in the absence of
MWNTs) for 2 h at 37 ◦C to deplete the serum in the cells. The cells were then pre-chilled to 4 ◦C and
incubated at 4 ◦C for 1 h in serum- and sodium bicarbonate-free test medium that contained either a
0.10 mg/mL BSA working solution without MWNTs, with BSA-pMWNTs ± DS or CS (blue bars and
line), or with BSA-cMWNTs ± DS or CS (red bars and line). Surface-bound MWNTs were extracted
and quantified using the SDS-PAGE method. The numbers above the bars are the mean femtograms
of MWNTs/cell. Data are the mean of ≥3 independent experiments ± SD.

Figure 6. Accumulation of BSA-MWNTs by wild-type Chinese hamster ovary (WT CHO)-K1 control
cells and Chinese hamster ovary (CHO) cells that overexpress SR-A1 receptors (CHO[mSR-AI] cells)
at 37 ◦C. Equivalent numbers of each cell line were seeded in 6-well plates and incubated at 37 ◦C
under standard cell culture conditions for 24 h prior to the experiment. The cells were then incubated
at 37 ◦C for 24 h in medium that contained BSA-pMWNTs (blue bars) or BSA-cMWNTs (red bars)
each at 100 μg/mL. After incubation, MWNTs were extracted from the cells and quantified by the
SDS-PAGE method. The numbers above the data points are the mean femtograms of MWNTs/cell,
and each data point is the mean of ≥3 experiments ± SD.
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Figure 7. Immunofluorescence microscopy and flow cytometric analysis of WT and SR-A1 knockout
RAW 264.7 cells. Immunofluorescence images of (A) control WT RAW 264.7 cells without mouse
anti-SR-AI/MSR Alexa Fluor® 488-conjugated antibody, (B) WT RAW 264.7 cells incubated with
mouse anti SR-AI/MSR Alexa Fluor® 488-conjugated antibody, and (C,D) two different clones (C4
and B11) of SR-A1 knockout RAW 264.7 cells incubated with anti-mouse SR-AI/MSR Alexa Fluor®

488-conjugated antibody. Hoechst 33342 staining is shown in blue and Alexa Fluor® 488 staining is
shown in green. All images are normalized to the same intensity scale, and the scale bars represent
20 μm. (E) Flow cytometry analyses where the black line represents WT RAW 264.7 cells incubated
with the rat IgG2B Alexa Fluor® 488-conjugated monoclonal antibody as the isotype control, the
red line represents WT RAW 264.7 cells incubated with mouse anti-SR-AI/MSR Alexa Fluor® 488-
conjugated antibody, and the green and purple lines represent two different clones (C4 and B11,
respectively) of SR-A1 knockout RAW 264.7 cells incubated with mouse anti-SR-AI/MSR Alexa
Fluor® 488-conjugated antibody. The x-axis denotes fluorescence detected in the 518–548 nm spectral
region, and the y-axis denotes the number of events for each analysis.
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To assess the recognition of BSA-pMWNTs and BSA-cMWNTs by SR-A1 receptors,
the accumulation of 100 μg/mL BSA-coated pMWNTs or cMWNTs was measured using
knockout clones C4 and B11 with the corresponding WT RAW 264.7 cells for comparison.
The cells were incubated at 37 ◦C for 24 h with 100 μg/mL BSA-MWNTs and the accu-
mulated MWNTs were measured using SDS-PAGE. As shown in Figure 8, the amount of
accumulated MWNTs in the knockout SR-A1 cell lines was significantly decreased for both
BSA-pMWNTs and BSA-cMWNTs compared to the WT RAW 264.7 cells.

Figure 8. Accumulation of BSA-MWNTs by WT and SR-A1 knockout RAW 264.7 cells at 37 ◦C.
MWNTs suspended in a 0.10 mg/mL BSA working solution were mixed with an equal volume of
2X-concentrated medium to produce MWNT concentrations of 100 μg/mL. Equivalent numbers
of WT and SR-A1 knockout RAW 264.7 cells were seeded in 6-well plates and incubated at 37 ◦C
under standard cell culture conditions for 24 h prior to the experiment. The cells were then incubated
at 37 ◦C for 24 h in medium that contained BSA-pMWNTs (blue bars) or BSA-cMWNTs (red bars).
After incubation, MWNTs were extracted from cells and quantified by the SDS-PAGE method. The
numbers above the data points are the mean femtograms of MWNTs/cell. Data are the mean of
≥3 experiments ± SD.

The binding of 100 μg/mL BSA-coated cMWNTs and pMWNTs by RAW 264.7 cells
was also studied using the same knockout SR-A1 clones (C4 and B11) and corresponding
WT RAW 264.7 cells at 4 ◦C in the absence of serum, conditions under which MWNT
binding by macrophages can be directly measured where the influence of protein coronas
and cell uptake are controlled. The results indicated that there is a significant decrease
in binding of BSA-pMWNTs and BSA-cMWNTs by SR-A1 knockout RAW 264.7 cells
compared to WT RAW 264.7 cells (Figure 9). Interestingly, 20% of the surface-bound BSA-
cMWNTs were still present on the SR-A1 knockout cells, suggesting that a low binding
capacity for BSA-cMWNTs still remained. Taken together, the observation that CHO cells
expressing SR-A1 do bind BSA-MWNTs and the finding that RAW 264.7 cells lacking SR-A1
have greatly reduced binding, suggest that SR-A1 has a dominant role in the binding and
accumulation of both BSA-MWNTs types.
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Figure 9. Surface binding of BSA-MWNTs by WT and SR-A1 knockout RAW 264.7 cells at 4 ◦C.
MWNTs suspended in a 0.10 mg/mL BSA working solution were mixed with an equal volume of
2X-concentrated serum- and sodium bicarbonate-free medium to produce MWNT concentrations of
100 μg/mL. Equivalent numbers of WT and SR-A1 knockout RAW 264.7 cells were seeded in 6-well
plates and incubated at 37 ◦C under standard cell culture conditions for 24 h prior to the experiment.
Next, the cells were pre-incubated with serum-free medium (in the absence of BSA-MWNTs) for 2 h
at 37 ◦C to deplete the serum in the cells. The cells were then pre-chilled to 4 ◦C and incubated at
4 ◦C for 1 h in serum- and sodium bicarbonate-free medium that contained either BSA-pMWNTs
(blue bars) or BSA-cMWNTs (red bars). After incubation, surface-bound MWNTs were extracted and
quantified by the SDS-PAGE method. Numbers above the data points are the mean femtograms of
MWNTs/cell. Data are the mean of ≥3 independent experiments ± SD.

4. Discussion

WT RAW 264.7 cells accumulated both BSA-cMWNTs and BSA-pMWNTs as a function
of concentration after a 24 h exposure at 37 ◦C, although BSA-coated cMWNTs were
accumulated to almost twice the amount of pMWNTs at each concentration tested. Uptake
for both was near linear up to 100 μg/mL, after which the rate of accumulation was
reduced. The break in the uptake curve at 100 μg/mL suggests a saturable receptor could
be involved in the uptake process; however, accumulation depends not only on uptake, but
also on potential loss of the MWNTs from cells by either recycling or degradation, or a loss
of surface receptors that are internalized from the cell surface but not replaced. To focus on
the initial interaction of MWNTs with cells, binding experiments were performed at 4 ◦C
where internalization is inhibited. Moreover, serum proteins other than BSA that might
confound the interpretation of the results were absent from the binding medium. Under
these conditions, the binding of BSA-coated cMWNTs or pMWNTs to RAW 264.7 cells was
near linear up to 100 μg/mL and then began to plateau, suggesting a saturable receptor-
mediated binding event. There were two notable observations in comparing the binding of
BSA-coated MWNTs to that we previously described for PF108-coated MWNTs. First, BSA-
pMWNTs bound to cells, whereas previous studies showed that PF108-coated pMWNTs
did not [12,21]. This indicates that the BSA corona confers the ability of pMWNTs to bind
cells. Second, the cells bound more BSA-cMWNTs than BSA-pMWNTs, evidence that
there remains a difference in binding capacity between the two MWNT types. Differences
between BSA-cMWNTs and BSA-pMWNTs were also seen in their kinetics of dissociation
from cells: BSA-pMWNTs dissociated very slowly, whereas BSA-cMWNTs had a faster
dissociating component followed by a slowly dissociating component.
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One model to explain the difference in the binding of BSA-cMWNTs and BSA-
pMWNTs to cells is that there are two independent receptors—one for each type of MWNT.
If there are two receptors interacting independently with two ligands, then exposing cells
simultaneously to both ligands should result in an amount bound that is the sum of both
when added separately. However, this was not observed. The amount bound after si-
multaneous exposure to both BSA-cMWNTs and BSA-pMWNTs never exceed the amount
bound to cells when BSA-cMWNTs were added alone, which is not a simple additive
result. To further explore this issue, sequential binding experiments were undertaken. The
level of cell-associated MWNTs when BSA-cMWNTs were added first, followed by BSA-
pMWNTs, was equal to the amount of MWNTs bound when BSA-cMWNTs were added
alone, which is not additive. However, when the order was reversed and BSA-pMWNTs
were added first followed by BSA-cMWNTs, there was more binding than observed when
BSA-pMWNTs were added alone, and the amount was again equal to the increased binding
seen with BSA-cMWNTs alone, an additive result. Altogether, the results of the binding
experiments suggest a semi-additive model: BSA-cMWNTs can occupy all the binding sites
available to BSA-pMWNTs, plus additional sites not available to BSA-pMWNTs. Thus,
when BSA-cMWNTs are added first, no binding of BSA-pMWNTs occurs because the sites
are occupied by BSA-cMWNTs. However, when BSA-pMWNTs are added first, there
remain sites available for BSA-cMWNTs to which BSA-pMWNTs cannot bind.

The semi-additive data are compatible with a two-receptor model and also with a
model where a single receptor has two binding sites. In the two-receptor model, one
receptor would bind both cMWNTs and pMWNTs, and the other receptor would bind only
cMWNTs. To help address the question of whether one or two receptors were involved in
binding cMWNTs and pMWNTs, the accumulation and binding of BSA-coated MWNTs was
studied with RAW 264.7 cells in which the SR-A1 gene had been knocked out. Two clones
isolated from the knockout pool, which were shown to lack immunologically detectable
SR-A1 on their surfaces, failed to accumulate either BSA-coated cMWNTs or pMWNTs
at 37 °C. In binding studies at 4 °C, the binding of BSA-pMWNTs was negligible and
the binding of BSA-cMWNTs was reduced by 80%. It is not clear what is responsible for
the 20% of BSA-cMWNT binding in the knockout cells, but perhaps one or more minor
receptors for BSA-cMWNTs are present at low levels, and their contributions are seen in
SR-A1 knockout cells. Nevertheless, it appears that knocking out SR-A1 severely affects
the accumulation and binding of both BSA-cMWNTs and BSA-pMWNTs.

The simplest explanation for the knockout results is that SR-A1 is a receptor for both
BSA-cMWNTs and BSA-pMWNTs. However, an alternative explanation is that knocking
out SR-A1 suppresses the expression of one or more other cell surface proteins that could
be major receptors for BSA-coated MWNTs. Two lines of evidence argue against this
possibility. One is that dextran sulfate, a known antagonist of ligand binding to SR-A1,
at least partially inhibited the binding of both BSA-coated pMWNTs and cMWNTs to
cells, supporting the idea that SR-A1 is a receptor for these ligands. Second, CHO-K1 cells
that ectopically express SR-A1 accumulated significantly more BSA-coated cMWNTs and
pMWNTs than normal CHO-K1 cells. It seems unlikely that a covert receptor is activated
in CHO cells, a cell type very different than RAW 264.7 macrophages, upon expression
of SR-A1. Altogether, the simplest interpretation of the evidence argues that SR-A1 binds
both BSA-cMWNTs and BSA-pMWNTs.

Understanding what features of BSA-coated MWNTs interact with SR-A1 is an in-
teresting challenge. Previous work established that PF108-coated cMWNTs bound to
and were accumulated by macrophages that expressed SR-A1 in the absence of serum or
serum proteins [12], whereas alveolar macrophages derived from mice knocked out for
SR-A1 failed to accumulate the MWNTs [21]. PF108-coated pMWNTs were not bound or
accumulated by either SR-A1 positive or negative macrophages [12,21]. Thus, no protein
corona was necessary for SR-A1 to interact with cMWNTs. This suggested that one or
more oxidized functionalities intrinsic to cMWNTs (carboxyl, hydroxyl, phenolic, etc.)
are structural features potentially recognized by SR-A1. SR-A1 access to cMWNT surface
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features might occur at nanotube ends where the high curvature may not support coat
binding and where oxidized functionalities are often located due to ring strain [37–40]. In
addition, the residence time of BSA on MWNTs appears to be short and not all the surface
is covered with protein at one time [41]. Thus, it is likely that SR-A1 would have access to
oxidized groups intrinsic to the MWNT surface of BSA-coated cMWNTs.

It is understood now that while native BSA does not interact with SR-A1, conforma-
tional changes in BSA upon binding several types of nanoparticles uncover latent sites
that do bind SR-A1 [34–36]. Moreover, BSA undergoes significant conformation changes
upon binding to cMWNTs [42]. This leads to Binding Hypothesis 1 in Figure 10A, where
BSA-coated cMWNTs present two sites that can interact with SR-A1—one for oxidized
groups inherent to the nanotube and another for the coat of conformationally altered BSA
protein. This model may explain why more BSA-cMWNTs bind cells than BSA-pMWNTs,
and also is consistent with the semi-additive binding data: all binding sites are occupied
by BSA-cMWNTs, whereas only the BSA binding sites are occupied by BSA-pMWNTs.
The model is also consistent with the differences in dissociation of the two MWNT types
from cells assuming BSA-cMWNTs and BSA-pMWNTs bound to SR-A1 at BSA binding
sites dissociate slowly and that BSA-cMWNTs bound to oxidized functionalities dissociates
more rapidly.

Figure 10. Models for the binding of cMWNTs to SR-A1. (A) Model where one site on SR-A1 interacts with altered binding
sites on a BSA conformer and another site interacts with oxidized functionalities on cMWNTs. (B) Model where one site on
SR-A1 interacts with altered binding sites on BSA Conformer 1 and another site interacts with altered binding sites on BSA
Conformer 2.

An alternative model is one in which all the oxidized binding sites on cMWNTs are
unavailable because they are covered by BSA, and that binding of BSA to cMWNTs exposes
additional latent SR-A1 binding sites that are not exposed when BSA binds to pMWNTs;
hence, cells bind more BSA-cMWNTs than BSA-pMWNTs. A model of this type shown in
Figure 10B cannot be ruled out with the available data.

SR-A1 is a homotrimer and each monomer comprises an N-terminal cytoplasmic tail,
a transmembrane domain, a spacer region, an α-helical coiled coil domain, a collagenous
domain, and a C-terminal scavenger receptor cysteine rich (SRCR) domain [15,30,43].
Depending on the ligand, either the collagenous domain, the SRCR, or both, may be
involved in ligand binding of various scavenger receptors, but the details are not well
understood and appear to depend on the structural context within each receptor type. For
example, there is evidence from mutational studies with SR-A1 that positively charged
residues in the collagenous domain are important for binding oxidized LDL [31,44]. Further,
SR-A1.1, an alternatively spliced variant of SR-A1 lacking the SRCR domain, still binds
oxidized LDL, suggesting that the collagenous domain is the major binding site for this
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ligand, although this does not rule out that the SRCR domain of SR-A1 may also interact
with oxidized LDL or other protein ligands. Indeed, recent work suggests that the SR-A1
SRCR domain binds spectrin [45] and ferritin [46]. The SRCR domain is involved in the
ligand binding by MARCO, a member of the class A scavenger receptors that shares the
highly conserved SRCR domain with SR-A1 [47–49]. The functional unit of many scavenger
receptor family members is a trimer, including SR-A1, and the potential for three ligand
binding sites per trimer is believed to enhance binding avidity to larger ligands, such as
intact bacteria, and which would presumably include large ENPs such as MWNTs [33].
This feature is not explicitly shown in the models of Figure 10, but could be accommodated.
Nevertheless, given the intricacies of how different domains in scavenger receptors interact
with ligands, it is difficult to parse which SR-A1 domains interact with what features of
BSA-coated MWNTs.

Additional complexities in scavenger receptor interaction with ligands arise from
evidence that scavenger receptors, including SR-A1, may form complexes with other
pattern recognition receptors, termed co-receptors, that also interact with the same ligand.
The resulting complexes can then recruit components to form “Signalosomes” that contain
two or more receptors bound to the same ligand plus associated signaling components
that may activate cell signaling pathways [32,33,50]. For example, there is evidence from
computational work [51] and from molecular docking studies that SWNTs may bind toll-
like receptor 4 (TLR4) [52]. It would be interesting to know whether the ~20% of cMWNT
binding to RAW 264.7 cells lacking SR-A1 seen in Figure 9 is due to TLR4. Thus, the simple
models in Figure 10 may not capture the range of possibilities for how MWNTs interact
with SR-A1 and other cell components via co-receptors. Nevertheless, SR-A1 is a key player
evidenced by the major loss of binding in SR-A1 knockout cells and the gain of binding in
CHO cells that ectopically express SR-A1.

5. Conclusions

From previous work, PF108-coated pMWNTs fail to bind to macrophages but BSA-
coated pMWNTs do bind, suggesting that a BSA corona confers the ability of pMWNTs
to bind to cells. Therefore, in this article we studied the interaction of BSA-MWNTs with
macrophages using a direct binding assay under highly controlled conditions where the
influence of nanotube functionalization and protein coronas could be controlled. The
results demonstrated that the binding of both BSA-cMWNTs and BSA-pMWNTs to the cell
surface was a dose-dependent and saturable function of the applied MWNT concentration.
Both MWNT types bound and were accumulated by RAW 264.7 cells; however, the cells
bound and accumulated two times more BSA-cMWNTs than BSA-pMWNTs, suggesting
that there are more binding sites on the cell surface for BSA-cMWNTs than BSA-pMWNTs.
The binding of BSA-coated cMWNTs and pMWNTs to RAW 264.7 cells was semi-additive,
suggesting that a single receptor with two distinct binding sites could explain the data.
SR-A1 knockout RAW 264.7 cells had significantly reduced binding and accumulation
of both BSA-pMWNTs and cMWNTs and CHO cells that ectopically expressed SR-A1
accumulated both MWNT types, whereas WT CHO cells did not, suggesting that SR-A1
is the key receptor for both MWNT types. Models consistent with the data are proposed
where SR-A1 has two binding sites that interact with BSA-coated MWNTs differently
depending on the presence of a BSA corona and on the presence or absence of oxidized
groups on the MWNTs. The approaches and observations in this study may contribute
to the rational design of nanotoxicity remediation efforts and biomedical applications of
engineered carbon nanoparticles.
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Abstract: Understanding the modes of interaction between human monocytes/macrophages and
engineered nanoparticles is the basis for assessing particle safety, in terms of activation of in-
nate/inflammatory reactions, and their possible exploitation for medical applications. In vitro
assessment of nanoparticle-macrophage interaction allows for examining the response of primary
human cells, but the conventional 2D cultures do not reproduce the three-dimensional spacing of a
tissue and the interaction of macrophages with the extracellular tissue matrix, conditions that shape
macrophage recognition capacity and reactivity. Here, we have compared traditional 2D cultures with
cultures on a 3D collagen matrix for evaluating the capacity gold nanoparticles to induce monocyte
activation and subsequent innate memory in human blood monocytes in comparison to bacterial LPS.
Results show that monocytes react to stimuli almost in the same way in 2D and 3D cultures in terms
of production of TNFα and IL-6, but that notable differences are found when IL-8 and IL-1Ra are
examined, in particular in the recall/memory response of primed cells to a second stimulation, with
the 3D cultures showing cell activation and memory effects of nanoparticles better. In addition, the
response variations in monocytes/macrophages from different donors point towards a personalized
assessment of the nanoparticle effects on macrophage activation.

Keywords: monocytes; macrophages; gold nanoparticles; in vitro models; innate immunity; inflam-
mation; innate memory; 2D cultures; 3D cultures

1. Introduction

The interaction of engineered nanoparticles (NPs) with the immune system is a key
element both in the assessment of nanotoxicity and in the development of nanomedicines
and nanomedical devices [1,2]. Possible changes in immune functions upon interaction
with NPs may affect the defensive capability of exposed organisms, thereby increasing
their susceptibility to infections and diseases. The immune mechanisms that are principally
involved in the interaction with NPs are those of innate immunity, the ancient highly con-
served defensive system shared by all organisms, from plants to humans [3]. In humans,
innate immunity is mainly based on the surveillance action of a number of cell types,
in particular the mononuclear phagocytes (monocytes and macrophages) that populate
every tissue in the body with the task of recognizing and eliminating possible threats [4].
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Macrophages are resident in tissues and are deputed to phagocytosis and efferocytosis,
being a little reactive to stimulation (e.g., with bacteria) to avoid mounting a potentially
destructive inflammatory reaction [5,6]. On the other hand, when a potential danger is
identified, macrophages and other tissue cells produce chemotactic factors that attract
effector cells from the blood. Monocytes are among these cells, and participate in the
effector phase of inflammation/innate defence by efficiently reacting to foreign agents to
produce a number of inflammation-related factors, including both inflammatory cytokines
such as TNFα and anti-inflammatory agents able to turn off the reaction when the danger
is eliminated [6,7]. Many studies have addressed the possible inflammatory/toxic effects of
engineered NPs by examining their interaction with monocytes and macrophages. These
studies yielded variable results, and their relevance in predicting effects in human beings
is unclear. Many studies have been performed with NPs that were not tested for the
presence of endotoxin, a ubiquitous bacterial contaminant that cannot be eliminated by
sterilization and that is among the most effective activators of monocytes/macrophages [8],
a fact that may lead to misinterpretation of the NP inflammatory effect results. In vivo
studies are generally performed in the mouse, an animal that, like human beings, possesses
both innate and adaptive immunity but that presents a number of important immune-
related differences from humans [9,10]. In vitro studies are largely based on transformed
macrophage-like cell lines, which ensure repeatability of results but do not reproduce
the behaviour of normal non-tumour cells. Studies with human primary monocytes and
monocyte-derived macrophages can mimic several of the conditions of real life, although
in many cases they miss the important interaction of these cells with their tissue microenvi-
ronment. We have previously established a complex kinetic in vitro model that reproduces
the entire course of an inflammatory reaction, as it is experienced by human monocytes that
enter an inflamed tissue [11]. With this model, we have described the lack of toxicity/direct
inflammatory effect of a number of engineered NPs (Au, Ag, FexOy), used at realistic
concentrations, tested for the lack of endotoxin contamination and coated with a biocorona
of human serum, as it would happen to NPs entering a human tissue [12,13]. The fact that
NPs do not have a direct effect on monocytes/macrophages in inducing inflammation does
not exclude that they could have other much subtler effects in modulating their functions.
It is known that innate immune cells can develop memory, i.e., reprogram their responses
to challenges based on their previous exposure experience [14–17]. Innate memory aims at
making monocytes/macrophages better able to cope with subsequent challenges after an
initial exposure and is the most important immune defensive mechanism in plants and
invertebrates [18–20]. In some cases, however, innate memory can lead to a pathological
exacerbation of secondary reactions [21–23]. While our understanding of innate memory
is still largely incomplete, it is tempting to speculate that engineered NPs might be used
for a targeted reprogramming of innate immunity for preventive and therapeutic scopes,
such as in vaccination and immunotherapy [24–27]. Few recent studies show that indeed
NPs may prime human monocytes and vertebrate/invertebrate macrophages and induce
a modification of their response to a subsequent inflammatory challenge [28–32]. In this
study, we have examined the memory-inducing capacity of AuNPs on human primary
monocytes to define the most suitable conditions for a realistic evaluation. The choice of
AuNPs is based on the fact that they are considered inert and harmless and are therefore
largely used in many different clinical applications, raising our interest in examining the
possibility that they may nevertheless display immunomodulatory effects. Thus, we have
assessed the individual response of cells from six individual donors, to assess the impact of
the “immunobiography”, i.e., the previous history of exposure, on monocyte reactivity and
memory [33]. We have measured the production of four different types of inflammation-
related factors to better understand their mutual balance in the overall response; these
are two inflammatory factors (TNFα and IL-6), an alarmin (the chemokine IL-8) and an
anti-inflammatory cytokine (IL-1Ra). Lastly, we have compared the cell functions (pri-
mary activation, induction of memory, memory response) of monocytes/macrophages
cultured in conventional 2D plates with those of cells seeded in a 3D collagen matrix
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that represents the architecture of a tissue (skin in this case) and its components. The
results show that the production of inflammatory factors is not substantially different in
cells cultured in 2D vs. 3D, whereas there is a more abundant production of the alarmin
and the anti-inflammatory factor in 3D cultures. The results also show the capacity of
AuNPs to induce innate memory was evident in 3D cultures, with the effects being strongly
donor-dependent.

2. Materials and Methods

2.1. Synthesis and Characterization of AuNP
2.1.1. AuNP Synthesis and Purification

Synthesis of AuNPs was conducted using wet chemistry methods as previously
described [34]. Briefly, 1 mL of 25 mM HAuCl4 was rapidly added to 150 mL of a boiling
aqueous solution of sodium citrate 2.2 mM. The formation of AuNPs (~10 nm) occurred
in a few minutes, and was followed by growth-inducing steps, consisting of the addition
of HAuCl4 until reaching the desired NP size. Au NPs of 12 nm diameter were used in
this study. Sodium citrate tribasic dihydrate (≥99% purity), gold (III) chloride trihydrate
HAuCl4·3H2O (99.9% purity) were from Sigma-Aldrich, Inc. (St. Louis, MO, USA). All
reagents were used as received without further purification, and all glass material was
sterilized and dehydrogenated in an oven prior to use. Pyrogen-free milli-Q water was
used in the preparation of all solutions. AuNPs were purified by centrifugation to discard
byproducts and contaminants, then NPs were resuspended in a solution of 2.2 mM sodium
citrate (final pH = 6.4) and stored at 4 ◦C in the dark.

2.1.2. Nanoparticle Characterization

NP characterisation was performed as previously described [34]. Briefly, STEM (scan-
ning transmission electron microscopy) images were acquired with an FEI Magellan XHR
scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA), operated in transmission
mode at 20 kV. UV-Vis spectra of AuNPs in sodium citrate were acquired at room tempera-
ture using a Shimadzu UV-2400 spectrophotometer (SSI; Kyoto, Japan), reading a spectral
range from 300 to 750 nm. The NP hydrodynamic diameter and Z-potential were acquired
by dynamic light scattering and laser doppler velocimetry, using a Malvern Zetasizer
Nano ZS instrument (Malvern Panalytical Ltd., Malvern, UK) equipped with a light source
wavelength of 632.8 nm and a fixed scattering angle of 173◦.

2.2. LAL Assay

The endotoxin contamination of the NPs was assessed using the chromogenic Py-
rochrome LAL assay (Associates of Cape Cod, Inc.; East Falmouth, MA, USA), according to
an optimized protocol that included a number of interference controls [35]. The endotoxin
contamination in the AuNPs used in this study was 9.0 EU/mg, which excluded the possi-
bility that endotoxin could activate monocytes in the culture at the NP concentration used
(1 μg/mL, corresponding to an endotoxin contamination of 0.009 EU/mL, and 10 μg/mL,
corresponding to an endotoxin contamination of 0.09 EU/mL, with monocyte activation
detectable above 0.1 EU/mL) [36].

2.3. Human Monocyte Isolation and Culture

Blood was obtained from healthy donors, upon informed consent and in agreement
with the Declaration of Helsinki. The protocol was approved by the Regional Ethics
Committee for Clinical Experimentation of the Tuscany Region (Ethics Committee Register
n. 14,914 of 16 May 2019). Donors were between 25 and 35 years of age, healthy, non-obese,
no smokers, not taking medications. Donors 5 and 6 were female, donors 1 and 3 were of
Indo-Aryan ethnicity, and donors 2 and 4–6 were of Caucasian ethnicity. Monocytes were
isolated by CD14 positive selection with magnetic microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) from peripheral blood mononuclear cells (PBMC), obtained by Ficoll-
Paque gradient density separation (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden).
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Monocyte preparations used in the experiments were >95% viable and >95% pure (assessed
by trypan blue exclusion and cytosmears).

Monocytes were cultured in culture medium (RPMI 1640 + Glutamax-I; GIBCO by Life
Technologies, Paisley, UK) supplemented with 50 μg/mL gentamicin sulfate (GIBCO) and
5% heat-inactivated human AB serum (Sigma-Aldrich, Inc.). Cells (5 × 105) were seeded
in a final volume of 0.5 mL in control wells of 24-well flat-bottom plates (well internal
diameter 15.6 mm; Corning® Costar®; Corning Inc. Life Sciences, Oneonta, NY, USA), or in
wells that contained a round clipping of a 3D collagen matrix (diameter 15.4 mm; stabilized
collagen type I from decellularized bovine skin, pore size around 100 μm, thickness 2 mm;
clinically used for dermal regeneration; Nevelia®, Symathese Biomateriaux, Chaponost,
France), obtained with a puncheon tool. Characterisation of monocytes in 3D cultures
showed that they can undergo differentiation into macrophages (both spontaneous and
CSF-1 mediated) as expected, and express all the phenotypic and functional markers of
resting, M1 and M2 macrophages, depending on the applied stimuli (data not shown).

2.4. Cell Activation and Induction of Innate Memory

After overnight resting, monocytes were exposed for 24 h to AuNPs (1 μg/mL) or LPS
(1 ng/mL; from E. coli O55:B5; Sigma-Aldrich, Inc.) or left untreated (control). AuNPs were
pre-incubated in 50% human AB serum for 60 min at 37 ◦C, before addition to monocyte
cultures. This procedure allowed for the formation of a physiologically relevant biocorona
that prevented particle aggregation in the culture medium [37]. Ion release and reduction
of NP size were not detectable after 24 h in culture medium without monocytes, thereby
excluding particle dissolution (data not shown) [38]. After supernatant collection, cells were
washed and cultured with fresh culture medium for an additional 6 days (one medium
change) to allow the extinction of the activation induced by the previous stimulation.
After the resting phase, the supernatant was collected, and cells were challenged for an
additional 24 h with fresh medium alone or containing a ten-fold higher concentration
of LPS (10 ng/mL). All supernatants (after the first stimulation, after the resting phase
and after the challenge phase) were frozen at −20 ◦C for subsequent cytokine analysis. By
visual inspection, cell viability and cell number did not substantially change in response to
the different treatments.

2.5. Cytokine Analysis

The levels of the inflammatory cytokines TNFα and IL-6, of the chemokine IL-8
and of the anti-inflammatory factor IL-1Ra were assessed by ELISA (R&D Systems, Min-
neapolis, MN, USA). The absorbance of the assay wavelength was measured at 450 nm
(subtracting background present at 550 nm) using a Cytation 3 imaging reader (BioTek,
Winooski, VT, USA).

2.6. Statistical Analysis

Data from cytokine measurements have been analysed using the GraphPad Prism9
software (GraphPad Inc., La Jolla, CA, USA), and are presented in terms of ng/106 plated
monocytes. Results are reported as mean ± SD of values from 2–8 replicates from the same
donor or as median ± quartiles of values from different donors. The statistical significance
of differences is indicated by p values, calculated using a paired one-tailed non-parametric
Wilcoxon signed-rank test.

3. Results

3.1. Gold Nanoparticle Characterisation

Gold nanoparticles (AuNPs) used in this study were synthesized in endotoxin-free
conditions and characterized as described in Materials and Methods. The master batch
contained 6 × 1012 monodispersed particles/mL of sodium citrate 2.2 mM (in endotoxin-
free water) at pH 6.4, corresponding to 0.5 mM Au (0.1 mg/mL) and to a total surface
area of 2.6 × 1015 nm2/mL. AuNPs showed a diameter of 11.8 ± 0.8 nm by STEM, a
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hydrodynamic diameter of 15.1 ± 3.7 nm by DSL, an absorption peak at 516 nm by UV-
VIS, a conductivity of 0.793 mS/cm and a Z-potential of −47.0 ± 5.0 mV. The main NP
characteristics are shown in Figure 1.

Figure 1. Main characteristics of AuNPs. (Left): size distribution by STEM; (Centre): STEM image; (Right): absorbance
peak via UV-VIS.

Evaluation of the endotoxin contamination of AuNPs showed limited contamina-
tion (9.0 EU/mg). Since endotoxin could directly activate human monocytes in vitro at
concentrations above 0.1 EU/mL [36,39], we used AuNP concentrations with endotoxin
contamination below such threshold. After preliminary experiments, we selected 1 μg/mL
AuNPs as priming concentration (containing 0.009 EU/mL endotoxin) and the 10-fold
higher concentration of 10 μg/mL as challenge (containing 0.09 EU/mL endotoxin). Par-
ticles were pre-incubated for 60 min in 50% heat-inactivated human AB serum at 37 ◦C
before being added to cells in culture to allow for the formation of a coating reproducing
the naturally occurring biocorona when NPs come in contact with biological fluids. This
procedure did not cause particle agglomeration, but instead it promoted monodispersity
when added to the culture medium [37,40].

3.2. In Vitro Development of Macrophage Innate Memory in 2D vs. 3D Cultures

Purified human blood monocytes were placed in culture either in regular 2D plates
or on top of a 3D collagen matrix, as described in Materials and Methods. Cells were
either left untreated or exposed for 24 h to LPS or AuNPs. The primary cell activation was
measured in terms of production, in the 24 h supernatant, of the inflammatory cytokines
TNFα and IL-6, of the chemokine IL-8, and of the anti-inflammatory cytokine IL-1Ra. After
supernatant removal and elimination of stimuli, cells were incubated in fresh medium for
6 days, to allow for return to baseline conditions. The 6-day supernatant was removed, and
cells were exposed to either fresh medium (control) or LPS for an additional 24 h to assess
memory responses, again in terms of cytokine production.

Cells from six donors were individually tested in parallel in 2D and 3D cultures for
their primary and memory responses. SEM images in Figure 2 show the morphology of cells
in 3D cultures after 24 h-stimulation with LPS (strong activation; upper right) as compared
to cells exposed to medium or AuNPs (upper left) and to unprimed and LPS-primed cells
after 6 days of culture (return to quiescent-like morphology; lower panels).
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Figure 2. SEM images of monocytes in 3D culture. Upper panels: monocytes exposed for 24 h to
culture medium alone or containing AuNPs (showing identical morphology; (left)) or LPS (right).
Lower panels: monocytes primed with either culture medium alone or containing AuNPs (left) or
LPS (right) observed after 6 days of resting in the absence of stimuli.

3.3. Differences in the Primary Monocyte Reactivity in 2D vs. 3D Cultures

When assessing the capacity of fresh monocytes to react to LPS and AuNPs in terms
of cytokine production, no meaningful differences were in general observed between
cells in 2D vs. 3D cultures, with some variability observed from donor to donor. Data in
Figure 3 show that LPS significantly activates the production of the inflammatory cytokines
TNFα and IL-6 and of the chemokine IL-8, while the levels of the anti-inflammatory
factor IL-1Ra are already high in unstimulated cells and not substantially changed by LPS
stimulation. AuNPs do not show direct activating capacity, in agreement with previous
observations [12,28,39]. The individual donors’ data are reported in Table S1.

3.4. Extinction of Inflammatory Activation in Macrophages Six Days after Priming

After the primary stimulation, monocytes were washed to eliminate the residual
stimuli and cultured for an additional six days in fresh medium to allow for the extinction
of their activation state and return to a quiescent condition. During this period, cells
differentiate to macrophages. Their activation state at the end of the resting period was
assessed by measuring the spontaneous production of cytokines. As shown in Table S2,
the production of the inflammatory cytokines TNFα and IL-6 is essentially zero both in
2D and 3D cultures, independently of the previous priming of cells (with medium, LPS or
AuNPs), suggesting that these cells are not any longer in an inflammatory activation state.
The production of the chemokine IL-8 is, however, detectable in 3D (but not in 2D cultures)
in unprimed/AuNP-primed cells from 4/6 donors and in LPS-primed cells of all donors.
LPS-primed cells displayed a generally higher spontaneous IL-8 production as compared
to unprimed cells, while AuNP priming did not have substantial effects. Regarding the
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anti-inflammatory cytokine IL-1Ra, this was detectable at low levels in 2D cultures, while
it was easily detectable in all 3D samples. IL-1Ra production was measurable in the
unprimed macrophages from all donors at significant levels. Priming with either LPS
or AuNPs variably but not substantially modulated the spontaneous production of the
anti-inflammatory factor in each donor.

Figure 3. Primary cytokine production by monocytes in 2D vs. 3D culture. Production of the
inflammatory cytokines TNFα and IL-6 (upper panels), of the chemokine IL-8 (lower left panel)
and of the anti-inflammatory cytokine IL-1Ra (lower right panel) by monocytes of six individual
donors stimulated for 24 h with culture medium alone (medium) or containing 1 ng/mL LPS (LPS)
or 1 μg/mL AuNPs (AuNP). Parallel 2D (blue) and 3D (purple) cultures were established. Results
are expressed in ng/106 cells. The violin plots represent the distribution of the individual donors’
values in each experimental condition. The red line indicates the median value, and the yellow lines
the first and third quartiles. Individual donors are represented with different symbols: � donor 1;
� donor 2; Δ donor 3; � donor 4; � donor 5; • donor 6. Statistical significance was assessed with the
paired one-tailed non-parametric Wilcoxon signed-rank test. LPS stimulation induced a significant
increase (p < 0.05) of TNFα, IL-6 and IL-8 vs. medium controls. All other differences, including the
2D vs. 3D comparisons, were not significant.

3.5. Secondary Response of Unprimed Macrophages

The memory response of macrophages that were previously exposed to culture
medium alone (unprimed control), LPS or AuNP was examined, after six days of resting,
upon a challenge with LPS. Challenge with AuNP was initially assessed as well (data
not shown), but it turned out to be ineffective (no activation induced by AuNPs, as al-
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ready observed in the primary response and in previous studies) [12,28,39], and therefore
it was not further pursued. LPS challenge in unprimed control macrophages induced
significant production of TNFα, IL-6, and IL-8, which was generally more pronounced
in the 3D cultures (Figure 4). Again, the production of IL-1Ra was very low in 2D, while
well measurable in 3D cultures. It is notable that, as in the primary response, LPS stim-
ulation had relatively little effect on IL-1Ra production (Figure 4); however, with some
donor-dependent variability (compare Tables S2 and S3 for individual data).

Figure 4. Secondary cytokine production by primed monocytes challenged with LPS in 2D vs. 3D culture. Production of the
inflammatory cytokines TNFα and IL-6, the chemokine IL-8 and of the anti-inflammatory cytokine IL-1Ra by monocytes of
six donors previously primed in vitro with culture medium alone (unprimed), LPS (LPS-primed) or AuNPs (AuNP-primed).
After 24 h priming, cells were rested in culture for 6 days and then challenged with 10 ng/mL LPS for 24 h. Results obtained
in 2D cultures are reported in the upper panels, while data from 3D cultures are reported in the lower panels. The violin
plots represent the distribution of the individual donors’ values in each experimental condition. The red line indicates the
median value, and the yellow lines the first and third quartiles. Individual donors are represented with different symbols:
� donor 1; � donor 2; Δ donor 3; � donor 4; � donor 5; • donor 6. Statistical significance was assessed with the paired
one-tailed non-parametric Wilcoxon signed-rank test, and show significant differences (p < 0.05) between unprimed and
LPS-primed production of TNFα (2D and 3D), IL-6 (2D) and IL-1Ra (2D), while the differences between 2D and 3D were
significant for IL-8 and IL-1Ra.

It should be noted that the response of macrophages to LPS, in terms of inflammatory
cytokine production, is substantially less abundant compared to monocytes, whereas the
quantitative response in terms of IL-8 and IL-1Ra was quite similar between macrophages
and monocytes (Figure 4, Tables S1 and S3).
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3.6. Memory Response of LPS-Primed Macrophages

Compared to unprimed cells, in LPS-primed macrophages, the production of TNFα
in response to LPS was significantly decreased both in 2D and 3D cultures, in line with
the expected tolerance effect of LPS priming (Figure 4). When looking at the individual
data (Table S3), for IL-6 production, tolerance was detectable in 3/6 donors in 3D and
in all six in 2D cultures, the overall difference being statistically significant only in the
latter case (Figure 4). In the case of the chemokine IL-8, LPS priming did not induce a
significant overall effect either in 2D or in 3D (Figure 4), although the individual reactivity
varied between donors (Table S3). In 2D cultures, a partial decrease was observed in
2 donors and an increase was detectable in one, while in 3D samples LPS priming had
no effect in 5/6 donors and increased the response to challenge in one (donor 6, the
same as in 2D cultures) (Table S3). The memory response in terms of the production of
the anti-inflammatory cytokine IL-1Ra could be better assessed in 3D cultures (as the
IL-1Ra production in 2D cultures was very low) and was donor-dependent, with a partial
potentiation in 2 donors, and a decrease in other two. Overall, LPS priming did not induce
a significant change in IL-1Ra production (Figure 4). A notable difference between 2D
and 3D cultures is in the quantitative production of IL-8 and IL-1Ra, substantially more
abundant in 3D cultures, while the production of the inflammatory cytokines TNFα and
IL-6 was only slightly higher in 3D cultures.

3.7. Memory Response of AuNP-Primed Macrophages

In AuNP-primed macrophages (Figure 4, Table S3), the challenge-induced TNFα
production is modulated in a donor-specific fashion, with a difference between 2D and 3D
cultures. Thus, while in 2D it seems that AuNP priming does not substantially influence the
response to challenge, in 3D cultures a partial decrease of response is evident in 3 donors. A
very similar picture can be observed for the production of the other inflammatory cytokine,
IL-6, with a general lack of effect in 2D samples, whereas in 3D cultures two donors show
partial potentiation and one partial tolerance. In the case of the chemokine IL-8, the results
in 2D and 3D cultures were superimposable, with no substantial effect due to AuNP
priming except for one donor (donor 6), in which priming induced a clear potentiation
of the memory response. For the anti-inflammatory factor IL-1Ra, better detectable in
3D, AuNP priming could induce a partial tolerance response in one donor, a potentiated
response in another one, and no significant changes in the others. Again, the memory effect
seems to strongly depend on the donor.

4. Discussion

This study aimed at assessing whether human monocyte/macrophage reactivity
in vitro can differ depending on the culture conditions. In particular, we compared conven-
tional 2D cultures on flat plastic surfaces to 3D cultures in a biological matrix of collagen,
derived from decellularized bovine skin and providing a mesh of collagen fibrils with pores
around 100 μm. This matrix is used in clinical settings as dermal/epidermal substitute for
repairing ulcers and was reportedly able to promote M2/healing macrophage phenotype,
i.e., the default phenotype of resident macrophages in homeostatic conditions [40]. Cells
seeded in the 3D matrix survived and differentiated as expected, and their sensitivity
to activation stimuli was evident also from the morphological point of view (Figure 2).
We used the two culture systems in comparison to assess the reactivity of human mono-
cytes/macrophages to AuNPs, using the bacterial LPS as an activation benchmark and
examining two important innate immune functions, i.e., the immediate inflammation-
related response to the stimulation of fresh monocytes and the secondary reaction of
monocyte-derived macrophages after previous priming (innate memory response). The
results show that the primary response is not significantly different between 2D and 3D
cultures (Figure 3) and that, in agreement with previous results [12,28,39], AuNPs do not
induce a significant cell activation, opposite to the substantial induction of TNFα, IL-6
and IL-8 production in response to LPS. On the other hand, the production of the anti-
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inflammatory factor IL-1Ra is detectable at measurable levels in unstimulated cells and is
not significantly varied in cells exposed to LPS or AuNPs. It is known that LPS can induce
IL-1Ra production at later times as a feedback mechanism to shut down inflammation.
Our data show a slight tendency towards increased IL-1Ra production to LPS, and also
to AuNPs in 3D cultures, which, however, did not reach statistical significance due to the
substantial donor-to-donor variability. Indeed, monocytes from some donors showed a
clear increase while others did not, implying different response kinetics depending on the
individual conditions.

While it is now clear that many NPs do not have the capacity for activating human
monocytes if they are endotoxin-free [12,13,35,36,39], some data point to the possibility that
they can prime monocytes and induce innate memory, which then changes the secondary
reaction of cells to a subsequent stimulation [28–32]. We have examined the capacity of
AuNPs to induce innate memory in monocytes from six different donors in 2D and 3D
cultures. Innate memory is an important phenomenon of immune reprogramming that
allows innate cells to react is a more efficient way to a challenge if previously exposed to
foreign/dangerous agents [14–20]. The results show that AuNPs do not have a significant
capacity to induce memory in 2D cultures, with unprimed vs. AuNP-primed cells from
all donors showing a comparable response to LPS (Figure 4, Table S3). In 3D cultures,
although the global response is never different between unprimed and AuNP-primed cells,
when examining the response of individual donors, it is possible to see memory effects, as
for instance for Donor 3 that shows an AuNP priming-dependent decrease in TNFα, IL-6,
and IL-1Ra production, which is not evident in 2D cultures, or for Donor 6 that shows an
AuNP priming-dependent increase in IL-8 and IL-1Ra that was undetectable in 2D cultures.

Two important notions should be underlined here. First, the unstimulated production
of IL-8 and IL-1Ra is detectable at higher levels in unprimed/primed macrophages in
3D cultures compared to the 2D cultures, whereas the production of the inflammatory
cytokines TNFα and IL-6 is essentially undetectable in both conditions (Table S2). This im-
plies that the 3D cultures provide a more physiological microenvironment, which promotes
the homeostatic tissue-like functions of macrophages, characterised by lack of production
of inflammatory factors and abundant production of anti-inflammatory factors [7,8,41].
The significant production of IL-8 goes in the same direction, as this chemokine is in-
volved in ensuring the appropriate homeostatic trafficking of neutrophils and other cells
in non-inflammatory conditions [42–44]. Thus, in 3D cultures monocytes developed in
the direction of M2/healing macrophages by adopting a classical tissue resident-like anti-
inflammatory and homeostatic functional phenotype. Notably, IL-1Ra is detectable at
significantly lower levels in macrophage 2D cultures, a finding that supports the suitability
of 3D cultures for a more realistic assessment of macrophage reactivity. However, it should
be noted that we could not find significant qualitative differences in the innate memory
activities between cells cultured in 2D vs. 3D conditions. On the other hand, as already
mentioned, there is no substantial qualitative and quantitative difference in the reactivity
of fresh monocytes in 2D vs. 3D cultures, suggesting that 2D cultures are fully suitable for
evaluating acute innate responses.

The second important finding is that the memory response to AuNPs is strongly
dependent on donors. While memory responses induced by priming with LPS (a very
strong stimulus) are clearer, with exposure to AuNPs (a stimulus that does not induce a
detectable primary response) it becomes evident that the priming capacity substantially
depends on the donor. Thus, as an example, the 3D memory response in terms of IL-
6 is increased production in two donors, a decrease in another two, and no change in
the last two donors. This is fully in line with previous preliminary observations [28,30]
and underlines the importance of ‘immunobiography”, i.e., the history of exposure and
challenges experienced by the immune system, which is unique for each of us and that can
significantly bias our capacity to react appropriately to new challenges [33]. Although the
number of donors in this study is limited (six donors), they are quite homogeneous in terms
of age and health status (young, healthy, no medications, non-smokers). They encompass
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individual of both sexes and of two different ethnic groups, but neither parameter is
associated with a defined type of response, further suggesting that the individual history
of exposure may be at the basis of response variability.

These findings suggest some important issues in directing future research: the need
for adopting suitable models for our in vitro studies of human innate memory, and the
importance of performing individual assessments (precision medicine, precision diagnosis,
precision toxicology), since it is not possible to generalize findings of efficacy or toxicity to
a population that is widely different also in terms of immune history.
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Abstract: The production and applications of multi-walled carbon nanotubes (MWNTs) have increased
despite evidence that MWNTs can be toxic. Recently, we reported that the binding of Pluronic® F-108
(PF108)-coated carboxylated MWNTs (C-MWNTs) to macrophages is inhibited by class A scavenger
receptors (SR-As) antagonists (R. Wang et al., 2018. Nanotoxicology 12:677–690). The current study
investigates the uptake of PF108-coated MWNTs by macrophages lacking SR-A1 and by CHO
cells that ectopically express SR-A1. Macrophages without SR-A1 failed to take up C-MWNTs and
CHO cells that expressed SR-A1 did take up C-MWNTs, but not pristine MWNTs (P-MWNTs) or
amino-functionalized MWNTs (N-MWNTs). The dependence of C-MWNT uptake on SR-A1 is strong
evidence that SR-A1 is a receptor for C-MWNTs. The consequences of SR-A1-dependent C-MWNT
accumulation on cell viability and phagocytic activity in macrophages were also studied. C-MWNTs
were more toxic than P-MWNTs and N-MWNTs in cell proliferation and colony formation tests.
C-MWNTs reduced surface SR-A1 levels in RAW 264.7 cells and impaired phagocytic uptake of
three known SR-A1 ligands, polystyrene beads, heat-killed E. coli, and oxLDL. Altogether, results of
this study confirmed that SR-A1 receptors are important for the selective uptake of PF108-coated
C-MWNTs and that accumulation of the C-MWNTs impairs phagocytic activity and cell viability
in macrophages.

Keywords: nanomaterials; macrophages; class A type 1 scavenger receptors; cytotoxicity; macrophage–
nanoparticle interaction

1. Introduction

Carbon nanotubes (CNTs) are graphene sheets rolled into cylindrical tubes. Single-walled carbon
nanotubes (SWNTs) contain a single graphene tube while multi-walled carbon nanotubes (MWNTs)
contain multiple tubes concentrically nested inside each other. The light weight, strength, electrical and
thermal conductivity of CNTs make them suited for applications in diverse fields including flexible
electronics, medicine, reinforced composites, sensors, and Li-ion batteries [1–3]. The production of

Nanomaterials 2020, 10, 2417; doi:10.3390/nano10122417 www.mdpi.com/journal/nanomaterials

77



Nanomaterials 2020, 10, 2417

various CNT types is expected to exceed 15 kilotons/year by 2020 [3]. The increased production and use
of CNTs raises the risk of unwanted exposure and subsequent toxicity. Sustained exposure has been
shown to cause pulmonary inflammation [4,5], fibrosis [6], gene damage [7], and even mesothelioma [8]
in lab animals. A better understanding of the pathology of CNT exposure is important to facilitate the
design of less toxic CNT forms and to develop rational strategies for treating persons who may be
accidentally exposed.

The surfaces of CNTs are often chemically functionalized, for example, by addition of carboxyl or
amino groups, to tune their properties for increased dispersibility in aqueous solution, for decreased
toxicity, or for higher drug load and targeting specificity in advanced drug delivery options.
In nanomedicine, specific CNT functionalizations have been shown to facilitate the delivery of
anticancer agents and biomolecules to target tissues for cancer therapy, thermal ablation therapy,
gene therapy, immunotherapy, and for diagnostic applications [9]. However, these applications
encounter a common significant challenge, where 30–99% of nanoparticles administered in vivo are
sequestered by liver macrophages [10], and the mechanisms underlying the interaction between CNTs
and macrophages remain poorly understood.

Recently, we reported that both human and mouse alveolar macrophages accumulated
far more Pluronic® F-108 (PF108)-coated carboxylated MWNTs (C-MWNTs) and carboxylated
SWNTs (C-SWNTs) at 37 ◦C than the non-functionalized pristine MWNTs (P-MWNTs) and SWNTs
(P-SWNTs) [11]. In addition, more C-MWNTs than P-MWNTs bound to macrophages in direct binding
assays at 4 ◦C [11]. These data suggested that there were cell surface receptors that bound C-MWNTs
but not P-MWNTs. Since the binding of C-MWNTs and C-SWNTs to macrophages was inhibited by
known antagonists of class A scavenger receptors [11], members of this receptor class may be involved
in the specific uptake of carboxylated CNTs in macrophages.

Class A scavenger receptors (SR-As) are pattern recognition receptors expressed by various cell
types including macrophages, endothelial cells, and dendritic cells [12–14]. There are six types of SR-As,
classified by a consensus nomenclature, which all contain a collagenous domain believed to bind a
wide variety of polyanionic ligands, including modified low density lipoproteins, polysaccharides,
nucleic acids, and various bacteria [14]. Since C-MWNTs are polyanions, it is possible that they could
be SR-A ligands. Dextran sulfate and fucoidan are known antagonists of SR-A ligands, and in previous
work we noted that both of these compounds partially blocked the binding of C-MWNTs to RAW
264.7 macrophages [11]. In addition, RAW 264.7 cells express high levels of scavenger receptor A1
(SR-A1) [15], leading to the hypothesis that SR-A1 might be a receptor for C-MWNTs. However,
polyanionic inhibitors may affect more than one type of SR-A and it is difficult to pinpoint which type
may be interacting with C-MWNTs. One main objective of the present paper was to test the hypothesis
that SR-A1 is a receptor for C-MWNTs by measuring C-MWNT accumulation by macrophages that lack
SR-A1 and by Chinese Hamster Ovary K1 cell (CHO-K1) clones that have been transfected with mouse
SR-A1 cDNA. SR-A1 deficient macrophages and wild type CHO-K1 that do not normally express
SR-A1 failed to accumulate significant amounts of C-MWNTs, whereas SR-A1 expressing CHO-K1
clones did accumulate C-MWNTs, strong evidence that SR-A1 is a C-MWNT receptor.

Possible physiological consequences of C-MWNT accumulation on cell viability and SR-A1
function were also explored in the current study. RAW 264.7 cell proliferation and colony formation
efficiency were impaired in a dose and time dependent manner after exposure to C-MWNTs. In addition,
exposure of RAW 264.7 cells to C-MWNTs reduced the level of SR-A1 on their surface and reduced the
uptake of three known SR-A1 ligands: polystyrene beads, heat-killed E. coli, and oxidized low density
lipoprotein (oxLDL).
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2. Materials and Methods

2.1. MWNTs and other Materials

Three different research grade MWNT powders were used in this work, all purchased
from NanoCyl (NanoCyl SA, Sambreville, Belgium). (1) Non-functionalized pristine MWNTs
(P-MWNTs, NC3150TM); (2) Carboxyl-functionalized MWNTs (C-MWNTs, NC3151TM); and (3) Amino-
functionalized MWNTs (N-MWNTs, NC3152TM). The MWNTs were produced by the catalytic chemical
vapor deposition process to an average outside diameter of ~9.5 nm, purified to >95 wt.% carbon
content and shortened to an average length of<1.0 μm, according to the product specifications provided
by the manufacturer. Proprietary surface modification methods were used by the manufacturer to
introduce <8.0 wt.% content of -COOH groups in the C-MWNT product and <0.6 wt.% of -NH2 groups
in the N-MWNT product. Additional physicochemical properties of these and other MWNT products,
including bulk metal catalysts composition by energy dispersive X-ray spectroscopy (EDX) and surface
chemical compositions by X-ray photoelectron spectroscopy (XPS), are available from previous work in
the literature [16,17]. Caution: a fine particulate respirator and other appropriate personal protective
equipment should be worn when handling dry MWNT powders.

Pluronic® F-108 (PF108) (cat. No. 542342), G418 disulfate salt solution (cat. No. G8168), IgG from
mouse serum (cat. No. I5381), and Trypan Blue solution (cat. No. T8154) were purchased from
Sigma Aldrich (St. Louis, MO, USA). Mouse SR-AI/MSR Alexa Fluor® 488-conjugated antibody
(cat. No. FAB1797G), rat IgG2b Alexa Fluor® 488-conjugated isotype control antibody (cat.
No. IC013G), mouse MARCO allophycocyanin (APC)-conjugated antibody (cat. No. FAB2956A),
rat IgG1 APC-conjugated isotype control antibody (cat. No. IC005A), and flow cytometry (FCyt)
staining buffer (cat. No. FC001) were purchased from R&D Systems, Inc. (Minneapolis, MN, USA)
and used as received. Non-functionalized fluorescent polystyrene beads with a nominal diameter of
1 μm were acquired from Bangs Laboratories Inc. (cat. No. FSDG004, Fishers, Indiana). According to
the manufacturer, the beads were produced by an emulsion polymerization technique resulting in a
net negative surface charge. They were internally labeled with Dragon Green Dye (Ex: 480 nm, Em:
520 nm), using a solvent swelling/dye entrapment technique. Annexin V-FITC apoptosis detection kit
(InvitrogenTM cat. No. V13242), heat-killed Alexa Fluor® 488 conjugated Escherichia coli (K-12 strain)
BioParticles™ (InvitrogenTM cat. No. E13231), and oxidized low density lipoprotein from human
plasma (InvitrogenTM cat. No. L34357) were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Oxidized LDL uptake assay kit was purchased from Cayman Chemical (cat. No. 601180, Ann
Arbor, MI, USA).

2.2. Preparation and Characterization of PF108 MWNT Dispersions

Pluronic® F-108 (PF108) is a non-ionic triblock copolymer, also known as poloxamer 338. PF108
and related poloxamers have been used as effective surfactants to prepare aqueous dispersions of
hydrophobic nanomaterials, including MWNTs and SWNTs, for nanotoxicity studies [11,18,19]. A stock
PF108 solution at 5 mM concentration was prepared by dissolving PF108 powder in DI water purified
using a Milli-Q system (Billerica, MA, USA), filtered through a 0.22 μm membrane, and stored at 4 ◦C
in the dark. All MWNT dispersions were prepared with a freshly diluted and filtered 0.2 mM PF108
solution. To reduce potential endotoxin contaminants that could lead to ambiguous toxicity results,
all MWNT powders were baked at 200 ◦C for 2 h [20] before PF108 solution was added. The sonication,
centrifugation, and dialysis protocols described in our previous work [18,19] were used to prepare
PF108-coated MWNT dispersions. Note that the dialysis step is crucial to remove toxic PF108 products
generated by sonication [18,21]. The prepared dispersions of P-, N-, and C-MWNTs in PF108 solution
were denoted as PMPF, NMPF, and CMPF dispersions, respectively.

The concentration of MWNTs in each prepared dispersion was measured using the absorbance at
500 nm. Dynamic light scattering (DLS) and zeta potential (ZP) analyses were used as part of a quality
control routine for the preparation of all MWNT dispersions [18,19]. In addition, zeta potentials of all
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MWNT dispersions diluted to ~50 μg/mL in water and in cell culture medium with 10% fetal bovine
serum (FBS) were acquired at 25 ◦C and 37 ◦C, respectively.

The physicochemical properties of the three MWNT powders provided by the manufacturer
and the properties of PF108-coated MWNT dispersions prepared for this study are shown in Table 1.
Note that the zeta potentials for C-MWNTs were slightly more negative than those for P- and N-MWNTs
in water. Also, the zeta potential values were less negative for all MWNT types in medium with
serum than in water, as expected due to the increase in salt and serum protein concentrations, and the
C-MWNTs still had slightly more negative zeta potentials than P- or N-MWNTs.

2.3. Cell Lines and Cell Culture

Dulbecco’s modified Eagle medium (DMEM) was purchased from Gibco (Grand Island, NY, USA).
Ham’s F-12K (ATCC® 30-2004) and RPMI 1640 (ATCC® 30-2001) media were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). FBS was purchased from Atlanta
Biologicals (Flowery Branch, GA, USA). Penicillin-streptomycin solution (100 U penicillin/0.1 mg
streptomycin per mL) was purchased from Sigma Aldrich and used only in terminal cultures. GibcoTM

PBS-based enzyme-free cell dissociation buffer (cat. No. 13151-014), AccumaxTM (cat. No. 00-4666-56),
AccutaseTM (cat. No. A1110501), and 10× concentrated phosphate buffered saline (cat. No. BP399-1)
were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Abelson murine leukemia virus transformed macrophage RAW 264.7 cells (ATCC® TIB-71) and
Chinese Hamster Ovary CHO-K1 cells (ATCC® CCL-61) were purchased from ATCC. Two immortalized
alveolar macrophage cell lines, B6 and ZK, were kindly provided by Prof. L. Kobzik (retired, Harvard
TH Chan School of Public Health, Boston, MA, USA). B6 cells were derived from wild type (WT)
C57BL/6 mice and ZK cells were derived from MARCO and SR-AI/II deficient (MS−/−) mice [22].
RAW 264.7 cells were cultured in DMEM base medium and WT B6 and MS−/− ZK cells were
cultured in RPMI 1640 base medium. CHO cells stably transfected with full length mouse SR-A1
cDNA, termed CHO[mSR-AI] cells [23], were kindly provided by Prof. M. Krieger (Massachusetts
Institute of Technology, Boston, MA, USA). As received CHO[mSR-AI] cells were cultured in selective
medium containing 0.5 mg/mL of geneticin (G418) and single colonies were isolated by dilution plating.
The surviving colonies were screened for high surface SR-A1 receptor expression by immuno-fluorescent
FCyt, from which three sub-clones, termed CHO +mSRA1.A, CHO +mSRA1.B, and CHO +mSRA1.C
were selected. CHO-K1 and transfected CHO +mSRA1.A, CHO +mSRA1.B, and CHO +mSRA1.C
cells were cultured in F-12K base medium. All regular culture media were supplemented with
1.5 mg/mL sodium bicarbonate, 10% (v/v) FBS, and 10 mM HEPES buffer at pH 7.4 for cells cultured
in a 37 ◦C incubator with 95% air and 5% CO2. For cells incubated in a 4 ◦C incubator without CO2

supplement, no sodium bicarbonate was added to the media to maintain proper pH.
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2.4. Surface Expression of Class A Type 1 Scavenger Receptors SR-A1 and MARCO

Macrophage cell surface expression of SR-A1 and MARCO receptors was determined by a direct
immunofluorescence FCyt assay. Macrophages cultured in 6-well plates at 37 ◦C were washed three
times with warm PBS to remove serum components present in the media and detached from the
plate with gentle pipetting in enzyme-free PBS. Cells in suspension were washed twice with cold
PBS and aliquots of ~1 × 106 cells/100 μL in cold PBS were prepared. Macrophages often express Fc
receptors on their surface that can bind to the Fc portion of a fluorescent reporter antibody. To block
Fc receptors, 10 μg of unlabeled mouse IgG was added and incubated with the cells for 15 min
at 4 ◦C. For immunostaining of surface SR-A1, 1 μg of rat anti-mouse mSR-AI/MSR Alexa Fluor®

488-conjugated monoclonal antibody (R&D Systems cat. No. FAB1797G) was added and incubated
with the cells for 30 min at 4 ◦C in the dark. A duplicate cell aliquot was incubated with an isotype
control rat IgG2b Alexa Fluor® 488-conjugated monoclonal antibody (R&D Systems cat. No. IC013G)
to assess possible off-target staining by the anti-SR-A1 antibody. For immunostaining of surface
MARCO receptors, a similar procedure was used but with a rat anti-mouse MARCO APC-conjugated
monoclonal antibody (R&D Systems cat. No. FAB2956A) and the corresponding APC-conjugated rat
IgG1 isotype control antibody (R&D Systems cat. No. IC005A). After incubation, unbound antibodies
were washed away by centrifugation twice with 1 mL of cold FCyt staining buffer (R&D Systems cat.
No. FC001) at 1000 × g for 8 min. The washed cells were re-suspended in cold buffer and stored on ice
in the dark. Flow cytometric analysis of 20,000 counts per sample was used to determine the presence
or absence of specific fluorescent antibodies bound to SR-A1 or MARCO receptors on the cell surface.
Cells with fluorescence intensity greater than the background isotype control were considered positive
for the receptors.

2.5. Accumulation of MWNTs in RAW 264.7, B6, ZK Macrophages and CHO Cell Lines

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) procedure described
in our previous work [11,18,19] was used to determine the amount of MWNTs accumulated by cells
after a 24 h exposure at 37 ◦C. Briefly, cells were seeded in 6-well plates in regular culture media
overnight before incubating in either control media that contained no MWNTs or test media with
100 μg/mL of P-, N-, or C-MWNTs for 24 h at 37 ◦C. After incubation, cells were washed extensively
with fresh medium and PBS and detached from culture plates with AccutaseTM cell dissociation buffer.
Cell numbers were determined using a Coulter Particle Counter, and MWNTs were extracted from cells
and quantified using the SDS-PAGE method. The average amount of P-, N-, or C-MWNTs accumulated
by the cell over a 24 h period was expressed as fg MWNT per cell.

2.6. Apoptosis Assay

The induction of apoptosis in RAW 264.7 cells was assessed after a 24 h incubation with media
containing either 0.1 mM PF108 alone, or 100 μg/mL of P-, N-, or C-MWNTs using an apoptosis
detection kit (Invitrogen™ cat. No. V13242) with FITC-conjugated annexin V and propidium iodide
(PI) duo fluorescent markers for FCyt analysis. A total of 3 × 104 RAW 264.7 cells/well were seeded in
24-well plates and incubated at 37 ◦C overnight before the regular culture medium was replaced with
freshly prepared control or test media and incubated for 24 h. Untreated cells provided a negative
control and cells treated with 100 nM camptothecin (CPT) were used as a positive control for apoptosis.
After the incubation, cells were washed 3 times with fresh medium and twice with PBS, then detached
from culture plate by incubating in a PBS-based enzyme-free buffer for 5 min at 37 ◦C. Cells in
suspension were washed, kept on ice, and stained with FITC-conjugated annexin V and PI for 15 min
in the dark, according to the protocol provided by the kit. The externalization of phosphatidylserine in
apoptotic cells was detected using green fluorescent-conjugated recombinant annexin V and the nuclei
of dead or necrotic cells were detected using red fluorescent PI. After treatment with annexin V and PI,
10,000 cell counts per sample were analyzed using an FCyt cell analyzer (BD AccuriTM C6 Plus flow
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cytometer) where binding of annexin V was recorded in the green fluorescent channel and the binding
of PI in the red fluorescent channel. Data were presented as dot plots, where green fluorescence for
annexin V-FITC was plotted on the X-axis with a threshold set to 2 × 104, and red fluorescence for
PI was plotted on the Y-axis with a threshold set to 1 × 104. In general, apoptotic cells show higher
green fluorescence, necrotic cells show both higher green and higher red fluorescent signals, dead cells
show high red but not green fluorescence, and viable cells show little or no fluorescence higher than
background levels. The fractions of viable, apoptotic, necrotic, and dead cells in 10,000 counts analyzed
per measurement were recorded.

2.7. Crystal Violet Cell Proliferation Assay

A standardized cytotoxicity assay based on cell proliferation described previously in our MWNT
toxicity work [11,18] was used for cytotoxicity assessments with RAW 264.7 cells exposed to various
MWNT types, doses, and exposure times. Briefly, 4 × 104 RAW 264.7 cells/well were seeded in 48-well
plates and incubated at 37 ◦C overnight before the regular cell culture media was replaced with freshly
prepared control or test media for a 24 h exposure. 1 × 104 and 5 × 103 cells/well were seeded for
longer exposures of 48 h and 72 h, respectively. At the end of the incubation, cells were washed
3 times with fresh media, 2 times with PBS, and air-dried to fix the cells on the plate. Cell proliferation
was determined using a crystal violet assay, as described in our previous work where it was also
demonstrated that cell-associated CNTs do not interfere with the assay [24]. The proliferation of the
untreated control cells was set to 100%. IC50 values were estimated from a linear regression dose-effect
trend line where the concentration of MWNT is needed to inhibit cell proliferation by 50%.

2.8. Colony Formation Efficiency (CFE) Assay

A well-established CFE assay based on the ability of a cell to grow into a colony under the test
condition [25] was used to assess the viability of RAW 264.7 cells exposed to different MWNT types
and doses continuously for 8 day. 300 RAW 264.7 cells per well were seeded in 6-well plates, filled with
5 mL/well of control regular culture medium or test media that contained either P-, N-, or C-MWNTs
at a final MWNTs concentration of 25, 50, or 100 μg/mL, and incubated at 37 ◦C without disturbance to
allow colony formation. At the end of the 8 day incubation, colonies were washed gently twice with
fresh medium and twice with PBS, fixed to the plate by air-drying at room temperature, and stained
with crystal violet (0.1% w/v in 10% ethanol) for 15 min at room temperature. Excess unbound dye was
removed by rinsing the plate with tap water gently. Images of the wells with stained colonies were
acquired using a stereomicroscope (NikonSMZ745T with Nikon DS-Fi2 camera) with a 0.5× objective
lens magnification. The number of colonies in a well was counted and colony formation efficiency
(CFE) was defined as the ratio of the number of colonies formed over the number of cells seeded in the
well. The CFE of the untreated control was set to 100% and the IC50 value was estimated from a linear
regression dose-effect trend line where the concentration of MWNT is needed to inhibit CFE by 50%.

2.9. Detection of Surface SR-A1 on RAW 264.7 Cells by Laser Scanning Confocal Fluorescence
Microscopy (LSCFM)

A total of 2 × 104 RAW 264.7 cells/well were seeded on glass coverslips in 4-well plates in regular
culture media supplemented with 10% FBS for 24 h at 37 ◦C. The culture medium was replaced with
freshly prepared control medium that contained no MWNTs or test media containing 100 μg/mL
of P-, N-, or C-MWNTs and incubated for 24 h at 37 ◦C. After incubation, control and test media
were removed, cells were washed extensively, and chilled to 4 ◦C in media that contained no sodium
bicarbonate. To block surface Fc receptors, 10 μg of mouse IgG was added and incubated with the
cells for 15 min at 4 ◦C. For immunostaining of surface SR-A1, 1 μg of rat anti-mouse mSR-AI/MSR
Alexa Fluor® 488-conjugated monoclonal antibody (R&D Systems cat. No. FAB1797G) was added
and incubated with the cells for 30 min at 4 ◦C in the dark. After incubation, cells were washed to
remove unbound antibodies and fixed with 4% w/v paraformaldehyde in PBS at room temperature for
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15 min. The nuclei were stained with Hoechst 33342 in PBS at room temperature for 5 min in the dark.
The cells were then washed with PBS twice to remove excess Hoechst dye, rinsed in Milli-Q water, and
the coverslips were mounted on glass slides in Fluoromount G.

Confocal fluorescence images were acquired at the Imaging and Histology Core Facility at UT
Dallas using LSCFM (Olympus FV3000RS) with a 100×magnification UPLSAPO objective lens (NA 1.35)
immersed in silicone oil. Blue fluorescence in the images denotes nuclei stained with Hoechst dye and
was detected with Ex. 405 nm and Em. 430–470 nm wavelengths. Green fluorescence denoting surface
SR-A1 was detected with Ex. 488 nm and Em. 500–600 nm wavelengths. At least 30 confocal stacks
were acquired per field and Z-projected images were overlaid using ImageJ software. 3D rendering
of cells was reconstructed from ~30 confocal images along the Z-axis and 360◦ rotating images were
recorded as video clips using ImageJ software.

2.10. Phagocytosis of Polystyrene Beads Assessed by LSCFM, FCyt, and LSCRM

A total of 2 × 104 cells/well were seeded in 4-well plates for FCyt analysis in regular culture media
(DMEM for RAW 264.7 cells and RPMI 1640 for B6 and ZK cells) supplemented with 10% FBS for
24 h at 37 ◦C. For LSCFM analysis, glass coverslips were inserted in the wells before 2 × 104 cells/well
were seeded. The culture medium was replaced with either freshly prepared test media containing
100 μg/mL of P-, N-, or C-MWNTs or control medium containing no MWNTs and incubated for 20 h
at 37 ◦C. After incubation, control and test media were removed and cells were washed extensively
with fresh medium and followed by a 1 h chase period in fresh culture medium at 37 ◦C. The medium
was then replaced with fresh medium containing fluorescent polystyrene beads (10 μg/mL for RAW
264.7 cells and 25 μg/mL for the B6 or ZK cells). The cells were exposed to the beads for 2 h at 37 ◦C.
After the 2 h exposure, cells were washed extensively to remove excess beads in the media and chased
in fresh medium at 37 ◦C for phagocytosis of surface-bound but not yet internalized beads.

For LSCFM analysis, cells on coverslips were washed extensively, fixed with 4% w/v
paraformaldehyde in PBS at room temperature for 15 min, and washed twice with PBS. The nuclei
were stained with Hoechst 33342 in PBS at room temperature for 5 min in the dark. The cells were
washed with PBS twice to remove excess Hoechst dye, rinsed in Milli-Q water, and the coverslips were
mounted on glass slides in Fluoromount G. The acquisition and processing of confocal fluorescence
images of the cells were the same as those described in the previous section.

For FCyt analysis, cells were washed, detached from the well with AccumaxTM, and re-suspended in
PBS. The cells in suspension were washed again with PBS and kept on ice in the dark. 10,000–20,000 cells
per sample were analyzed using a flow cytometer where the green fluorescence intensity correlates to
the number of phagocytosed beads in a cell. Cells with a green fluorescence intensity greater than the
background auto-fluorescence intensity are considered positive for phagocytosed beads. The mean
fluorescence index (MFI) of a sample, obtained by multiplying the % of positive cells with phagocytosed
beads and the mean fluorescence intensity, represents the phagocytic activity of the cells to take up
polystyrene beads under the experimental conditions.

For laser scanning confocal Raman microscopy (LSCRM) analysis, RAW 264.7 cells were cultured
on glass coverslips, incubated in control culture medium or in test medium containing 100 μg/mL
C-MWNT for 2 h at 37 ◦C, washed extensively, chased in fresh culture for 30 min, prior to exposure to
25 μg/mL of non-fluorescence and non-functionalized polystyrene beads for 2 h at 37 ◦C, washed again,
then air-dried to prepare for Raman microscopy scanning. The polystyrene beads and C-MWNTs
phagocytosed by the control or C-MWNT treated cells were detected using a WITec 500R LSCRM
system and the acquired Raman scan images were processed using WITec Project 4 plus software
(see further details in the SI Methods).

2.11. Phagocytosis of Heat-Killed Fluorescent Bacteria Assessed by FCyt

A total of 4 × 105 RAW 264.7 cells/well were seeded in 6-well plates in regular culture media
supplemented with 10% FBS for 24 h at 37 ◦C. The culture medium was replaced with freshly prepared
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test media containing either 0.1 mM PF108 alone, 100 μg/mL of P-, N-, or C-MWNTs, or control medium
that contained no PF108 or MWNTs and incubated for 24 h at 37 ◦C. After incubation, control and test
media were removed and cells were washed extensively with fresh medium and followed by a 1-h
chase period in fresh culture medium at 37 ◦C. Cells were chilled to 4 ◦C and exposed to heat killed,
Alexa Fluor® 488-conjugated E. coli particles, at 30 E. coli particles per cell in fresh cold medium for
1 h at 4 ◦C in the dark. After the 1h exposure, cells were washed extensively to remove unbound
E. coli, chased in fresh medium at either 37 ◦C or 4 ◦C for 1 h, washed, and detached from the plate
in enzyme-free buffer. Cells in suspension were washed twice in cold PBS and 20,000 cell counts per
measurement were analyzed using a flow cytometer where the green fluorescence intensity correlates
to the number of E. coli associated with a cell. Cells with a fluorescence intensity greater than the
background auto-fluorescence intensity are considered positive for phagocytosed (for cells chased at
37 ◦C) or surface-bound (for cells kept at 4 ◦C) E. coli.

2.12. Distinguishing Extracellular from Internalized Florescent Markers by Trypan Blue Quenching

A common fluorescence quenching technique with trypan blue (TB) [26,27] was used to distinguish
internalized fluorescent-labeled particles from those attached to the cell surface, such as the Alexa
Fluor® 488-conjugated monoclonal antibody specific for SR-A1 or the heat killed E. coli particles used
in the current study. Since trypan blue dye does not penetrate cell membranes, it may quench the green
fluorescence of extracellular, i.e., free and surface-bound fluorescent-labeled particles, but has no effect
on the fluorescence of particles internalized by the cell. To quantify the extent of fluorescence quenching
by trypan blue, flow cytometric measurements of a sample were acquired as usual, in the absence
of trypan blue, followed immediately by consecutive analysis in the presence of 0.1% trypan blue
dye. The fluorescence intensity quenched by trypan blue is defined as the difference in fluorescence
intensities measured in the absence (−TB) and presence (+TB) of the dye. The percent quenching by
trypan blue was calculated as [(−TB)−(+TB)]/(−TB), where the fluorescence intensity in the absence of
dye was set to 100%. A sample with high trypan blue quenching implies that the fluorescent markers
reside on the cell surface. On the contrary, a sample with no fluorescence quenching by trypan blue
suggests that the fluorescent markers were internalized by the cells.

2.13. Uptake of Fluorescent and Non-Fluorescent OxLDL Assessed by FM, FCyt and Oil Red O (ORO) Stain

A total of 2 × 104 cells/well were seeded in 4-well plates for FCyt analysis in regular culture
media supplemented with 10% FBS for 24 h at 37 ◦C. For FM and ORO stain analysis, glass coverslips
were inserted in the wells before cells were seeded. The culture medium was replaced with freshly
prepared test media containing 0.1 mM PF108 alone, 100 μg/mL of P-, N-, or C-MWNTs, or with fresh
control medium containing no PF108 nor MWNTs and incubated for 20–24 h at 37 ◦C. After incubation,
control and test media were removed and cells were washed extensively with fresh serum-free medium
supplemented with 3% w/v BSA (SF + BSA medium) and followed by a 4 h serum starvation period at
37 ◦C.

For fluorescent oxLDL uptake assays, cells were incubated with fresh serum free (SF) + BSA
medium containing DyLightTM 488-conjugated oxLDL (1:20 dilution for FM and 1:40 dilution for
FCyt) for 2 h at 37 ◦C. Cells were then washed extensively to remove excess oxLDL in the media.
For FM analysis, cells on coverslips were fixed with 4% w/v paraformaldehyde in PBS at room
temperature for 15 min, washed again with PBS, and the nuclei were stained with Hoechst 33342
in PBS at room temperature for 5 min in the dark before the coverslips were mounted on glass
slides in Fluoromount G. Epi-fluorescence images were acquired using an inverted fluorescence
microscope (Nikon Eclipse TE2000) with a 60×magnification oil immersion objective lens (NA 1.40).
Blue color in the images denotes nuclei stained with Hoechst 33342 dye, detected with Ex. 365 nm
and Em. 435–485 nm wavelengths. Green fluorescent oxLDL was detected with Ex. 475 nm and
Em. 500–550 nm wavelengths. The Nikon NIS-Elements AR (v.4.40.00) software was used for image
acquisition and includes a 2D deconvolution module used to reduce the imperfection of convolution
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on the fluorescence cell images. For FCyt analysis, cells were washed with PBS, detached from the well
with AccumaxTM, washed again, and kept on ice in the dark. A total of 10,000 cells per sample were
analyzed using a flow cytometer where the green fluorescence intensity correlates to the abundance of
oxLDL in a cell. Cells with a green fluorescence intensity greater than the background auto-fluorescence
intensity are considered positive for active oxLDL uptake. The mean fluorescence intensity of a sample
represents the phagocytic activity of the cells to take up oxLDL under the experimental conditions.

To measure the uptake of non-fluorescent oxLDL using ORO staining, cells were incubated with
fresh SF+BSA media with or without 25 μg/mL oxLDL for 16 h at 37 ◦C. After the incubation, cells were
washed extensively and fixed with 4% w/v paraformaldehyde in PBS at room temperature for 15 min.
The oil droplets present in cells were stained with a freshly prepared 0.3% w/v ORO solution in 60%
isopropanol for 15 min at room temperature. The ORO working solution was prepared by diluting a
stock 0.5% w/v ORO in isopropanol solution (Sigma, cat. No. O1391) with MilliQ H2O at a 3:2 ratio.
The solution was mixed, set for 10 min, passed through a 0.22 μm PVDF membrane syringe filter unit
(MillexGV by Millipore, cat. No. SLGV033RS), and used within 30 min. After staining with ORO,
cells were washed extensively with water. To remove ORO stains on the glass coverslips and on the
wells of culture plates, coverslips were removed from the wells carefully and dipped first in a beaker
filled with clean water for 10 s, then dipped in a second beaker filled with 50% isopropanol for 10 s,
quickly dipped in a third beaker filled with clean water for 10 s, and transferred to wells filled with
PBS in new 4-well plates. Bright-field images were acquired using a digital inverted microscope cell
imaging system (EVOS FL AMEFC-4300) with a 40×magnification objective lens (NA 0.65), illuminated
with an LED transmitted light at 60% intensity, and saved as 24-bit color TIFF files. To quantitate the
amount of ORO associated with cells, the dye was eluted in 200 μL/well of 100% isopropanol (Sigma,
cat. No. C-2432). The plates were placed on an orbital shaker for 15 min at room temperature and
150 μL eluate from each well was transferred to a well in a 96-well plate. The absorbance at 510 nm,
corresponding to the ORO absorbance peak, was measured using a BioTek Synergy 2 Multi-Mode
microplate reader (Winooski, VT, USA).

3. Results

3.1. Surface SR-A1 and MARCO Receptor Expression in RAW 264.7, B6, and ZK Cells

The mouse alveolar macrophage-derived cell line RAW 264.7 and two immortalized alveolar
macrophage cell lines, B6 and ZK, were studied to evaluate the participation of SR-A receptors in
MWNT uptake. B6 cells are derived from wild type (WT) C57BL/6 mice and ZK cells are from MARCO
and SR-AI/II deficient (MS−/−) mice [22]. The expression of surface SR-A1 and MARCO (SR-A6)
receptors on RAW 264.7, WT B6, and MS−/− ZK cells was detected by immunofluorescence staining and
determined quantitatively using FCyt, as described in the Methods section. Representative histograms
of surface SR-A1 and MARCO receptor expression with RAW 264.7, B6, and ZK cells are shown in
Figure 1A. Fluorescent staining with respective isotype control mAbs was included as a negative
control. Both RAW 264.7 and WT B6 cells express high levels of surface SR-A1 whereas MS−/− ZK cells
do not (Figure 1A, left panel). No relevant amount of MARCO receptors were detected on the surface
of RAW 264.7, WT B6, or MS−/− ZK cells (Figure 1A, right panel). For quantitative analysis, cells with
fluorescence intensity greater than that of the isotype control are considered positive and the fraction
of positive cells among 20,000 counts analyzed for each sample are plotted in Figure 1B. The results
demonstrate that more than 90% of RAW 264.7 and WT B6 cells express surface SR-A1 and only 2%
MS−/− ZK cells tested positive for surface SR-A1. The MFI is the average fluorescence signal from the
cells analyzed and gives a quantitative comparison of the population fluorescence. The MFI for RAW
264.7 and WT B6 cells was (102.4 ± 4.2) × 103 and (22.4 ± 8.6) × 103, respectively. In contrast, MS−/− ZK
cells express low surface SR-A1, evidenced by an MFI of (1.6 ± 1.5) × 103, barely exceeding the isotype
control background level MFI of (1.3 ± 0.6) × 103. Unlike the SR-A1, the constitutive expression of
the MARCO receptor appears to be low in all three alveolar macrophage cell lines tested (Figure 1B),
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with MFIs of (1.2 ± 0.7) × 103, (0.8 ± 0.3) × 103, and (0.7 ± 0.3) × 103 for RAW 264.7, WT B6, and
MS−/− ZK mouse macrophages, respectively. This is consistent with prior studies indicating that RAW
264.7 cells express high levels of SR-A1 but not MARCO [15]. Note that the surface SR-A1 and MARCO
receptor levels measured here using FCyt agree with PCR genotyping results reported previously by
the Kobzik group [22]. Next, the amount of MWNTs accumulated by these cells was correlated with
their expression of surface SR-A1 receptors.

Figure 1. Surface SR-A1 receptor expression correlates with the accumulation of C-MWNTs by
RAW 264.7, wild type (WT) B6, and MARCO and SR-AI/II deficient (MS)−/− ZK murine alveolar
macrophages. (A,B) Cell surface expression of SR-A1 and MARCO receptors was determined by
direct immunofluorescence FCyt assays. Cells were prepared for cytometry as described in Methods
using Alexa Fluor® 488-conjugated monoclonal anti-mouse SR-A1 or APC-conjugated monoclonal
anti-mouse MARCO antibody. Cells with fluorescence intensity greater than the background isotype
control were considered positive. (A) Representative fluorescence histograms of cells stained with
anti-mouse SR-A1 (left panel) or with anti-MARCO (right panel), and corresponding isotype control
antibodies. Black, isotype control; blue, RAW 264.7 cells; green, WT B6 cells; purple, MS−/− ZK cells.
(B) The fraction of positive cells out of a total 20,000 analyzed was expressed as the % of cells positive
for surface SR-A1 (left panel) or for surface MARCO (right panel) receptors. (C) The accumulation of
P-, N-, or C-MWNTs by RAW 264.7, WT B6, and MS−/− ZK cells was determined after exposing cells to
media containing 100 μg/mL of either P-, N-, or C-MWNT for 24 h at 37 ◦C as described in Methods.
Numbers above the bars are the average fg MWNTs per cell. Data in all panels of this figure are the
average ± SD of ≥3 independent experiments.
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3.2. Accumulation of MWNTs by RAW 264.7, WT B6, and MS−/− ZK cells

Results of our previous study on MWNT uptake by RAW 264.7 cells suggested that class
A scavenger receptors might be involved in the 100-fold preferential uptake of C-MWNTs over
P-MWNTs [11]. In the present study, in addition to P- and C-MWNTs, the interaction of N-MWNTs with
macrophages was assessed to see if a surface functionalization other than oxidation affected uptake by
cells. After a 24 h incubation in media containing 100 μg/mL of PF108-coated MWNTs, RAW 264.7 cells
accumulated 69 ± 18 and 69 ± 22 fg/cell of P- and N-MWNTs, respectively, and accumulated ~85 fold
more C-MWNTs at 5828 ± 325 fg/cell (Figure 1C). This is consistent with our previous results [11] and
shows that N-MWNTs, like P-MWNTs, are not highly accumulated. Under the same experimental
conditions as with RAW 264.7 cells, WT B6 cells also accumulated ~100 fold more C-MWNTs than P-
or N-MWNTs, with an average of 48 ± 25, 37 ± 8, and 4,449 ± 591 fg/cell of P-, N-, and C-MWNTs,
respectively (Figure 1C). Notably, MS−/− ZK cells that lack SR-A1 accumulated minimal P-, N-,
or C-MWNTs (Figure 1C). Thus, high C-MWNT accumulation correlates with high expression of
surface SR-A1. Moreover, since RAW 264.7 and WT B6 cells express minimal MARCO receptors on
their surface (Figure 1A,B), MARCO receptors apparently cannot be responsible for the high C-MWNTs
uptake in these cells (Figure 1C). To further investigate the effect of SR-A1 on the accumulation of
MWNTs, transfected CHO cells that stably express mouse SR-A1 were studied next.

3.3. Selective High Uptake of C-MWNTs in CHO Cells Expressing SR-A1

CHO cells stably transfected with full length mouse class A type I scavenger receptor cDNA,
termed CHO[mSR-AI] cells, were kindly provided by Prof. M. Krieger [23]. As received CHO[mSR-AI]
cells were re-selected in medium containing 0.5 mg/mL of geneticin (G418, Gibco) and single colonies
were isolated by dilution plating. The surviving colonies were screened for high surface SR-A1
expression by immunofluorescence FCyt, from which three sub-clones, termed CHO + mSRA1.A,
CHO +mSRA1.B, and CHO +mSRA1.C, were selected and used to investigate the involvement of
SR-A1 on the accumulation of P-, N-, and C-MWNTs by CHO cells.

Immunofluorescence FCyt showed that these sub-clones of CHO[mSR-AI] cells stably expressed
transfected murine surface SR-A1 at various levels, all greater than the background level of the
non-transfected wild type CHO-K1 cells (Figure 2A). MFI comparisons indicated that surface SR-A1
levels were increased significantly over wild type CHO-K1 cells, by ~7-fold for CHO +mSRA1.A and
CHO +mSRA1.B cells, and by ~3-fold for CHO +mSRA1.C cells (Figure 2B).

To assess the contribution of SR-A1 to MWNT uptake, P-, N-, and C-MWNTs accumulated by
wild type CHO-K1 and transfected CHO +mSRA1.A, CHO +mSRA1.B, and CHO +mSRA1.C cells
were determined under the same experimental conditions as described in the previous section for
macrophages. Data in Figure 2C demonstrate an increased C-MWNT uptake in all three CHO+mSR-A1
sub-clones, specifically, 358 ± 211, 812 ± 221, and 247 ± 159 fg/cell C-MWNT for CHO +mSRA1.A,
CHO +mSRA1.B, and CHO +mSRA1.C, respectively, which corresponds to 6-, 14-, and 4-fold increases
relative to the 59 ± 17 fg/cell for CHO-K1 cells. The uptake of P- or N-MWNTs, however, remained
minimal for all three CHO+mSR-A1 sub-clones, despite the higher SR-A1 expression levels compared
to wild type CHO-K1 cells. Thus, the amount of surface SR-A1 correlates with the selective uptake of
C-MWNT, but not P- or N-MWNT in CHO clones expressing SR-A1.

Altogether, the low C-MWNT uptake by cells that lack SR-A1 (MS−/− ZK macrophages, Figure 1)
and the high uptake of C-MWNT by cells that over-express SR-A1 (CHO +mSRA1 clones, Figure 2)
provide strong evidence that SR-A1 underlies the selective uptake of C-MWNTs in macrophages.
To determine the potential physiological consequences of high-level accumulation of C-MWNT by
macrophages, the cytotoxicity of PF108 alone, P-, N-, and C-MWNTs in RAW 264.7 cells was compared
next using three different assays.

88



Nanomaterials 2020, 10, 2417

Figure 2. Surface SR-A1 receptor expression correlates with C-MWNT uptake by CHO-K1 and
transfected CHO +mSRA1 clones. (A,B) Cell surface expression of SR-A1 receptors was determined
by direct immunofluorescence FCyt assays. Cells detached from the culture vessel with enzyme-free
buffer were incubated with mouse IgG to block Fc receptors before incubation with Alexa Fluor®

488-conjugated monoclonal anti-mouse mSR-A1 antibody. Alexa Fluor® 488-conjugated rat IgG2b
was used as isotype control. Cells with fluorescence intensity greater than the background isotype
control were considered positive. The mean fluorescence intensity represents the surface expression
level of SR-A1 receptors by the 20,000 cells analyzed. (A) Representative fluorescence histograms of
cells stained with anti-mSR-A1. Black, untransfected CHO-K1 cells; beige, brown, and red, transfected
CHO +mSRA1 sub-clones A, B, and C, respectively. (B) The surface SR-A1 receptor expression level
represented as the mean fluorescence intensity of 20,000 cells analyzed per sample. Data are the mean ±
SD of triplicate measurements of each sample in ≥3 independent experiments. ** is for p < 0.0005 and ***
is for p < 0.00005, compared to CHO-K1. (C) The accumulation of P-, N-, or C-MWNTs by untransfected
CHO-K1 cells and transfected CHO +mSRA1 sub-clones A, B, and C was determined after exposing
cells to media containing 100 μg/mL of P-, N-, or C-MWNT for 24 h at 37 ◦C. After incubation, the
cells were washed, cell counts were determined using a Coulter Particle Counter, and MWNTs were
extracted and quantified using the SDS-PAGE method. Numbers above the bars are the average fg
MWNTs per cell. Data are the average ± SD of ≥3 independent experiments.

3.4. The Effect of MWNT Accumulation on Apoptosis, Proliferation, and Colony Formation Efficiency

The first set of experiments assessed the consequences of MWNT exposure on RAW 264.7 cell
proliferation using a standardized crystal violet cell proliferation assay [11,24]. Specifically, the ability
of cells to proliferate was determined as a function of P-, N-, or C-MWNT concentration in the media,
from 25 up to 200 μg/mL, as well as a function of incubation time of 24, 48, or 72 h. Control cells
were incubated in regular culture medium that contained no MWNTs or PF108 and their proliferation
measured after incubation was set to 100%.

After a 24 h incubation (Figure 3A), there was no significant decline in RAW 264.7 cell proliferation
for cells with either P- or N-MWNTs at concentrations up to 200μg/mL, relative to the untreated controls.
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A slight reduction in proliferation was detected only for cells with C-MWNTs at concentrations of 150
and 200 μg/mL. After a 48 h incubation (Figure 3B), again, no significant effects on cell proliferation
were detected for cells with P- or N-MWNTs; however, a greater impact was observed for cells exposed
to C-MWNTs, with an estimated IC50 of 120 μg/mL. A longer incubation of 72 h with C-MWNTs
aggravated the adverse effect on cell proliferation (Figure 3C), indicated by an IC50 of 80 μg/mL.
A 40–50% reduction in cell proliferation for cells with P- or N-MWNTs only became notable after a 72 h
exposure and at 200 μg/mL, the highest P- or N-MWNT concentration tested. These data indicate that
the IC50 values for exposure to C-MWNTs decrease significantly with time. Therefore, we also studied
the effect of MWNTs on RAW 264.7 cells in long-term colony formation assays.

Figure 3. Effects of P-, N-, and C-MWNTs dose and exposure time on RAW 264.7 cell proliferation.
RAW 264.7 cells in 48-well plates were incubated in media containing 25, 50, 100, 150, or 200 μg/mL of
P-, N-, or C-MWNTs at 37 ◦C. Cells incubated in regular culture medium in the absence of MWNTs
was the untreated control. IC50 values were estimated from a linear regression dose-effect trend line
as the concentration of MWNTs needed to inhibit cell proliferation by 50%. Cell proliferation after a
(A) 24 h, (B) 48 h, or (C) 72 h exposure to MWNTs was determined by the crystal violet assay where
the proliferation of control cells was set to 100%. Dotted arrows indicate estimated IC50 values of 120
and 80 μg/mL for cells treated with C-MWNTs for 48 and 72 h, respectively. Data are the average of
quadruplicate measurements per sample in ≥3 independent experiments ± SEM.
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Colony formation assays (CFA), were performed next to assess the impact of various MWNTs
on RAW 264.7 cells’ survival upon long-term exposure. This assay tests the ability of single cells to
proliferate and form a visible colony under the test condition [25] and has been previously used in
studies with CNTs [28,29]. A total of 300 RAW 264.7 cells/well were seeded in a control of regular culture
medium or in test media that contained either P-, N-, or C-MWNTs at various MWNT concentrations
up to 100 μg/mL, and incubated without disturbance for 8 day to allow colony formation. Colonies
were fixed, stained with crystal violet, imaged using a stereomicroscope, and counted.

Representative images of colonies of the untreated control group and cells incubated with
100 μg/mL P-, N-, or C-MWNTs are shown in Figure 4A. A total of 46 ± 13% of seeded control RAW
264.7 cells formed colonies in 8 day whereas fewer colonies were produced from cells exposed to
100 μg/mL of P- or N-MWNTs. The efficiency of colony formation was near zero for C-MWNT-treated
cells. The % colony formation efficiency (CFE) was calculated for each sample, relative to the number
of colonies produced by the untreated control set to 100%. A dose-effect curve was plotted for each
MWNT type in Figure 4B and demonstrates a dose-dependent decline for CFE. The IC50 values for
cells exposed continuously to P-, N-, and C-MWNTs for 8 day were 79, 77, and 29 μg/mL, respectively.
The IC50 of 29 μg/mL for the effect of C-MWNT on viability suggests that even lower concentrations
could have some adverse effects on cells after long-term exposure.

Figure 4. Colony formation efficiency (CFE) of RAW 264.7 cells after 8d of continuous exposure to
P-, N-, or C-MWNTs at various concentrations up to 100 μg/mL. 300 RAW 264.7 cells were seeded
in 35 mm culture plates with media containing various concentrations of P-, N-, or C-MWNTs up to
100 μg/mL and incubated at 37 ◦C in a 5% CO2 incubator without disturbance for 8 day, then stained as
described in Methods. CFE was defined as the ratio of the colony count over the seeded cell count in a
plate. The concentration of MWNTs required to inhibit CFE by 50% (IC50) value was estimated from a
linear regression dose-effect trend line. (A) Representative images of stained colonies in plates with
control or cells treated with 100 μg/mL of P-, N-, or C-MWNTs. (B) CFE of RAW 264.7 cells incubated
in media containing P-, N-, or C-MWNTs for 8 day at 37 ◦C, relative to untreated control where the CFE
was set to 100%. Dotted arrows indicate estimated IC50 values. Data are the average of 6 replicate
plates per sample in ≥3 independent experiments ± SD.

Apoptosis was also assessed after a 24 h incubation with media containing either 0.1 mM PF108
alone, or 100 μg/mL of P-, N-, or C-MWNTs. Untreated cells provided a negative control and cells
treated with 100 nM CPT, a known DNA topoisomerase I inhibitor that causes DNA double-strand
breaks [30], were used as positive controls for apoptosis. After the treatments, apoptotic, necrotic,

91



Nanomaterials 2020, 10, 2417

and dead cells were detected using an apoptosis/dead cell detection kit with Annexin V-FITC and PI,
according to the manufacturer’s instruction. The % of viable, apoptotic, necrotic, and dead cell fractions
in 10,000 cell counts analyzed per sample were acquired using an FCyt cell analyzer. There was
negligible necrosis and a background of 4% apoptosis in negative control cells. In CPT treated positive
control cells, almost 53% of the cells were apoptotic while necrosis was still low (Figure S1A). Only a
low level of apoptosis (11.4–18.0%) was detected in cells exposed to PF108 surfactant alone or to the
various MWNTs. The mean % apoptotic cell fractions are plotted as bar graphs in SI Figure S1B to
further illustrate that regardless of high accumulation, C-MWNTs had only a mild apoptotic effect
on cells in the first 24 h exposure. We next looked at what consequences C-MWNT accumulation via
SR-A1 receptors might have on functions related to this receptor.

3.5. Treatment of Cells with C-MWNTs, but Not P- or N-MWNTs, Depletes Surface SR-A1

Phagocytosis is important for alveolar macrophages to remove foreign particles such as invading
pathogens and dust from the lung. The interaction of C-MWNTs with SR-A1 receptors, and subsequent
accumulation in cells, could impair macrophage phagocytic activity. The experiments described in
the following sections address: (1) whether the accumulation of C-MWNTs via SR-A1 depletes this
important receptor from the cell surface; and (2) whether C-MWNT accumulation impairs the ability
of cells to phagocytose ligands, such as polystyrene beads, E. coli, and oxidized LDL (oxLDL) that are
known to interact with SR-A1 [22,31–34].

Two approaches were used to assess the effects of MWNTs on surface SR-A1 levels in RAW
264.7 cells, a qualitative immunofluorescence microscopy (IFM) assay and a quantitative FCyt assay.
The timeline schematic in Figure 5A presents the key steps used to prepare samples for the IFM
and FCyt experiments (full details described in the Methods section). Briefly, RAW 264.7 cells were
incubated in control medium that contained no PF108 or MWNTs or in test media that contained
0.1 mM PF108 alone or 100 μg/mL of P-, N-, or C-MWNTs at 37 ◦C for 24 h, washed extensively, chased
in fresh medium for 1 h at 37 ◦C, and then chilled to 4 ◦C. Half of the cells were incubated with a green
Alexa Fluor® 488-conjugated mAb specific for mouse SR-A1 and the other half with an Alexa Fluor®

488-conjugated isotype control mAb as a negative control, at 4 ◦C for 30 min in the dark. The cells
were then prepared either for IFM or FCyt as described in Methods.

Representative LSCFM images of cells stained with Alexa Fluor® 488-conjugated mAbs for SR-A1
and Hoechst dye for the nucleus are shown in Figure 5B. Green fluorescence marking surface SR-A1
was in punctate spots, noted previously and attributed to the localization of SR-A1 in lipid rafts on the
cell surface [33]. After C-MWNT treatment, considerably fewer green punctate spots were observed
and the spots appeared mainly at cell margins where the cell membrane was attached to the glass
coverslip. The untreated control cells appeared to have abundant SR-A1 stains while cells treated
with P- and N-MWNTs had slightly less SR-A1 on their surface (Figure 5B). See SI Figure S2 for 360◦
rotating video clips of representative control and C-MWNT-treated RAW 264.7 cells stained with green
fluorescent mAbs against surface SR-A1. None of the cells stained with isotype control mAbs emitted
detectable green fluorescence signal, which indicates negligible background fluorescence in this assay
(data not shown). These data suggested that SR-A1 might be depleted from the cell surface in RAW
264.7 cells pre-exposed to C-MWNTs, and this was next tested by quantitative FCyt assay.

Cells with a green fluorescence intensity >1 × 104 in the FCyt assay were considered positive for
surface SR-A1. Results (Figure 5C, left panel) indicated that ≥97% of RAW 264.7 cells tested positive for
surface SR-A1, regardless of any pre-treatment or not. However, as previously noticed in the LSCFM
images (Figure 5B), not all SR-A1 positive cells express the same level of surface SR-A1 (Figure 5C right
panel). Exposing cells to PF108 alone for 24 h had no effects on their surface SR-A1 expression. A mild
reduction in surface SR-A1 expression, of 7% and 16%, was detected in cells pre-treated with either P-
or N-MWNTs, respectively, compared to the untreated control cells. A 40% reduction of surface SR-A1
was detected in RAW 264.7 cells pre-treated with 100 μg/mL C-MWNTs for 24 h (Figure 5C, right
panel). One interpretation of these data is that notable amounts of surface SR-A1 are depleted from the
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cell surface upon exposure to C-MWNTs over time. Alternatively, it is possible that cell-associated
MWNTs interfere with quantifying surface SR-A1, by quenching the antibody fluorophore signal or by
preventing the binding of the reporter antibody in the FCyt experiments. To assess the alternative
possibilities, further control experiments were performed, as described next.

Figure 5. Effects of MWNT accumulation on surface SR-A1 receptor expression in RAW 264.7 cells.
RAW 264.7 cells were incubated in media containing 0.1 mM PF108 alone or 100 μg/mL of P-, N-,
or CMPF at 37 ◦C for 24 h. Cells incubated in regular culture medium in the absence of PF108 and
MWNTs are the untreated control. Cells were washed and chased in fresh medium at 37 ◦C for 1 h
to promote internalization of MWNTs that may have been on the cell surface. SR-A1 on the cell
surface was immunologically detected by either FCyt or LSCFM as described in Methods. Briefly,
cells were detached from culture plates with enzyme-free buffer, washed, chilled on ice, and appropriate
antibodies were added to cells at 4 ◦C to prevent internalization of receptors or ligands. (A) The timeline
scheme outlines the key experimental steps. (B) Representative Laser Scanning Confocal Fluorescence
Microscopy (LSCFM) images of untreated control and MWNT-treated cells. Blue fluorescence is emitted
from Hoechst 33342 stained nucleus and green fluorescence is from Alexa Fluor® 488-conjugated SR-A1
receptors. Scale bars are 10 μm. (C) The fraction of positive cells out of a total 20,000 analyzed by flow
cytometry was expressed as the % of positive for surface SR-A1 (left panel). The surface SR-A1 receptor
expression level is represented as the mean fluorescence intensity of 20,000 cells analyzed per sample
(right panel). Percent values inside circles are the mean fluorescence intensity relative to untreated
control where the surface SR-A1 receptor level was set to 100%. Data are the mean ± SD of triplicate
measurements per sample in ≥3 independent experiments.
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3.6. MWNTs Do Not Interfere with Immunofluorescence FCyt Assays for Surface SR-A1

To test whether surface-bound MWNTs interfered with the detection of SR-A1 receptors,
RAW 264.7 cells were exposed to MWNTs at 4 ◦C for 1 h, washed to remove unbound MWNTs,
and incubated in fresh medium for 1 h at 4 ◦C. Control cells were kept in medium in the absence
of MWNTs at 4 ◦C. Cells were immuno-stained with fluorescent-conjugated monoclonal anti-SR-A1
antibodies and analyzed for the presence of surface-SR-A1 by FCyt (See SI Figure S3A for a timeline
of the treatment). The fluorescent signal in cells treated with MWNTs at 4 ◦C was compared with
the signal from untreated control cells. Interference would be indicated if the signal is attenuated by
surface bound MWNTs in the MWNT-treated cells. There was no effect of exposing cells to any type
of MWNT at 4 ◦C on the mean fluorescence intensity of the anti-SR-A1 antibody compared to the
untreated control (SI Figure S3B, left side).

Furthermore, to determine whether internalized MWNTs could interfere with the detection of
surface anti-SR-A1 immunofluorescence, cells were exposed to MWNTs at 4 ◦C for 1 h to allow binding,
washed to remove unbound material, and then chased at 37 ◦C for 1 h to permit internalization (see SI
Figure S3A). The results in SI Figure S3B, right side, indicate that the internalized MWNTs did not
reduce the mean fluorescent signal of the anti-SR-A1 antibody compared to the control. Altogether,
these data suggest that neither surface-bound nor internalized MWNTs block the binding of anti-SR-A1
antibody or quench the fluorescent signals of the antibody in the FCyt assay. Thus, the observed 40%
reduction of surface SR-A1 in RAW 264.7 cells exposed to C-MWNTs for 24 h is most likely due to a
depletion of the SR-A1 receptors from the cell surface over time.

Considering that the accumulation of C-MWNTs by RAW 264.7 cells appears to reduce the
expression of SR-A1 on the cell surface, there should be a corresponding effect on the uptake of
other SR-A1 receptor ligands. To test this, we next compared the uptake of polystyrene beads, E. coli,
and oxLDL by untreated control and MWNT-treated RAW 264.7 cells.

3.7. Accumulation of C-MWNTs, but Not P- or N-MWNTs, Reduces Uptake of Polystyrene Beads

Polystyrene beads are negatively charged and are known to bind SR-A1 [22,33,34]. To check the
phagocytic ability of RAW 264.7 cells after exposure to different MWNTs, polystyrene beads with
internally bound green fluorophores and a nominal diameter of 0.9 μm were used as phagocytic
markers. RAW 264.7 cells were pre-incubated with 100 μg/mL P-, N-, or C-MWNTs, or with 0.1 mM
PF108 alone at 37 ◦C for 20 h, washed, and then exposed to 10 μg/mL fluorescent polystyrene beads for
2 h at 37 ◦C, followed by a 1-h chase at 37 ◦C in the dark (Figure 6A). The presence of the beads in
cells was determined by qualitative assessment using LSCFM and by quantitative FCyt measurement.
Representative confocal fluorescence images of untreated control cells and MWNT-treated cells
(Figure 6B) visually demonstrate a reduced number of beads in C-MWNT-treated RAW 264.7 cells,
whereas cells treated with P- or N-MWNTs have a sparingly reduced number of beads, relative to that
of the control cells.

The quantitative results of FCyt analysis (Figure 6C) revealed that the untreated control and cells
exposed to either PF108 alone, P-, or N-MWNTs all have high levels of phagocytosed beads, with MFIs
of 2.6 × 106, 2.1 × 106, 2.0 × 106, and 2.1 × 106, respectively, indicative of robust phagocytic activity.
On the contrary, cells treated with C-MWNTs displayed a significantly reduced level of phagocytosed
polystyrene beads, evidenced by a low MFI of 1.0 × 106, ~40% that of the control cells (Figure 6C).
These data are consistent with the qualitative observations with LSCFM (Figure 6B and SI Figure S4)
and support the idea that the accumulation of C-MWNTs impairs the subsequent uptake of a SR-A1
receptor ligand. Note that in Figure 6B there appears to be fewer, but bright, beads within C-MWNT
treated cells, suggesting that quenching is not responsible for the reduced fluorescence signal in
cytometry experiments with C-MWNT treated cells.
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Figure 6. Effects of MWNT accumulation on subsequent phagocytosis of polystyrene beads in murine
alveolar macrophage cell lines. RAW 264.7, wild type B6, and MS−/− ZK cells were incubated in media
containing 100 μg/mL of P-, N-, or C-MWNTs at 37 ◦C for 20 h. Untreated control cells were incubated
in regular culture medium in the absence of PF108 surfactant or MWNTs. Cells were prepared for
LSCFM or FCyt as described in Methods. (A) The timeline scheme outlines the key experimental steps.
(B) Representative LSCFM images of untreated control and MWNT-treated cells. Blue fluorescence is
emitted from Hoechst 33342 stained nuclei and green fluorescence is from phagocytosed polystyrene
beads. (C) Mean fluorescence index of RAW 264.7 control, cells pre-treated with 0.1 mM PF108 alone,
or with 100 μg/mL of P-, N-, or C-MWNTs. (D) Mean fluorescence index of WT B6 (left panel) and
MS−/− ZK (right panel) controls and cells pre-treated with 100 μg/mL of P-, N-, or C-MWNTs. Data are
the mean ± SD of duplicate measurements per sample in ≥3 independent experiments. NS is for no
significant differences (p > 0.05) among test groups, * is for p < 0.0005 against control.

The possibility that polystyrene beads and PF108-coated C-MWNTs are internalized by the same
receptor predicts that they might sometimes both end up within the same phagolysosomes in cells
exposed to both ligands. To test this prediction, we used LSCRM to determine whether the distinct
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Raman signals of polystyrene beads and C-MWNTs co-localized. In LSCRM, a laser scans the cells
attached on a coverslip and briefly pauses at each pixel to collect a complete Raman scattering spectrum
of the sample, one spectrum per pixel. The scattering signals of C-MWNTs and polystyrene beads
in different regions can be extracted, separated, assigned colors, and overlaid to see if they overlap.
However, since our results suggest that C-MWNTs and polystyrene beads may use the same receptor,
the cells were not simultaneously exposed to both to avoid competition; rather, they were first exposed
to C-MWNTs for 2 h, washed, then exposed to beads for 2 h. The cells were then fixed and analyzed by
LSCRM as described in the Supplemental Information methods. The Raman signal (red) of cells exposed
to beads alone for 2 h mapped to the position of beads seen by bright field microscopy (SI Figure S6,
top, left and right). In cells first treated with C-MWNTs for 2 h, washed, then exposed to beads for
2 h, the location of C-MWNTs (green) was visible, as were structures that were yellow, indicating
colocalization of beads and C-MWNTs (SI Figure S6, bottom, left and right). The colocalization is
partial, as expected because the cells were exposed to the two ligands at separate times. These data
provide evidence independent of fluorescence methods that C-MWNTs are internalized and appear
with beads in structures that have the expected perinuclear distribution of phagolysosomes.

The effect of MWNTs on the uptake of polystyrene beads was also tested with wild type B6
macrophages, which have SR-A1, and with MS−/− ZK cells, which lack SR-A1. Wild type B6 and
MS−/− ZK cells pre-incubated with 100 μg/mL P-, N-, or C-MWNTs at 37 ◦C for 20 h were washed,
chased in fresh medium for 1 h, incubated with 25 μg/mL fluorescent polystyrene beads for 2 h at
37 ◦C, and washed again prior to FCyt analysis for phagocytosed beads in the cells. Quantitative FCyt
results (Figure 6D, left panel) showed that untreated control WT B6 cells and those treated with P-
and N-MWNTs have similar phagocytic function and internalized a large number of beads within 2 h
of exposure at 37 ◦C, indicated by their MFI values of 1.4 × 106, 1.3 × 106, and 1.3 × 106, respectively.
WT B6 cells treated with C-MWNT, in contrast, displayed a 43% reduction in the uptake of polystyrene
beads (MFI 8.2 × 105), compared to the control B6 cells, consistent with the idea that accumulation of
C-MWNTs via SR-A1 impairs subsequent uptake of polystyrene beads by WT B6 cells. Unlike the RAW
264.7 or the WT B6 cells, untreated MS−/− ZK cells tested under the same experimental conditions show
minimal uptake of polystyrene beads (MFI 3.9 × 105) by the untreated control ZK cells, verifying that
SR-A1 are essential for the phagocytosis of polystyrene beads (Figure 6D, right panel). MS−/− ZK cells
treated with P-, N-, or C-MWNTs also showed minimal uptake of polystyrene bead (MFIs 3.2 × 105,
3.5 × 105, and 2.4 × 105, respectively).

Replicate experiments of WT B6 and SR-A1-deficient MS−/− ZK cells were analyzed using
LSCFM. SI Figure S4 displays representative confocal fluorescence images of B6 and ZK cells with
phagocytosed green fluorescent beads and nuclei stained with blue fluorescent Hoechst 33342 dye.
The qualitative visual assessment of WT B6 and MS−/− ZK cells using LSCFM (SI Figure S4) confirms
the quantitative FCyt results (Figure 6D) for these cells under the same experimental conditions.
Altogether, the attenuated uptake of an SR-A1 ligand by cells pre-treated with C-MWNTs correlates
well with the observation that C-MWNT accumulation appears to deplete SR-A1 from the cell surface.
This correlation was further tested using a bacterial SR-A1 ligand.

3.8. Accumulation of C-MWNTs, but Not P- or N-MWNTs, Impairs Subsequent E. coli Uptake

Alveolar macrophages play a key role in host defense against invading pathogens where SR-A1 is
critical for bacteria clearance [31,35]. In the following experiments, the potential adverse impacts of
C-MWNT accumulation in alveolar macrophage-derived RAW 264.7 cells on E. coli clearance were
investigated. A schematic of the experimental approach is shown in Figure 7A. Briefly, RAW 264.7 cells
were incubated with 100 μg/mL of the indicated MWNTs for 24 h at 37 ◦C, chased for 1 h at 37 ◦C and
then exposed to heat-killed, green fluorescent-conjugated E. coli particles with a multiplicity of infection
(MOI) of 30 at 4 ◦C for 1 h in the dark. Cells were washed to remove unbound E. coli particles, placed
in fresh medium at 37 ◦C for 1 h to allow phagocytosis, washed, and analyzed for E. coli inside the cells
by FCyt. To verify that the fluorescence measured under such conditions was from internalized E. coli,
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cells were treated with TB, which is known to quench extracellular fluorescent signals but has no effect
on internalized fluorescence [26,27]. To confirm that TB was an effective quencher of fluorescent E. coli,
the bacteria were directly exposed to TB in solution and the quenching was assessed by cytometry.
The results of this control experiment indicated that the fluorescent signal was quenched by 94%,
as shown in SI Figure S5.

Figure 7. A 24 h exposure of RAW 264.7 cells to C-MWNTs, but not P- or N-MWNTs, impairs subsequent
phagocytosis of E. coli. RAW 264.7 cells were incubated in media containing 100 μg/mL of P-, N-,
or C-MWNTs, or 0.1 mM PF108 alone at 37 ◦C for 24 h. The cells were chilled to 4 ◦C and exposed to
heat-killed Alexa Fluor® 488-conjugated E. coli, at 30 E. coli particles per cell, for 1 h at 4 ◦C, washed,
chased for 1 h at 37 ◦C to allow phagocytosis, washed again, and analyzed by FCyt as described in
Methods. Cells with a fluorescence intensity greater than the background auto-fluorescence were
considered positive for phagocytosed E. coli. Flow cytometric measurements of a sample were followed
immediately by consecutive analysis in the presence of 0.1% trypan blue dye, as described in Methods.
(A) The timeline scheme outlines the key experimental steps. (B) E. coli phagocytosed by untreated
control, PF108-treated, MWNT-treated cells. Mean fluorescence intensity was measured in the absence
(−TB) and subsequent presence (+TB) of 0.1% trypan blue. *** is for p < 0.0005. Data are the mean ± SD
of triplicate measurements per sample in ≥3 independent experiments.

The results in Figure 7B revealed that pre-treatment of cells with PF108, P-MWNTs, or N-MWNTs
did not reduce their MFI compared to the control cells. In addition, the fluorescence was unaffected
by TB, evidence that the fluorescence was from internalized E. coli in these cells. However, cells
pre-treated with C-MWNTs had a 30% reduction in MFI, even though the fluorescence was, again,
highly resistant to quenching by TB. These results support the idea that C-MWNT accumulation
impairs E. coli clearance by macrophages. In addition, the resistance to TB quenching in the control
and cells pre-treated with MWNTs also implies that the plasma membrane of the cells was intact.

3.9. Reduced OxLDL Uptake by RAW 264.7 Cells Pre-Exposed to C-MWNTs, but Not P- or N-MWNTs

SR-A1 is one of the three major SRs involved in the recognition and uptake of oxLDL by
macrophages, in addition to CD36 and LOX-1 [36]. The uptake and the subsequent intracellular
accumulation of oxLDL have been shown to promote the transformation of lipid-laden macrophages
to foam cells with proatherogenic effects [36–38]. The effect of MWNTs on the uptake of oxLDL was
tested with RAW 264.7 cells using the schematic experimental approach shown in Figure 8A. Cells were
incubated in media containing either 0.1 mM PF108 alone, 100 μg/mL P-, N-, or C-MWNTs, or in
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control medium that contained no PF108 or MWNTs for 20 h at 37 ◦C. After this pre-treatment, the cells
were washed and incubated in fresh serum-free medium for 4 h at 37 ◦C to remove lipid components
in the culture medium and then exposed to Alexa Fluor® 488-conjugated oxLDL for 2 h at 37 ◦C in the
dark. Cells were washed and assessed for phagocytosed oxLDL by epi-fluorescence microscopy (FM)
and FCyt analysis. Representative fluorescence images of untreated control and MWNT-treated cells
are shown in Figure 8B. Active uptake of fluorescent oxLDL was readily visible in untreated control
and cells treated with P- or N-MWNTs, whereas green fluorescence was reduced in C-MWNT-treated
cells, correlating C-MWNT accumulation with impaired oxLDL uptake by RAW 264.7 cells.

Quantitative results of FCyt analysis (Figure 8C) confirmed the qualitative FM observations
shown in Figure 8B. The untreated control and cells exposed to either PF108 alone, P-, or N-MWNTs
all had active oxLDL uptake, with mean fluorescence intensities of 2.5 × 105, 2.8 × 105, 3.0 × 105,
and 3.1 × 105, respectively, indicative of robust phagocytic activities in these cells. On the contrary,
cells with accumulated C-MWNTs displayed a significantly lower fluorescence intensity of 1.3 × 105,
indicative of a reduced activity (by ~50%) for oxLDL uptake (Figure 8C). These data, again, support
the idea that the accumulation of C-MWNTs impairs the subsequent uptake of SR-A1 receptor ligands.

The concern that C-MWNTs may have quenching effects on the internalized fluorescent
oxLDL was addressed with independent oxLDL uptake experiments using non-fluorescent oxLDL.
The development of oil droplets from oxLDL uptake by cells was detected visually and measured
quantitatively based on an ORO staining assay [39–41], with optimization detailed in the Methods
section. RAW 264.7 cells seeded on glass coverslips were pre-treated either with regular culture
medium as control or with test media containing 100 μg/mL of P-, N-, or C-MWNTs at 37 ◦C for 24 h.
After pre-treatment, cells were washed and serum-starved for 4 h before exposure to non-fluorescent
oxLDL for 16 h. The uptake of oxLDL was detected as red oil droplets stained with ORO dye. The red
stained oil droplets were readily visible under a bright-field microscope with LED transmitted light
and a 40× magnification objective lens. In addition, the ORO stain was eluted in isopropanol and
measured quantitatively as absorbance intensity at 510 nm.

Representative ORO stained images of control and MWNT-treated cells, with and without oxLDL
exposure, are shown in SI Figure S7B. Without oxLDL exposure, no ORO stains were visible in either
control or any of the MWNT-treated cells, indicating that endogenous oil droplets were successfully
depleted during the serum starvation period. On the contrary, robust oxLDL uptake was evidenced by
the red ORO stain in cells allowed to take up oxLDL present in the media. Notice that internalized
MWNTs were clearly visible as dark gray vesicular structures inside cells pre-treated with C-MWNTs
that may obstruct visual assessment of red oil droplets in these cells. Thus, cell-associated ORO was
determined by extracting the dye from cells with isopropanol, and the eluent was then transferred to
new plates and measured spectrophotometrically free of potential MWNT interference. Results of
the quantitative oxLDL uptake assessment, represented by the relative ORO stain intensities of the
untreated control and cells pre-treated with MWNTs, indicated that oxLDL uptake was reduced by
~30% in cells pre-treated with C-MWNTs, whereas P- or N-MWNTs had no effect on subsequent
oxLDL uptake (SI Figure S7C). These results agree with data in Figure 8 using fluorescent oxLDL and
validate the finding that accumulation of C-MWNTs in RAW 264.7 cells affects subsequent phagocytosis
of oxLDL.
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Figure 8. Reduced fluorescent oxLDL uptake by RAW 264.7 cells pre-treated with C-MWNTs, but not
P- or N-MWNTs. RAW 264.7 cells were incubated in media containing either 0.1 mM PF108 alone or
100 μg/mL of P-, N-, or C-MWNTs at 37 ◦C for 24 h. Untreated control cells were incubated in regular
culture medium in the absence of PF108 surfactant or MWNTs. After the pre-treatments, cells were
washed and serum starved for 4 h in serum-free medium before incubation in fresh serum-free medium
containing Alexa Fluor® 488-conjugated oxLDL (1:20 dilution for FM and 1:40 dilution for FCyt) for 2 h
at 37 ◦C. Cells were washed again, chilled to 4 ◦C, and prepared for FM or FCyt as described in Methods.
(A) The timeline schematic outlining the key experimental steps. (B) Representative epi-fluorescence
images of the control and treated cells. Blue fluorescence is emitted from Hoechst 33342 stained nuclei
and green fluorescence is from internalized Alexa Fluor® 488-conjugated oxLDL. (C) Representative
fluorescence histograms of control cells (black), cells pre-treated with 0.1 mM PF108 (purple), 100 μg/mL
of P-MWNTs (red), N-MWNTs (yellow), or C-MWNTs (blue) are plotted on the left. The internalized
oxLDL is represented as the mean fluorescence intensity of a total of 10,000 cells analyzed per sample
and plotted as a bar graph on the right. Data are the mean ± SD of triplicate samples in ≥4 independent
experiments. Percent values shown above the bars indicate mean fluorescence intensity relative to
untreated control cells where the level of oxLDL was set to 100%. * is for p < 5.0 × 10−2, ** is for
p < 5.0 × 10−5, and *** is for p < 5.0 × 10−10 against control.
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4. Discussion

Our present hypothesis for the selective interaction of PF108-coated C-MWNTs with macrophages
is that the primary determinant of the interaction is oxidative functionalities on nanotubes, which could
include carboxylation, hydroxylation, and other carbon-oxygen bonded groups. This idea is supported
by our previous work comparing various physical properties of the carbon nanotubes that are
highly accumulated by cells. Both carboxylated single-walled carbon nanotubes (C-SWNTs) as well
as C-MWNTs are highly accumulated, but not their pristine counterparts, suggesting that neither
nanotube diameter nor chirality are critical parameters for accumulation [11]. Moreover, both short
and long C-MWNTs were accumulated, so length is apparently not a factor [11]. It is unlikely that the
non-ionic Pluronic® coat on the nanotubes influences interactions with cells because both carboxylated
and pristine nanotubes bear the same coat yet they bind and accumulate differently. It is also notable
that a protein corona is not required for receptor interaction as binding to cells occurs at 4 °C in the
absence of serum [11]. The zeta potentials of the carboxylated nanotubes are more negative than their
pristine counterparts, as expected, and a negative charge is a common physical feature related to
carboxylation shared by nanotubes that are highly accumulated. Members of Class A SRs interact
with certain anionic ligands and polyanions such as dextran sulfate often antagonize this interaction.
Dextran sulfate and similar compounds were previously noted to affect the response of cells to carbon
nanotubes, suggesting that scavenger receptors may be involved [42–44]. In addition, Singh et al.
observed that increased carboxylation of MWNTs correlated with MWNT accumulation at 37 ◦C by
RAW 264.7 cells, and accumulation was inhibited by dextran sulfate [45]. We previously noted that
dextran sulfate partially inhibits the binding of C-MWNTs to cells at 4 ◦C and accumulation at 37 ◦C,
suggesting that SR-A members might be C-MWNT receptors [11]. However, data from inhibitor studies
can be difficult to interpret when assigning a ligand interaction to a specific receptor, especially with
scavenger receptors that often share similar binding domain structures. One main objective of the
present study was to test the hypothesis that SR-A1 is a receptor for C-MWNTs using cell lines that
either do or do not express SR-A1, a more informative approach than using inhibitors of ligand binding.

ZK alveolar macrophages, derived from SR-A1/MARCO deficient mice [22], were verified to lack
SR-A1 and MARCO by FCyt. B6 cells, a wild type alveolar macrophage control, were positive for SR-A1,
as was the established alveolar macrophage-derived cell line RAW 264.7. Both B6 and RAW 264.7 cells
robustly accumulated C-MWNTs during a 24 h exposure, while ZK cells did not, thus correlating the
presence of SR-A1 with the capacity to accumulate C-MWNTs. None of the cells expressed significant
levels of MARCO making it unlikely that MARCO contributes to C-MWNT uptake by B6 and RAW
264.7 cells. However, this does not imply that MARCO cannot bind C-MWNTs because MARCO,
like SR-A1, contains a collagenous domain believed to bind polyanionic ligands. In fact, it was observed
that ectopic expression of MARCO in CHO cells enhanced the uptake of MWNTs [46]. Therefore,
MARCO may be involved in C-MWNTs uptake by other cell types that express this scavenger receptor.
N-MWNTs, like P-MWNTs, did not accumulate in any of the cells tested, consistent with the idea that
the anionic carboxyl groups of C-MWNTs are a determinant of receptor-mediated uptake.

CHO[mSR-AI] cells that express SR-A1 were studied to determine whether SR-A1 expression
caused a gain in the capacity to accumulate C-MWNTs. As received CHO[mSR-AI] cells were re-cloned
and all three clones were positive for surface SR-A1 by FCyt compared to wild type CHO-K1 cells and
all three clones accumulated C-MWNTs, but not P-MWNTs or N-MWNTs. In summary, cells that did
not express SR-A1 did not accumulate C-MWNTs, while those that expressed SR-A1 did accumulate
C-MWNTs, strong evidence that SR-A1 is a C-MWNT receptor and functions in the receptor-mediated
uptake of C-MWNTs.

A corona of proteins derived from biological fluids is often believed to be a major determinant in
the interaction of engineered nanoparticles with cells [47–50]. For C-MWNTs coated with Pluronic®,
since binding and uptake can occur in the absence of serum, the major determinant of C-MWNT
binding and accumulation appears to be the oxidized functionalities and not a protein corona on the
MWNT surface; nevertheless, serum is a dose dependent inhibitor of binding [11]. This suggests that
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something in serum either interacts with C-MWNTs, with SR-A1, or both, to influence accumulation.
Thus, although a protein corona derived from serum is not necessary for C-MWNTs to bind to cells, it
may still affect interactions if present. Moreover, it should be possible to increase the complexity of the
model system by adding a defined protein corona to C-MWNTs to determine whether carboxylation still
contributes to the interaction of nanotubes with SR-A1 and whether the protein expands interactions
to other receptors.

A second objective of this study was to assess the effects on cell viability of short- and long-term
exposure of SR-A1-positive cells to MWNTs. Apoptosis was measured by flow cytometry using an
apoptotic/dead cell kit after a 24 h exposure of RAW 264.7 cells to MWNTs (100 μg/mL), and there
was no significant difference among cells treated with PF108 alone and cells treated with C-MWNTs,
P-MWNTs and N-MWNTs, compared to a positive control of CPT treated cells where apoptosis
was obvious. In previous work, we found that a 24 h exposure to C-MWNTs had little effect on cell
proliferation [11], and here we compared cell proliferation as a function of MWNT concentration at
24, 48, and 72 h. Beyond 24 h, C-MWNTs more adversely affected proliferation than P-MWNTs and
N-MWNTs. By 72 h, the IC50 for C-MWNTs was ~80 μg/mL whereas P-MWNTs had not reached
an IC50 at 200 μg/mL and N-MWNTs had barely reached IC50 at 200 μg/mL, the highest MWNT
concentration tested. Because exposure time was an important parameter in toxicity experiments,
colony formation efficiency assays were done where cells were continuously exposed to different
MWNT concentrations for 8 day. After an 8-d exposure to 100 μg/mL C-MWNTs, there were essentially
no colonies formed whereas P-MWNTs and N-MWNTs had ~40% colony formation efficiency compared
to the untreated control under the same condition. The IC50 for C-MWNTs was ~29 μg/mL, but there
was a reduction in colony formation efficiency even in the range of a few μg/mL, which is important
as it suggests that even low doses of C-MWNTs over time may accumulate and adversely affect
cells. These data emphasize that C-MWNTs are more toxic than P-MWNTs or N-MWNTs, especially
after longer exposures, which is not surprising considering that RAW 264.7 cells accumulate about
80–100 times more C-MWNTs than P-MWNTs or N-MWNTs in 24 h. However, it is also notable that for
a given IC-50, the amount of C-MWNTs in the cell on a per cell basis is much higher than for P-MWNTs
or N-MWNTs, indicating that on an MWNT weight basis per cell, C-MWNTs appear to be less toxic
than P-MWNTs or N-MWNTs. Thus, long-term exposure to MWNTs at lower concentration, regardless
of carboxylation, may affect cell viability.

A third objective of this study was to assess what might be the spectrum of physiological
consequences to macrophage functions after exposure to MWNTs, specifically related to the interaction
of C-MWNTs with SR-A1. One possibility is that internalization of surface SR-A1/C-MWNT complexes
could deplete the plasma membrane of SR-A1 receptors. To assess this, cells were treated with MWNTs
at 37 ◦C followed by immunofluorescence detection of surface SR-A1 with a specific antibody, using
both qualitative IFM images and quantitative FCyt analysis. In untreated cells and those treated with
P-MWNTs or N-MWNTs, SR-A1 was present in punctate spots that are believed to be receptors clustered
in lipid rafts scattered over the cell surface [33]. However, after C-MWNT treatment, the overall surface
SR-A1 signal was reduced and redistributed mainly to the cell margins. The reason for this abnormal
distribution is not clear, but it might adversely affect SR-A1 function. In addition, the fluorescent
signal from C-MWNT-treated cells by FCyt analysis was reduced by about 40% whereas the signal
from P-MWNT- or N-MWNT-treated cells was much less affected. A concern in the interpretation
of the FCyt results is that C-MWNTs might interfere with the fluorescence signal, even though the
internalized C-MWNTs are mainly within intracellular vesicles and the fluorescent anti-SR-A1 is on
the cell surface. To address this concern, cells were treated with MWNTs at 4 ◦C to allow binding, then
chased for an hour at either 37 or 4 ◦C. The 37 ◦C chase was to allow surface MWNTs to be internalized
and the 4 ◦C treatment was to keep them on the cell surface. Fluorescent monoclonal anti-SR-A1 was
then added at 4 °C and the fluorescence signal was measured by FCyt. There was no attenuation of the
surface fluorescence signal by C-MWNTs, suggesting that C-MWNTs have little influence on the signal
of anti-SR-A1 antibody regardless of whether the MWNTs were internalized or on the cells surface.
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These data are consistent with the idea that internalization of C-MWNTs via SR-A1 depletes the cell
surface of this important receptor.

The ability of C-MWNT-treated RAW 264.7 cells to respond to several known SR-A1 ligands
was also examined. The internalization of fluorescent polystyrene beads measured by FCyt was
impaired by over 50% after C-MWNT treatment, but not markedly affected after P-MWNT or N-MWNT
treatment. Note also that ZK cells lacking SR-A1 failed to accumulate beads when untreated with
C-MWNTs, verifying that SR-A1 was a receptor for the beads. We previously reported that the uptake
of non-fluorescent polystyrene beads by RAW 264.7 cells treated with C-MWNTs for 2 or 20 h was
reduced by 2-fold and 6-fold, respectively, when assayed by directly counting the number of beads in
cells [11]. This adds confidence that the decline in the fluorescence signal from internalized beads in
C-MWNT-treated cells is not an artifact of fluorescence quenching by cell-associated C-MWNTs.

The uptake of heat-killed Alexa Fluor® 488-conjugated E. coli was measured as another model
system to assess SR-A1 function after MWNT treatment. RAW 264.7 cells treated with or without
MWNTs for 24 h were chilled and incubated with E. coli at 4 ◦C low temperature to load receptors,
followed by incubation at 37 °C to permit internalization. Cells treated with P-MWNTs or N-MWNTs
showed no decline in fluorescence signal whereas cells treated with C-MWNTs showed a 30% decline,
evidence that the clearance of a physiologically relevant SR-A1 ligand is affected. In these experiments,
the ability of trypan blue to quench Alexa Fluor® 488 was used to verify that the fluorescent E. coli
were inside the cell sheltered from contact with trypan blue, which does not penetrate the plasma
membrane of intact cells.

The final SR-A1 ligand studied was oxLDL. One assay measured the accumulation of fluorescent
oxLDL by FCyt and another used a non-fluorescence-based approach to measure the development of
fat droplets induced by oxLDL accumulation. Both assays revealed reduced oxLDL accumulation by
cells treated with C-MWNTs but not with P-MWNTs or N-MWNTs, confirming that another important
function of SR-A1, the clearance of oxLDL, was impaired.

In summary, the uptake of three different SR-A1 ligands was impaired in RAW 264.7 cells by
C-MWNT accumulation. One major factor affecting the uptake is likely to be the reduced number of
SR-A1 receptors on the cell surface. Impaired functionality related to one or more of these ligands could
contribute to the observed reduced viability of C-MWNT-treated cells. Thus, there are likely related
adverse consequences affecting other biological functions, in addition to impaired SR-A1 functions
demonstrated here, resulting from selective C-MWNT uptake in macrophages.

5. Conclusions

The binding and accumulation of Pluronic®-coated MWNTs described here provides a model
system where key experimental parameters of the interaction of carbon nanomaterials with cells can
be controlled. One feature of the approach is the SDS-PAGE assay that quantitates nanotubes extracted
from cells, enabling the direct measurement of nanotube binding and accumulation by cells. In addition,
binding of MWNTs to cell surface receptors can be determined at 4 °C and in the absence of serum
where other physiological activities, such as endocytosis, vesicle recycling, enzymatic degradation,
or interaction influenced by serum proteins corona were curtailed. The approach permitted the direct
observation that carboxylated nanotubes, but not pristine or amino-functionalized counterparts, could
selectively bind to and be accumulated by cells, suggesting that there were receptors that recognized
carboxylated nanotubes. The results of studies with cells that either over or under express SR-A1
strongly implicate SR-A1 as the key receptor for carboxylated nanotubes. Two lines of evidence also
suggest that there are adverse consequences of nanotube accumulation related to SR-A1 functions.
First, the uptake of three different SR-A1 ligands (polystyrene beads, E. coli, and oxLDL) was impaired
in RAW 264.7 cells laden with C-MWNT, emphasizing that pathogen clearance and lipid homeostasis
could be affected in macrophages exposed to C-MWNTs. Second, C-MWNT uptake via SR-A1 leads to
a concentration and time dependent reduction in the viability of alveolar macrophages. The results of
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this study may have implications for other oxidized carbon nanomaterials and it would be interesting
to know if graphene oxide and carbon-based quantum dots also bind SR-A1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2417/s1,
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Surface-bound or phagocytosed MWNTs do not interfere with immunofluorescence FCyt assays for surface
SR-A1 receptors on RAW 264.7 cells. Figure S4: Effects of MWNT accumulation on subsequent phagocytosis
of polystyrene beads in WT B6 and MS−/− ZK cells assessed by LSCFM. Figure S5: Fluorescence quenching
of fluorescent-conjugated, heat killed E. coli particles by trypan blue dye. Figure S6: Laser scanning confocal
Raman microscopy analysis of RAW 264.7 cells with phagocytosed polystyrene beads in the present or absence
of C-MWNTs. Figure S7: Reduced oxLDL uptake by RAW 264.7 cells pre-treated with C-MWNTs, but not P- or
N-MWNTs, assessed using ORO staining assays. (Directions to access the SI will be updated in the final version of
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Abstract: Oral anti-mycobacterial treatment of Crohn’s disease (CD) is limited by the low aqueous
solubility of drugs, along with the altered gut conditions of patients, making uncommon their
clinical use. Hence, the aim of the present work is focused on the in vitro evaluation of rifabutin
(RFB)-loaded Nanostructured lipid carriers (NLC), in order to solve limitations associated to this
therapeutic approach. RFB-loaded NLC were prepared by hot homogenization and characterized
in terms of size, polydispersity, surface charge, morphology, thermal stability, and drug payload
and release. Permeability across Caco-2 cell monolayers and cytotoxicity and uptake in human
macrophages was also determined. NLC obtained were nano-sized, monodisperse, negatively
charged, and spheroidal-shaped, showing a suitable drug payload and thermal stability. Furthermore,
the permeability profile, macrophage uptake and selective intracellular release of RFB-loaded NLC,
guarantee an effective drug dose administration to cells. Outcomes suggest that rifabutin-loaded
NLC constitute a promising strategy to improve oral anti-mycobacterial therapy in Crohn’s disease.

Keywords: rifabutin; nanostructured lipid carriers; cell uptake; Caco-2 cells; oral administration;
Crohn’s disease

1. Introduction

Crohn’s disease (CD) is a chronic inflammatory bowel condition with a higher predominance
in industrialized countries, principally in Western Europe and North America [1]. The disease
is characterized by the presence of outbreaks followed by remission periods [1,2], and although
symptomatology is variable, diarrhea, abdominal pain, nausea, vomiting, and weight loss are usually
involved [1]. The inflammatory process is usually transmural, involving any region of the digestive
tract, affecting distal ileum and colon mainly [1,2].
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CD aetiology has been a controversial topic recently [3]. Disease development is currently
associated with genetic susceptibility and environmental factors, such as alterations in gut microbiome
and treatment with antibiotics or non-steroidal anti-inflammatories [1,2]. Nevertheless, it is necessary
to highlight the recent increment in scientific literature showing the contribution of the mycobacterial
pathogen Mycobacterium avium paratuberculosis (MAP) in CD instauration [3,4]. Moreover, inflamed
mucosal and submucosal layers in CD are infiltrated by immune cells such as macrophages [5].
These cells constitute an interesting target for anti-mycobacterial therapy, since MAP is a facultative
intracellular organism that resides in host macrophages, establishing a persistent infection [6].

Despite this information, CD’s current treatment is still focused on the pharmacological control of
the inflammatory process (using immunosuppressants, corticosteroids, anti-TNF or anti-interleukin
drugs and adhesion molecule inhibitors) with the main objective of maintaining the disease remission
stage without the need for surgery [1]. However, although these treatments improve patients’ quality
of life, their ability to modify the long-term evolution of the disease has not been demonstrated yet [2].

Regarding the antibiotic use in CD, they are nowadays relegated to the treatment of perianal
fistulas or disease suppurative complications [1]. Still, some case reports describe long-term CD
remissions after antibiotic therapy [4]. Moreover, an open label extension phase III study sponsored by
RedHill Biopharma is currently actively testing orally administered capsules containing a combination
of rifabutin, clofazimine and clarithromycin at fixed doses in CD patients [7]. This study includes
the introduction of a MAP PCR test at the baseline and the evaluation of changes of this blood status
during the study [7], which would give insight into in vivo effectivity of this antibiotic combination [8]
and into the clinical benefit derived from MAP eradication [9].

Although orally administered antimycobacterial drugs constitute a promising strategy in CD
treatment, two aspects limit this approach. First, gut physiological parameters are altered in CD
patients, which can reduce the possibilities to exploit pH, transit time or microbiome as targeting
strategies for drug delivery [5]. On the other hand, antimycobacterial drugs show high lipophilicity
and low oral bioavailability [10–12].

In this context, particulate systems constitute an interesting approach, as they can accumulate in
inflamed bowel sites [5]. Additionally, nanoparticulated systems can be designed to load lipophilic
drugs, improving their oral bioavailability [13,14]. Moreover, the drug particle reduction to nano size
can lead to an enhanced water solubility and dissolution rate [15].

Among nanoparticulate systems, Nanostructured Lipid Carriers (NLC), the second generation of
lipid nanoparticles (LN) [16], can be good candidates to formulate useful antimycobacterial systems.
NLC are solid matrices at both room and body temperatures [17]. They are composed by a solid lipid
and a liquid lipid [16] and present several advantages over the first generation of LN (known as Solid
Lipid Nanoparticles or SLN), such as improved stability, higher suppleness in drug release modulation,
and increased drug loading capacity [17]. NLC “in vitro” tolerability seems to be higher in comparison
with other colloidal carriers, such as polymeric nanoparticles [18], making them an interesting option
for oral drug administration.

Therefore, the aim of this work is to investigate the performance of rifabutin (RFB)-loaded NLC
(whose formulation procedure and composition were previously optimized by Artificial Intelligence
tools), to demonstrate their safety and suitability to achieve an appropriate intestinal permeability
and an efficient macrophages uptake. Our goal is to improve the current Crohn’s disease treatments
intended to eradicate MAP housed within intestinal macrophages, an area in which, to the best of our
knowledge, nanotechnology has never been applied. In this way, an extensive characterization of the
nanosystems in terms of particle size, polydispersity, surface charge, and drug payload, was performed.
Thermal resistance, morphology, and drug release from NLC in different simulated media were also
evaluated. Furthermore, an analysis of the in vitro performance of NLC in cell cultures including a
permeability evaluation through Caco-2 monolayers, along with the assessment of cytotoxicity and
uptake in human macrophages, was carried out in order to evaluate the targeting potential of the
developed nanocarriers.
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2. Materials and Methods

2.1. Materials

Rifabutin (RFB) (98% purity) was purchased from Acros Organics™ (Fair Lawn, NJ, USA).
Polysorbate 80 (Tween® 80), Coumarin 6, dialysis membrane (Spectrum™ Labs Spectra/Por, MWCO
3.5 KDa), and phorbol 12-myristate 13-acetate (PMA) were acquired from Sigma Aldrich (St Louis,
MO, USA). Oleic acid was obtained from Merck (Darmstadt, Germany). Precirol® ATO 5 (glyceryl
distearate) and Epikuron® 145 V (deoiled phosphatidyl choline-enriched lecithin) were kind gifts from
Gattefossé (Saint-Priest, France) and Cargill (Wayzata, MN, USA) respectively. THP-1, Caco-2 human
colon carcinoma and RAW 264.7 cell lines were obtained from ATCC (Manassas, VA, USA). Alexa
Fluor™ 647 phalloidin, ProLong® Gold Antifade reagent with DAPI, Gibco™ antibiotic-antimycotic
(amphotericin B, penicillin, streptomycin), trypsin-EDTA, foetal bovine serum (FBS), Roswell Park
Memorial Institute 1640 Medium (RPMI 1640), Minimum Essential Media (α-MEM), and phosphate
buffered saline (PBS) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Dulbeco’s
Modified Eagle Medium (DMEM) was purchased from Corning (Corning, NY, USA). Antibiotic
solution (10.000 units/mL penicillin, 10.000 μg/mL streptomycin) was acquired from GE Healthcare
Life Sciences (Chicago, IL, USA). Cell proliferation kit (WST-1) was purchased from Roche (Basel,
Switzerland). Ultrapure water (MilliQ plus, Millipore Ibérica, Madrid, Spain) was used throughout
and the remaining solvents and reagents were analytical or HPLC grade.

2.2. NLC Formulation

Several batches of NLC loaded with RFB were developed utilizing the composition and operating
conditions of a previously optimized NLC system using Artificial Intelligence tools [19]. Briefly,
the components of the formulation were Precirol® ATO 5 and oleic acid as the lipid components
(25:75 ratio), and Tween® 80 and Epikuron® 145 V as surfactants. The drug (15 mg) was dissolved
in the molten lipid phase at 80 ◦C (300 mg). The aqueous phase (10 mL), a dispersion of Epikuron®

145 V (0.5% w/w regarding the lipid phase weight) and Tween® 80 (1.9% w/v regarding aqueous
phase) in Milli-Q® water, was heated at the same temperature, added to the lipid phase and hot shear
homogenized (80 ◦C) using an Ultra-Turrax T25 (IKA Labortechnik, Staufen, Germany) at 14,800 rpm
for 10 min, in a water bath. NLC dispersions were rapidly cooled by transferring them to an ice
bath, with gentle stirring, for 2 min. Formulations were carried out in quintuplicate and subsequently
dialyzed overnight (MWCO 3.5 KDa), in order to remove the non-incorporated components and obtain
the purified NLC.

2.3. NLC Characterization

2.3.1. Particle Size, Surface Charge and Physical Stability

Particle size, polydispersity index and surface charge of NLC were determined using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). For size and polydispersity index determinations,
samples were placed in polystyrene cuvettes and diluted with Milli-Q® water (1:10). Surface charge
was determined as zeta potential through particle mobility in an electric field. To carry out this
determination, samples were also diluted with Milli-Q® water (1:10) and placed in a specific cuvette
where a potential of ±150 mV was established. All the measurements were performed at 25 ± 1 ◦C
by quadruplicate.

2.3.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy was employed to evaluate morphology of blank (control NLC
without drug) and RFB-loaded NLC and to confirm particle sizes previously obtained by DLS. Thus,
NLC suspensions were placed on formvar/carbon-coated grids (400 mesh) and stained with 2% (w/v)
uranyl acetate. Finally, samples were analysed using a JEOL microscope (JEM 1010, Tokyo, Japan).
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Images were then obtained by using a CCD Orius-Digital Montage Plug-in camera (Gatan, Inc.,
Pleasanton, CA, USA) and analysed by means of a Gatan Digital Micrograph software (Gatan, Inc.,
USA). The number of particles considered for size determinations were 44 and 12 for blank and loaded
NLC, respectively.

2.3.3. Atomic Force Microscopy (AFM)

NLC morphology, particle size and size distribution were also analysed by atomic force microscopy
(AFM). This technique is based on the electrostatic interaction between the sample and the AFM
tip, which allows for the determination of a sample topography. Measurements were conducted
under normal ambient conditions using an XE-100 instrument (Park Systems, Suwon, South Korea) in
non-contact mode with the high-resonance non-contact AFM cantilever (ACTA probe, n = 330 kHz).
For AFM imaging, 20 μL of the sample were dropped onto freshly exfoliated mica sheet (SPI Supplies,
grade V-1 Muscovite) and after 5 min the mica was washed with Milli-Q water and dried under
nitrogen flow. All experiments were performed at room temperature. XEI® data processing tool (Park
Systems, South Korea) were used for the analysis of the obtained data, which were adjusted to a
gaussian distribution.

2.3.4. Encapsulation Efficiency and Drug Loading

Encapsulation efficiency and drug loading determinations were performed as previously
described [19]. Purified NLC and non-purified NLC (200 μL) were dissolved with acetonitrile
(1.5 mL) and centrifuged at 16,099× g and 4 ◦C for 30 min. Centrifugation produces the precipitation
of the lipid phase, while the drug remains in the supernatant. RFB quantification was performed by
High Performance Liquid Chromatography (HPLC) as described in Section 2.4. The amount of drug
quantified in the supernatant of non-purified nanoparticles was used as total drug content.

Encapsulation efficiency (EE) and drug loading (DL) of NLC were calculated using the following
equations:

EE (%) = [(Wloaded drug)/Wtotal drug] × 100, (1)

DL (%) = [(Wloaded drug)/Wlipid] × 100, (2)

where Wloaded drug is the amount of drug successfully incorporated in the formulation (remaining in
the supernatant following acetonitrile addition), Wtotal drug is the total amount of drug, and Wlipid is
the weight of the lipid vehicle.

2.3.5. Thermal Analysis Using Dynamic Light Scattering (DLS)

The influence of temperature on both blank and RFB-loaded NLC suspensions stability was
analysed by DLS in a Zetasizer Nano ZS. Three batches of each type of NLC (blank and loaded with
RFB) were diluted as described above, and particle size measurements were made during heating
and cooling cycles (25 ◦C-90 ◦C-25 ◦C) at 0.5 ◦C/min in quartz cells. Particle size determinations were
recorded every 0.5 ◦C. Each batch was analysed in duplicate.

2.3.6. In Vitro Release Studies

RFB release from loaded NLC was investigated in simulated intestinal fluid (SIF) and macrophage’s
lysate, in order to compare NLC behaviour in different environments, the intestinal tract and inside
macrophages. SIF with pancreatin was prepared according to United States Pharmacopeia (USP).

In order to obtain macrophages cell lysate, Raw 264.7 cells (a murine macrophage cell line) were
cultured in DMEM supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin
and incubated at 37 ◦C and 5% CO2. Cells were split when reaching 80% confluence by trypsinization
and expanded until achieving enough number of cells. Cells were then trypsinized using standard
conditions, washed with PBS, centrifuged, and resuspended in Milli-Q® water in order to achieve a
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concentration of 3.125 million cells/mL. Cell lysis was performed by subjecting the cell suspension to
three freeze-thaw cycles.

Drug release studies were performed by quadruplicate at 37 ◦C in horizontal Franz diffusion cells,
where a 1:3 dilution of the nanoparticle suspension in release medium was put in the donor chamber.
A dialysis membrane (MWCO 3.5 KDa) was placed between the two chambers in order to avoid the
presence of NLC in the receptor chamber. At pre-set times, samples were taken from the receptor
chamber and replaced with fresh medium. Drug quantification was performed by HPLC.

2.4. High Performance Liquid Chromatography Method

RFB was quantified following a validated method previously described [20], using an Agilent
1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a C18 column (Waters
symmetry 5 μm, 3.9 × 150 mm). Throughout HPLC analysis, 20 μL of each sample were injected and
eluted with a mobile phase composed by a mixture of sodium acetate 0.05 M/potassium dihydrogen
phosphate 0.05 M (pH adjusted to 4.0 with acetic acid) and acetonitrile (Scharlau, Barcelona, Spain) in
a 53:47 (v/v) proportion. Drug quantification was performed at 275 nm, with a 1 mL/min flow rate in
an isocratic mode.

2.5. In Vitro Cell Studies

2.5.1. Cell Viability Studies

Cytotoxicity of NLC formulations was analysed using WST-1
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, monosodium salt;
Roche, Indianapolis, IN, USA), which produces a water-soluble formazan dye upon cellular
reduction by the mitochondrial succinate-tetrazolium reductase [21,22]. Human monocytes (THP-1)
were cultured in RPMI 1640 supplemented with 10% heat-inactivated foetal bovine serum (FBS),
1% penicillin/streptomycin and 2-mercaptoethanol 0.05 mM at 37 ◦C and 5% CO2. Five days before the
experiment, cells were differentiated to macrophages by stimulation with 200 nM of PMA (Phorbol
12-myristate 13-acetate) for 3 days at a cell density of 2 × 105 cells/mL. Then, PMA-containing medium
was replaced by fresh medium and cells were incubated for another 2 days with normal media.
The day before the experiment, cells were seeded at a density of 2.5 × 104 cells/well in 96-well plates.
Purified NLC samples were diluted to achieve a final concentration of 0.3, 0.12, 0.06, and 0.03 mg/mL
of nanoparticles solid mass per volume. To evaluate cell viability, macrophages were incubated with
blank and RFB-loaded NLC formulations, as well as with RFB solutions (concentration equivalent to
those present in the previous NLC dilutions), for 24 h (37 ◦C, 5% CO2). After the incubation period,
samples were removed and 10 μL of WST-1 reagent along with 100 μL of culture medium were
added to each well. After 2 h of incubation with WST-1 reagent, absorbance was read at 450 nm in a
microplate reader (Model 680, Bio-Rad, Hercules, CA, USA). Cell viability relative to negative control
(Milli-Q® water or DMSO, as appropriate) was calculated according to the following equation:

Cell viability (%) = (Sample Absorbance/Control Absorbance) × 100, (3)

2.5.2. Confocal Microscopy

Qualitative analysis of NLC internalization by THP-1 derived macrophages was performed by
confocal microscopy. For this purpose, nanoparticles were fluorescently labelled with coumarin 6 by
incorporating the fluorophore into the oil phase during the formulation process. Cells were seeded at
a concentration of 5.3 × 104 cells/cm2 in chambered cell culture slides (Nunc™ Lab-Tek II Chamber
Slide™, Thermo Fisher Scientific, Waltham, MA, USA) the day before the experiment. Then, cells were
incubated at 37 ◦C and 5% CO2 for 5 h with the samples (blank and RFB-loaded NLC), which were
added in a final concentration of 0.12 mg/mL. After this incubation period, culture medium was
removed, and cells were washed twice with pre-warmed phosphate buffered saline (PBS). Cell fixation
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was performed using a 3.7% formaldehyde solution in PBS for 10 min at room temperature, followed
by two washing steps with PBS. Then, a 0.1% Triton X-100 solution was added to permeabilize the
cell membrane. Finally, cells were incubated with a 1:40 dilution of Alexa Fluor™ 647 phalloidin in
PBS for 20 min in order to label the macrophages cytoskeleton, and after two extra washing steps,
macrophages nucleus were stained with ProLong® Gold Antifade reagent with DAPI. Images were
obtained using a confocal laser microscopy Leica SP5 (Leica Microsystems, Wetzlar, Germany).

2.5.3. Macrophage Uptake Quantification

To quantify NLC uptake by THP-1 derived macrophages, NLC were fluorescently labelled with
coumarin 6 as previously described. Dialysis of the samples was also accomplished prior to performing
the experiment. Macrophage uptake quantification was carried out according to a method previously
described [23] with slight modifications. First, macrophages were seeded in 96-well plates at a cell
density of 2.5 × 105 cells/mL and 100 μL per well; nanoparticle suspensions were added to them at a
final concentration of 0.12 mg/mL, and fluorescence was determined in a microplate reader (Fluostar
Optima, BMG Labtech, Offenburg, Germany) at an excitation and emission wavelength of 485 and
520 nm, respectively (Initial fluorescence). Cells were then incubated during 2 h at 37 ◦C and 5%
CO2. Samples were removed, and cells were subjected to three washing steps with 250 μL of a 20 mM
glycine solution in PBS pH 7.4, in order to remove non-internalized nanoparticles and to quench their
fluorescent signals. Finally, 100 μL of Triton X-100 1% were added to disrupt cellular membrane,
and fluorescence was again measured (Fluorescence post-lysis). Macrophage uptake was calculated
according to the following equation:

Macrophage uptake (%) = (Fluorescence post-lysis/Initial fluorescence) × 100, (4)

2.5.4. Nanoparticle Permeation across Caco-2 Cells Monolayers

Permeation studies were performed in human colon carcinoma Caco-2 cell line according to
a previously described protocol [24], with modifications. Cells were seeded at a concentration of
6.25 × 103 cells/cm2 in Corning® Transwell® polycarbonate membrane cell culture inserts (Corning,
Corning, NY, USA) and cultured in α-MEM supplemented with 20% FBS, 1% penicillin/streptomycin
and 1% antibiotic/antimycotic. Culture medium was replaced every 3–4 days and cells were incubated
at 37 ◦C and 5% CO2 for 28 days, approximately, until the monolayer reached a suitable transepithelial
electrical resistance (TEER). At the beginning of the experiment, TEER was higher than 400 Ω cm2,
which indicates the formation of an intact monolayer [24].

RFB-loaded NLC fluorescently labelled with coumarin 6 at a final concentration of 0.12 mg/mL
or pure Milli-Q® water (control), were added in the donor compartment. After 2, 4, 6, 24, and 48 h,
samples were taken from the receptor compartment and replaced by fresh medium. Fluorescence
was measured in a microplate reader (Fluostar Optima, BMG Labtech, Germany), as previously
described, in order to evaluate NLC passage across the cell monolayer. Moreover, in order to
correlate the amount of NLC present in the receptor compartment with the fluorescent signal obtained,
a calibration curve was prepared in triplicate by measuring the fluorescence of known amounts of
coumarin 6-labelled RFB-loaded NLC. Finally, permeability of NLC across Caco-2 cells was expressed
either as the concentration of permeated RFB (μg/mL) regarding time elapsed or as a function of the
apparent permeability coefficient (Papp), which is employed to investigate the transport rate. Papp was
determined according to the following equation:

Papp (cm/s) = dQ/dt × 1/(A ×C0), (5)

where C0 is the initial RFB concentration in the upper compartment (6 μg/mL), A is the growth
area (0.33 cm2) and dQ/dt is the appearance rate of the particles on the lower chamber based on its
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cumulative transport for 48 h. This linear appearance rate was calculated as the slope resulting from
the representation of the RFB amount present in the receptor compartment versus time.

2.6. Statistical Analysis

All experiments were performed at least in triplicate. The data were expressed by mean ± SD
and treated with IBM SPSS 24 software. The confidence interval was 95% (p ≤ 0.05). The groups
were compared by performing one-way or two-way analysis of variance (ANOVA), as appropriate,
followed by post hoc Tukey’s Multiple Comparison Test, and the significant differences between groups
were determined.

3. Results and Discussion

3.1. NLC Characterization

NLC formulation procedure and composition were beforehand optimized by Artificial Intelligence
(AI) tools in order to achieve optimal physicochemical properties along with a suitable drug payload [19].
Stability of the developed nanocarriers has proven to be adequate after 1 month of storage at 5 ± 1 ◦C,
in terms of particle size, polydispersity index and drug payload. Minor changes without impact over
colloidal stability were found for zeta potential [19]. Besides, an estimation of the characteristics of
RFB-loaded NLC, prepared with these optimized parameters, was also provided [19]. In this way,
to verify the robustness of this optimizations process, RFB-loaded NLC were prepared, and particle
size, PDI, ZP, and drug payload were again determined. Furthermore, this work includes further
characterization of these nanocarriers in terms of morphology, thermal behaviour, release profile,
and in vitro performance in cell cultures.

3.1.1. Particle Size, Surface Charge, Physical Stability, and Drug Payload

Blank and RFB-loaded NLC were prepared using hot high shear homogenization. Formulations
were carried out in quintuplicate, dialyzed overnight and fully characterized in terms of particle size,
size distribution, surface charge, and drug load (Table 1).

Table 1. Blank and RFB-loaded NLC characterization in terms of particle size, PDI, ZP, EE, and DL
(n = 3 ± SD).

NLC Size (nm) PDI ZP (mV) EE (%) DL (%)

Blank 111 ± 3 0.23 ± 0 −26 ± 2 - -
RFB-loaded 151 ± 34 0.22 ± 0.02 −24 ± 2 92.83 ± 3.75 4.62 ± 0.33

Particle size and size distribution are known to affect NLC characteristics such as stability, release
rate and biologic performance [17], and because of that, they should be carefully characterized.
NLC formulations showed particle sizes within the nano range, with values of 111 ± 3 nm and
151 ± 34 nm, for blank and RFB-loaded nanocarriers, respectively. Differences in size observed between
blank and loaded formulations could be associated with the required accommodation space for the
drug [25]. Regarding particle size distribution, blank NLC showed a polydispersity index (PDI) value
of 0.23 ± 0.00, whereas the loaded ones displayed an almost identical value of 0.22 ± 0.02. Therefore,
the obtained PDI values were below 0.3 in both cases, which is an acceptable value for lipid nanocarriers
and indicative of homogeneous particle size distribution [26]. Remarkably, both size and PDI values
obtained for RFB-loaded NLC are in close agreement with those previously predicted by Artificial
Intelligence tools, which have been reported to be 152 nm and 0.23, for size and PDI, respectively [19].

Moreover, both blank and loaded nanocarriers showed zeta potential values close to −25 mV
(−26 ± 2 and −24 ± 2 mV, for blank and RFB-loaded NLC, respectively), which guarantees a good
colloidal stability if emulsifiers are included among formulation components [17,27]. These results
differ slightly from those predicted by Artificial Intelligence tools, which showed slightly less negative
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values (−19 mV) [19]. However, these differences in ZP could be easily associated with the dialysis
step performed in this work after NLC formulation, which can favour the removal of NLC superficial
components, such as Tween® 80, a non-ionic emulsifier. Since this type of emulsifier has been reported
to localize close to the nanoparticle interface, counteracting the negative charge of the lipid matrix [28],
its partial removal is expected to lead to a more negative zeta potential. Furthermore, these small
differences could only have a slight impact on colloidal stability and are not likely to influence the
in vivo fate of the nano-formulations.

Concerning drug payload, RFB was incorporated to NLC at 5% (w/w) regarding lipid matrix
weight showing a suitable drug payload, with an encapsulation efficiency (EE) of 92.83 ± 3.75% and a
drug loading (DL) of 4.62± 0.33%. These values suggest that almost all the added drug was successfully
incorporated into the nanoparticle matrix. In the same way as in the case of particle size and PDI,
EE and DL values obtained are almost identical to those predicted by Artificial intelligence tools, which
have been reported to exhibit values of 100% and 5%, for EE and DL, respectively [19].

Hence, the NLC physicochemical characterization data show that they have a particle size within
the nano-range, a monodisperse particle size distribution and a suitable drug payload. Besides,
the highly negative zeta potential exhibited by the formulations is expected to promote a good colloidal
stability. Finally, the results of RFB-loaded NLC characterization closely agree with those predicted
by Artificial Intelligence, demonstrating the suitability of these tools to successfully optimize the
design of nanoparticle-based drug delivery systems and develop robust and reproducible protocols of
NLC preparation.

3.1.2. Thermal Analysis Using Dynamic Light Scattering (DLS)

To assess NLC thermal stability, blank and RFB-loaded formulations were subjected to a heating
stage from 25 ◦C to 90 ◦C, followed by a cooling step to the initial temperature. This approach was
previously described to investigate the ability of lipid nanoparticle formulations to maintain their
initial properties during high temperature-related procedures [23,29].

In the case of blank NLC (Figure 1A), particle size remains almost unchanged during the whole
thermal analysis. A similar behavior was observed for RFB-loaded NLC (Figure 1B) but showing a
slight reduction in nanoparticle size. Particle size maintenance along with the negligible size variations
exhibited by both formulations throughout the assay indicate a good thermal stability. Therefore,
results obtained suggest the developed NLC formulations are suitable for further temperature-requiring
processes, as is the case of spray-drying [23], that could simplify the oral administration of NLC
obtaining dried powders, which can be easily administered in capsules or tablets [30].

             (A)                                     (B)  

Figure 1. Dynamic light scattering thermograms of (A) Blank NLC formulations and (B) RFB-loaded
NLC formulations.
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3.1.3. Transmission Electron Microscopy (TEM)

TEM technique was employed to evaluate both blank and RFB-loaded NLC morphology as well
as to verify nanocarriers size, as recommended elsewhere [27]. As shown in Figure 2, NLC exhibit a
spheroidal morphology. Furthermore, in some images (such as Figure 2B), a structure with concentric
layers could be noticed, which is also disturbed towards the center of the nanoparticle, exhibiting a
high electron density. This lipid nanoparticle structure has been previously described and is associated
with the polymorphic α-form of lipids [31]. Moreover, a size of 119 ± 41 nm in the case of blank NLC
and slightly higher (173 ± 85 nm) in the case of RFB-loaded ones was observed, confirming the results
obtained by DLS.

 
                 (A)                                       (B) 

Figure 2. Transmission electron micrographs of (A) Blank and (B) RFB-loaded NLC.

3.1.4. Atomic Force Microscopy (AFM)

Blank and RFB-loaded NLC morphology, particle size and distribution were also assessed by
Atomic force microscopy, a technique which gives insight into the sample z-dimension from the
deflection of a fine leaf spring (known as the AFM cantilever) [32]. Therefore, AFM is a useful tool to
complete the information obtained by DLS and by the two-dimensional images provided by TEM.

In this way, the AFM images of blank and RFB-loaded nanoparticles depicted in Figure 3 confirm
the spheroidal shape previously shown by TEM. Moreover, results derived from AFM analysis
were expressed as the frequency (%) of nanoparticles exhibiting a specific height. Thus, blank and
RFB-loaded nanoparticles exhibited a similar size, as values of 43 ± 3 nm and 33 ± 1 nm, respectively,
were obtained (Figure 4). The smaller nanoparticle height reported by AFM in comparison with the
diameters obtained by DLS and TEM corroborates the existence of a spheroidal structure, closer to a
disk than to a sphere. This structure further confirms the prevalence of the polymorphic α-form of
lipids [27,31], as previously mentioned, which has been associated with a high loading capacity and a
low tendency to expulse the encapsulated drug from the lipid matrix [27].
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(A)                                     (B) 

Figure 3. Atomic force microscopy images of (A) Blank and (B) RFB-loaded NLC.

(A)                                 (B) 

Figure 4. Particle size and size distribution according to AFM analysis of (A) Blank and (B) RFB-loaded
NLC. Results were adjusted to a gaussian distribution.

3.1.5. In Vitro Release Studies

Release studies were performed to investigate the ability of NLC to act as RFB reservoirs.
This compound is an antimicrobial agent active against widely known Mycobacterium species, including
M. leprae, M. tuberculosis, or MAP [8], an infectious agent increasingly related with CD development [3].
Furthermore, RFB has been included in the triple oral anti-mycobacterial regimen currently under
evaluation intended to eradicate MAP infection from CD patients [8]. In this way, release from
nanoparticles was performed in both simulated intestinal fluid (SIF) and macrophage’s lysate, with the
aim of analyzing the expected drug release profile in the gut and intracellular environment, respectively.
In the drug release study in SIF, the experimental results indicated that the RFB release from NLC in
intestinal environment is negligible, since the amount of drug released during the whole assay was not
detected by HPLC. Regarding RFB release assay in murine macrophage’s lysate, the released drug
started to be detectable at 1 h, and increased progressively until 16 h, when the amount of RFB in
release medium was found to be quantifiable by HPLC. After 16 h, 1.46 ± 0.47 μg of drug were detected
in the receptor chamber of Franz diffusion cells, resulting in a release percentage of 0.1 ± 0.03% at the
end of the experiment.

In physiological conditions, drug release from lipid nanocarriers has been reported to occur,
simultaneously, through erosion and diffusion mechanisms [33]. Poor RFB release from NLC obtained
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in the assays is likely to be related with the high lipophilicity of the drug (log P = 4.218) [34], as well
as with the favorable conditions within the nanoparticle due to the high RFB solubility in the lipid
matrix, which significantly reduces drug diffusion towards the aqueous release medium [35]. Several
authors employed different strategies to overcome these issues associated with the poor in vitro release
profile of lipophilic drugs, such as the addition of ethanol [36] or surfactants [37] in the release medium.
However, in most cases, these approaches are not representative of the in vivo environment.

Regarding drug release through lipid matrix degradation, it is necessary to consider that it occurs
primarily by enzymes, and also through hydrolytic processes, although to a lesser extent [33]. Because
of that, analysis of NLC matrix degradation by enzymes present in both intestine and macrophage
intracellular environment constitutes an interesting approach. According to the results obtained,
NLC matrix can efficiently endure pancreatin activity of SIF, however, it is more affected by enzymes
present in macrophage intracellular environment. Despite the higher effectivity of these macrophage
enzymes, the amount of drug released from nanoparticles is still low. This slight drug release can be
associated with the low enzymatic concentration in macrophage lysate achieved after dilution of cell
suspension with Milli-Q® water. Therefore, as this concentration would obviously be higher inside
macrophages in physiological conditions, a greater drug release would also be expected in this case.

Hence, outcomes obtained constitute an interesting proof of concept of the controlled and selective
drug release provided by NLC inside macrophages, where MAP has been reported to establish a
persisting infection [6].

3.2. In Vitro Cellular Studies

3.2.1. Cell Viability Studies

SLN and NLC are composed of biodegradable lipids with generally recognised as safe (GRAS)
status [38]. However, despite these promising features, further studies are required to support their
therapeutic use [18]. For this purpose, cell viability of THP-1 derived macrophages was analysed after
NLC treatment.

Figure 5a shows cell viability after treatment with blank and RFB-loaded formulations at several
concentrations (0.3, 0.12, 0.06 and 0.03 mg/mL). Besides, cells treated with equivalent RFB concentrations
were used as control (Figure 5b). In general, formulations exhibited a good biocompatibility, leading to
cell viabilities ≥70% for concentrations lower than 0.3 mg/mL. Two-way ANOVA (p < 0.05) points out
a statistically significant effect of treatment (blank NLC or RFB-loaded NLC), NLC concentration, and
their interaction on cell viability.
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(a)                                (b) 

Figure 5. Cell viability (%) relative to control with Milli-Q® water of (a) blank NLC formulations (dark
blue colour) and RFB-loaded formulations (pink colour), using several nanoparticle concentrations
(0.3, 0.12, 0.06 and 0.03 mg/mL). (b) Cell viability (%) relative to control with DMSO, of RFB solutions
in DMSO prepared employing the same drug concentration as present in NLC formulations (purple
colour). (A–E characters denote the homogeneous subsets pointed out by the post hoc Tukey’s Multiple
Comparison Test (p < 0.05).

Post hoc Tukey’s Multiple Comparison Test (p < 0.05) points out a NLC concentration-dependent
cytotoxic effect. However, it shows no statistical differences in cell viability for the experiments carried
out with RFB-loaded NLC at 0.12 mg/mL and 0.06 mg/mL, therefore, the concentration 0.12 mg/mL
was selected for further assays.

On the other hand, no significant modifications in cell viability were observed for RFB solutions
(Figure 5b) containing equivalent amounts of drug, which implies that the reduction in viability must
be mainly attributed to the toxicity of NLC components (oleic acid or emulsifiers), as suggested by
several authors [39,40], and not to cytotoxic effects derived from RFB inclusion in the nanocarriers.

To allow the comparison of the cytotoxicity results obtained for RFB-loaded NLC with available
data in literature, determination of IC50 was accomplished (Figure 6). The estimation of this value was
performed from dose-response curves, where IC50 was defined as the concentration required to induce
a 50% reduction in cell viability, resulting in a value of approximately 0.18 mg/mL. This finding is in
line with previously published studies on lipid nanoparticle cytotoxicity, where IC50 was reported to
be found mainly in the range of 0.1–1 mg/mL nanoparticles [18].

Figure 6. Dose response curve (R2 = 0.9881) obtained from cell viability data at several RFB-loaded NLC
concentrations. IC50 was calculated as the concentration of nanoparticles producing a 50% reduction in
cell viability.
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From the results obtained, NLC formulations present a suitable safety profile, similar to previously
published works with lipid nanoparticles. Moreover, the highest NLC concentration of all the tested
ones, showing an adequate biocompatibility in THP-1 derived macrophages, has been found to be
0.12 mg/mL. A cell viability ≥ 70% has been reported to be the threshold, according to ISO 10993-5 [41],
below which a cytotoxic effect is considered to take place.

3.2.2. Confocal Microscopy

Qualitative study of both blank and RFB-loaded NLC internalization by THP-1 derived
macrophages was analysed employing a nanoparticle concentration of 0.12 mg/mL, in accordance with
the results obtained in the cell viability experiment. Moreover, the selection of this value was based not
only on the results obtained in the biocompatibility assay, but also on the drug concentration required
to efficiently eradicate the mycobacterial infection.

Regarding this last point, a minimum inhibitory concentration (MIC) ranging from 0.5 to 4 μg/mL
has been obtained in vitro for RFB in both human and animal isolated MAP strains. Interestingly,
five of six MAP human isolates show a MIC of only 1 μg/mL for this drug [42]. Furthermore, RFB has
been reported to slow the multiplication of three virulent strains of Mycobacterium avium complex [43],
a group of which MAP is an important member [44], in a model of intracellular infection in human
macrophages when a dose of 0.5 μg/mL is employed [43]. Considering that RFB payload in NLC has
been proven to reach almost 5% of the solid content of the formulations, a dose of approximately
6 μg/mL of drug was administered to macrophages. This drug concentration is clearly superior to the
value required for RFB MIC, guaranteeing the administration of an effective dose to cells.

As observed in Figure 7, both blank (Figure 7A) and RFB-loaded NLC (Figure 7B) have been
efficiently taken up by macrophages, which constitutes a promising start point for the treatment of
infections produced by intracellular pathogens such as MAP. Images of separate channels of blank and
loaded formulations are shown in Figures S1 and S2, respectively. Furthermore, images of NLC uptake
by a macrophages group can be found in Figure S3.

 
(A)                               (B) 

Figure 7. Confocal microscopy images of (A) Blank and (B) RFB-loaded NLC macrophages uptake.
Red, blue, and green colours represent cell cytoplasm (Alexa Fluor™ 647 phalloidin), cell nuclei (DAPI)
and NLC formulations (Coumarin 6), respectively.

3.2.3. Macrophage Uptake Quantification

Nanoparticle internalization by macrophages was also investigated using a quantitative approach
and NLC formulations at 0.12 mg/mL. In this method, blank formulations showed an internalization
percentage of 8.33 ± 1.15% after 2 h of exposure. Moreover, a higher internalization percentage,
13.39 ± 1.44%, was obtained for RFB-loaded NLC. Statistical analysis (one-way ANOVA, p < 0.05)
revealed significant differences between the uptake of blank and loaded formulations. This higher
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macrophages uptake reported for loaded formulations might be related to their size (151 ± 34 nm),
larger than the blank ones (111 ± 3 nm), since the uptake of particulate systems by macrophages rises
progressively with the particle size increase [45].

In addition, the uptake percentage obtained for RFB-loaded NLC reveals that 13% of the
administered dose (6 μg/mL or 0.6 μg each well) was efficiently taken up by macrophages,
which constitutes a total RFB amount of 0.078 μg per well. Since each well contains 25.000 cells
and human macrophages have a cell volume of approximately 4990 μm3 [46], a total cell volume of
1.2475 × 10−4 mL is expected. Taking together the volumes of internalized drug and the total cell
volume estimated, it is reasonable to think that an internalized concentration of 625 μg/mL could be
achieved, which exceeds the range of the intracellular MIC previously reported. It is also important to
note that colocalization phenomena amongst nanoparticles and mycobacteria have been suggested to
occur by means of phagolysosomes fusion [47]. In this way, RFB would not be free in the cytoplasm and
hence, it would probably not be the substrate of efflux pumps, which could modify the intracellular
drug concentration indicated in this work.

3.2.4. Nanoparticle Permeation across Caco-2 Cells Monolayers

Nanoparticle permeation across the intestinal barrier is required to reach intestinal macrophages.
Despite some of them being able to extend dendrites into the intestinal lumen, the majority of the
macrophages are located below the epithelial monolayer, in the lamina propria [48]. The analysis of
nanoparticles permeability across human colon carcinoma cell monolayers (Caco-2) has been reported
to establish a good correlation with human in vivo absorption and has been broadly employed to
predict drug permeability [24]. The drug concentration in the receptor compartment was estimated
from the NLC concentration in this compartment at different times. Results are shown in Figure 8.
No NLC permeation across the Caco-2 monolayer occurred during the first 2 h. After, RFB concentration
in the receptor compartment increased linearly over time, achieving RFB concentrations of 3.29 × 10−4

0.06 ± 0.05, 0.43 ± 0.01 and 0.9 ± 0.1 μg/mL at 4, 6, 24, and 48 h, respectively. In addition, a Papp value
of 2.02 × 10−6 cm/s was obtained for RFB-NLC formulations. A Papp value of 2 × 10−6 cm/s has been
reported as the threshold to achieve complete drug absorption in humans [49], therefore, the obtained
value for RFB-NLC suggests that they exhibit good permeability across Caco-2 monolayers.

Figure 8. Permeation profile of rifabutin (RFB) loaded in NLC across Caco-2 cell monolayers expressed
as a function of drug concentration in the lower compartment in a 48-h time interval.

Besides, the achieved permeability allowed to obtain a drug concentration virtually in range with
the previously mentioned MIC reported for RFB just after 24 h of incubation with the nanocarriers,
which is the accurate colonic transit time described for patients with CD [5]. Moreover, the in vivo
permeability exhibited by NLC across the intestinal membrane of CD patients is expected to be even
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higher than reflected by this assay. The disruption of the epithelial barrier shown by inflammatory
bowel disease patients increases gut permeability and favors nanoparticle passage [5]. In this way,
nanoparticles are expected to accumulate preferentially in the intestinal inflamed sites, which are
densely infiltrated with macrophages [5], ensuring the administration of an effective drug dose to the
infected cells.

4. Conclusions

NLC showing a particle size within the nano-range (111 ± 3–151 ± 34 nm); a monodisperse
size distribution (0.22 ± 0.02–0.23 ± 0), a negative zeta potential (−24 ± 2–−26 ± 2 mV), and a
suitable rifabutin payload (4.62 ± 0.33%) were successfully prepared using a formulation process
previously optimized by Artificial Intelligence tools. Formulations exhibited a spheroidal appearance,
a good ability to withstand high temperature-related processes and a good safety profile in cellular
studies. Moreover, the efficient macrophage uptake of the developed NLC has been demonstrated
allowing the obtention of a therapeutic rifabutin concentration after only 2 h of incubation. This fact,
along with the permeation exhibited by NLC across Caco-2 cell monolayers and their tendency to
release the drug in the intracellular environment, guarantee the achievement of an effective rifabutin
dose inside the phagocytic cells, where mycobacterium avium paratuberculosis is known to reside.
Therefore, rifabutin-loaded NLC constitute a promising tool to improve anti-mycobacterial therapy in
Crohn’s disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2138/s1,
Figure S1: Confocal imaging of blank NLC macrophages uptake, Figure S2: Confocal imaging of RFB-loaded NLC
macrophages uptake, Figure S3: Confocal imaging of blank NLC uptake by a group of macrophages.
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Abbreviations

CD Crohn’s disease
LN Lipid nanoparticles
RFB Rifabutin
NLC Nanostructured lipid carriers
SLN Solid lipid nanoparticles
AI Artificial intelligence
HPLC High performance liquid chromatography
EE Encapsulation efficiency
DL Drug loading
DLS Dynamic light scattering
SIF Simulated intestinal fluid
TEM Transmission electron microscopy
MAP Mycobacterium avium paratuberculosis
TNF Tumor necrosis factor
PDI Polydispersity index
ZP Zeta potential
TEER Transepithelial electric resistance
GRAS Generally regarded as safe
MIC Minimum inhibitory concentration
IC50 inhibitory concentration 50
Papp Apparent permeability coefficient
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Abstract: Negatively charged microspheres (NCMs) represent a new therapeutic approach for wound
healing since recent clinical trials have shown NCM efficacy in the recovery of hard-to-heal wounds
that tend to stay in the inflammatory phase, unlocking the healing process. The aim of this study was
to elucidate the NCM mechanism of action. NCMs were extracted from a commercial microsphere
formulation (PolyHeal® Micro) and cytotoxicity, attachment, proliferation and viability assays were
performed in keratinocytes and dermal fibroblasts, while macrophages were used for the phagocytosis
and polarization assays. We demonstrated that cells tend to attach to the microsphere surface, and that
NCMs are biocompatible and promote cell proliferation at specific concentrations (50 and 10 NCM/cell)
by a minimum of 3 fold compared to the control group. Furthermore, NCM internalization by
macrophages seemed to drive these cells to a noninflammatory condition, as demonstrated by the
over-expression of CD206 and the under-expression of CD64, M2 and M1 markers, respectively.
NCMs are an effective approach for reverting the chronic inflammatory state of stagnant wounds
(such as diabetic wounds) and thus for improving wound healing.

Keywords: chronic wound; device; foot ulcer; inflammation; wound healing; macrophage

1. Introduction

Hard-to-heal and chronic wounds are those that are not able to adequately continue the healing
process, prolonging the situation for longer than 3 months [1,2]. The cost derived from chronic wounds
in the US is estimated at more than 25 billion dollars a year, affecting more than 6 million people.
Approximately 1% of the population of developed countries will suffer these injuries at some point in
their lives [3]. Especially important are those known as diabetic foot ulcers, affecting 15% of diabetic
patients, which in the US alone are around 20 million and expected to double by 2030 [4].

In this kind of wound, the healing process is incomplete and interrupted due to multiple
factors. Senescent fibroblasts exhibit a decreased migration and synthesis of collagen, accompanied by
high protease activity, which inhibits important factors in the healing process (e.g., platelet-derived
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growth factor (PDGF), transforming growth factor beta (TGF-β) or vascular endothelial growth factor
(VEGF)) [5], and keratinocytes become senescent and unable to migrate and close the wound [6].

During the healing process, the macrophage population skews from a predominant
pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype, releasing anti-inflammatory mediators
and growth factors [7,8]. Moreover, they can generate precursors for fibroblast activation and collagen
synthesis [9] which is necessary for suitable wound healing [10]. However, chronic wounds persist in
the inflammatory state, with M1 macrophages predominating [11].

An interesting option for the treatment of this type of wound consists of strategies that promote
proliferation of the main cells involved in wound healing (keratinocytes and fibroblasts) and allows
pro-inflammatory macrophages to skew to an anti-inflammatory phenotype. For that purpose,
biomaterials can play an important role. Many alternatives have already been explored in this
sense, such as liposomes, nanoparticles, microparticles or scaffolds [12]. Indeed, the type and level
of cytokines produced by biomaterial-adherent cells can be modulated in order to regulate the
immunologic response, with hydrophilic and anionic surfaces being among the most efficient in
preventing inflammatory responses [13].

Negatively charged microspheres (NCMs) are a novel example of microtechnology used in the
field of regenerative medicine. These synthetic biocompatible particles present unique biophysical
properties, which make NCMs a valuable biomaterial for treating hard-to-heal wounds of different
etiologies [14]. Furthermore, NCMs have been recently employed in wound healing for their excellent
clinical results, i.e., in nonresponding diabetic foot ulcers [15] and wound dehiscence following breast
reduction or mastopexy surgery [16]. Their size (~5 μm) and negative surface charge (zeta potential
~ −40 mV) allow the attachment and migration of cells involved in the healing process, ultimately
improving wound healing [17]. Particularly, NCMs have formerly been proposed as a treatment for
hard-to-heal and chronic wounds, leading to an improvement of healthy granulation tissue formation
and wound area reduction, by ’kick-starting’ the healing process [18].

Therefore, the main objective of this work was to demonstrate that specific cell-to-NCM interactions
prompt essential steps in the tissue regeneration and wound healing processes. For that, we assessed
the biocompatibility of NCMs with the human cell types involved in the wound healing processes,
their cell-adhesive properties and ability to induce proliferative responses, as well as their capacity to
enhance macrophage switching from pro-inflammatory to anti-inflammatory phenotypes.

2. Materials and Methods

2.1. NCM Samples

All experiments were carried out using NCMs extracted from a commercial formulation (PolyHeal®

Micro, Madrid, Spain), consisting of polystyrene microspheres [4.5 × 106 microspheres (MS)/mL]
suspended in 22% glycerol and phosphate buffer (KH2PO4/Na2HPO4) in water for injection. Taking
into account that a 22% glycerol concentration is toxic for cells in culture (due to the high osmolarity),
the product was washed with ddH2O, centrifuged at 24,000× g for 10 min and opportunely resuspended.
NCMs were counted by means of a TC20 automated cell counter (Bio-Rad, Madrid, Spain), and diluted
as needed. The size of the purified NCMs was measured by means of dynamic light scattering
(4.5 ± 0.2 μm) and their zeta-potential was determined through laser doppler micro-electrophoresis
(−43 ± 1 mV). To keep the effect of glycerol constant, all assayed doses (NCM/cell) were prepared
maintaining a final glycerol concentration of 0.44% (dilution 1:50).

2.2. Cell Culture

HaCaT keratinocytes (ATCC®, Manassas, VA, USA) were cultured in complete medium
[Dulbecco’s modified Eagle’s medium (DMEM) (41965-039, Gibco®, MA, USA) supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (P/S)]. Depending on the assay,

128



Nanomaterials 2020, 10, 1108

other mediums were used such as assay medium (DMEM supplemented with 2% FBS) and starving
medium (DMEM supplemented with 0.2% FBS). Cells were assayed between passages 3 and 5.

Primary human dermal fibroblasts isolated from adult skin (HDFa, ATCC®, Manassas, VA, USA)
were cultured on complete medium that consisted of fibroblast basal medium (PCS-201-030, ATCC®,
Manassas, VA, USA) supplemented with a fibroblast growth kit-low serum (PCS-201-041, ATCC®,
Manassas, VA, USA) and 1% P/S. Depending on the assay, other mediums were used such as assay
medium (1:5 of complete medium in fibroblast basal medium) and starving medium (fibroblast basal
medium). Cells were assayed between passages 3 and 5.

Human macrophages were obtained by primary monocyte isolation and differentiation from
blood samples of healthy volunteers according to the ethical guidelines established by the institutional
committee of the University of the Basque Country (UPV/EHU) (M30_2019_203). Peripheral blood
mononuclear cells (PBMCs) were separated by Ficoll-Paque density gradient centrifugation. Then,
monocytes were magnetically isolated using CD14 monoclonal antibody and cultured with complete
medium (RPMI-1640, ATCC®, Manassas, VA, USA) supplemented with 10% FBS and 0.1% macrophage
colony-stimulating factor (M-CSF) (Sigma-Aldrich, Química SL, Madrid, Spain) for 7 days in order
to differentiate to M0 macrophages. Media was replaced every 2 to 3 days. Differentiation of M0
to M1 was induced by cultivating cells with 20 ng/mL of interferon gamma (IFN-γ) (Sigma-Aldrich,
Química SL, Madrid, Spain) and 100 ng/mL of lipopolysaccharides (LPS) (Sigma-Aldrich, Química
SL, Madrid, Spain) for 48 h. Similarly, differentiation from M0 to M2 was induced with 20 ng/mL
interleukin 4 (IL-4). The M0 were maintained with M-CSF 0.1%. Success of the differentiation process
was demonstrated by flow cytometry and optical microscope images (Figure S1).

Cells were incubated in a humidified incubator at 37 ◦C with a 5% CO2 atmosphere and cell
passages were carried out every 2 to 3 days depending on the confluence.

2.3. Cytotoxicity Assay

Cytotoxicity assays were performed following the ISO 10993-5:2009 guidelines for biological
evaluation of medical devices.

HaCaT and HDFa (5000 cells/well) and M0 macrophages (20,000 cells/well) were seeded into a
96-well plate on modified culture media supplemented with FBS. All plates were incubated for 1 h in
5% CO2 at 37 ◦C to allow complete cell attachment and stretching. Next, different NCM concentrations
(0.1–200 NCM/cell) were added and incubated for 48 h. Dimethyl sulfoxide (DMSO, 10%), was
used as cytotoxicity control. After 48 h, NCMs were removed from cultures and CCK-8 reagent
(Sigma-Aldrich, Saint Louise, MO, USA) added and incubated for 4 h. Absorbance was read with a
plate reader (Infinite® 200 PRO series, Tecan Trading AG, Männedorf, Switzerland) at 450 nm and at
650 nm, as the reference wavelength. Based on these results, the NCM/cell ratios were established for
further experiments.

2.4. Attachment Assay

NCM attachment on HaCaT and HDFa was evaluated through the fluorescent method described
below. Fluoresbrite yellow-green NCMs (FYG-NCMs) (Polysciences, Inc., Warrington, PA, USA) were
used. Briefly, 2 × 103 cells/100 μL were seeded per well and cultured with complete medium for 24
h. Then, FYG-NCMs were added to render a final concentration of 50 FYG-NCM/cell. Fluorescence
micrographs were taken with an epi-fluorescence microscope Nikon Eclipse TE2000-S (Izasa S.A,
Barcelona, Spain) at different incubation times, and images were further analyzed with ImageJ.
As cells retain the characteristics of their source tissue—single cells in close proximity (HDFa) or
well-differentiated and spatially separated cell clusters (HaCaT)—, analyses were optimized in function
of their culture particularities:

(i) For HaCaT, the attachment capacity of FYG-NCMs was semiquantitatively assessed by calculating
the ratio between the fluorescence intensity within the area delimited by a cluster of cells and its
bordering area (≈ 50 μm width).
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(ii) For HDFa, adhesion of FYG-NCMs was semiquantitatively determined by calculating the particle
aggregation factor, namely the average number of FYG-NCMs per aggregate. Briefly, fluorescence
intensities obtained from areas with a known number of FYG-NCMs were used to calculate the
average fluorescence intensity of a single FYG-NCM (at least 8 fields). Based on these data, the
fluorescence intensities of at least 7 blindly taken fields were normalized to find the particle
aggregation factor. Only fields with evenly distributed cells were included in the analysis.

For both cell types, the cell-adherence of the FYG-NCMs was assessed by comparing the results
obtained at 0 h and 24 h (time required to allow completion of the cell adhesion process).

2.5. Proliferation and Viability Assays

HaCaT and HDFa proliferation was assessed by BrdU. Briefly, 2 × 103 HaCaT or 1 × 103 HDFa
cells were seeded per well. Prior to treatment, all HaCaT groups were cultured with complete medium
for 6 h and then starved overnight. Subsequently, 50 NCM/cell and 10 NCM/cell were added and
incubated for 24, 48 and 72 h. For each time point, a control group of 0 NCM/cell was used as reference.

In the case of the HDFa cells, all groups were cultured with complete medium for 24 h and then
starved overnight. The starving medium was removed and replaced with assay medium to render a
final concentration of 50 NCM/cell and 10 NCM/cell. Finally, plates were incubated for 24, 48 and 72 h.
For each time point, a control group of 0 NCM/cell was used as reference.

All cells were cultured in the presence of BrdU (10 μM final concentration) for the last 2 h of each
incubation time. All groups were assayed for BrdU uptake employing the cell proliferation Biotrak
ELISA system (Amersham, NJ, USA), after complete removal of NCMs and following manufacturer’s
indications. Absorbances (450 nm) measured for the nonspecific binding control group (technical
control, without BrdU) were subtracted from all assayed groups, and the results of the treated cells
were normalized against the corresponding control group for each time point.

Viability studies were run in parallel to the cell proliferation assays. Cells were washed
twice with PBS and then dyed with the live/dead kit (Invitrogen, Thermofisher, Bilbao, Spain)
following manufacturer’s instructions. After 30 min, fluorescence micrographs were taken with an
epi-fluorescence microscope Nikon Eclipse TE2000-S (Izasa S.A, Barcelona, Spain).

2.6. Macrophage Phagocytosis Determination

The M0, M1 and M2 macrophages were incubated with 5 and 10 NCM/cell for 48 h and observed
under the inverted contrast phase microscope Nikon Eclipse TE2000-S (Izasa S.A, Barcelona, Spain).
In addition, the M0 macrophages were seeded on a sterile cover slip introduced in each well of a
24-well plate. After 1 h incubation, 5 NCM/cell were added and cells cultured for 48 h at 37 ◦C and
5% CO2. Cover slips were then washed with PBS and cells fixed in glutaraldehyde 2% for scanning
electron microscopy (SEM) examination with a Hitachi S-4800 (Hitachi High-Technologies Corporation,
Tokyo, Japan). For this purpose, samples were dehydrated and sputtered with gold.

2.7. Macrophage Polarization Assay

The ability of the NCMs to induce changes in the surface receptors of macrophages was evaluated
by flow cytometry. The ability of the M0 macrophages to develop an anti-inflammatory profile, and the
capacity of the M1 polarized macrophages to revert to an anti-inflammatory phenotype was analyzed.
Cells were incubated with NCMs at 5 and 10 NCM/cell ratios for 48 h at 37 ◦C and 5% CO2. Next,
cells were washed with PBS + 2 mM EDTA + 0.5% BSA, detached with TripLe™ and counted. 100,000
M0 or M1 were added to flow cytometry tubes. After Fc receptor blockade, cells were stained with
anti CD14, CD64, CD83 and CD206 fluorescent antibodies, washed and analyzed by multicolor flow
cytometry (MACSQuant 10, Miltenyi Biotec, Madrid, Spain). Macrophages were gated according to
their forward- and side-scatter characteristics and data were analyzed by MACSQuantify software
(Miltenyi Biotec, Bergisch Gladbach, Germany).
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2.8. Statistical Analysis

Results are expressed as mean ± SD and all the experiments were performed at least in triplicate.
Unpaired, two-tailed t-tests or Mann-Whitney U-tests were used for the attachment assay after testing
for normal distribution. For the remaining experiments, differences among the groups at significance
levels of 95% were calculated by ANOVA with Bonferroni or Tamhane multiple comparison corrections
in function of their equality of variances. Statistical analysis was completed with IBM SPSS Statistics
20 program (SPSS Inc.®, Chicago, IL, USA).

3. Results

3.1. Cytotoxicity Study

NCMs were not cytotoxic in most of the studied concentrations (metabolic activity ≥ 100% as
compared to the control). Only high concentrations of NCMs (over 100, 75 and 25 for HaCat, HDFa and
macrophages, respectively) gave a viability under 100%. The appropriate NCM/cell ratio for further
experiments was determined according to these results and the highest concentration that provided a
viability greater or equal to 100% was selected. In addition, a lower concentration was chosen in order
to determine the NCM dose-dependent effect. Thus, 50 and 10 NCM/cell ratio were chosen for HaCaT
and HDFa, and 10 and 5 NCM/cell in the case of macrophages (Figure S2).

3.2. Attachment Assay

We assessed the cell-adhesive properties of NCMs in both HaCaT and HDFa. To visualize particle
adhesion and obtain an accurate quantification, we used fluoresbrite yellow-green NCMs (FYG-NCMs)
at 50 FYG-NCM/cell combined with image analysis. Freshly administered FYG-NCMs appeared
in the close proximities of HaCaT cell clusters, with few particles within the area occupied by the
cells (Figure 1a). After 24 h of incubation, we could observe how fluorescent particles reached the
keratinocyte clusters and started to accumulate therein, forming aggregates onto the surface of the cell
clusters (p = 0.001).

Figure 1. Attachment assay using fluoresbrite yellow-green negatively charged microspheres (FYG-NCMs)
in HaCaT and HDFa. (a) Ratio between the fluorescence intensity within cell area and immediate
surroundings assessed in the HaCaT cell line; FYG-NCMs suspended in ddH2O and incubated for
0 and 24 h; (b) Particle aggregation factor measured in human fibroblasts; FYG-NCMs suspended in

ddH2O and incubated for 0 and 24 h; (a–b) Representative epi-fluorescence images of cells assayed with
FYG-NCMs (green). **, p < 0.01. Scale bars, 100 μm. FL, fluorescence.
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On the other hand, FYG-NCMs showed similar behavior when assayed in HDFa. At 0 h,
fluorescence micrographs presented single and evenly distributed particles (particle aggregation factor
= 1.38), which formed aggregates adapted to the cell shape after 24 h of incubation (Figure 1b). This
gave, as a result, a statistically significant increase in the particle aggregation factor (p = 0.005). The
NCMs remained adsorbed on the cell surface and no particle uptake was observed.

3.3. Proliferation and Viability Assays

We evaluated the capability of the NCMs to promote cell proliferation in HDFa. We assayed
the DNA synthesis rate and viability after incubation with 50 MS/cell and 10 MS/cell for increasing
exposure times (Figure 2a). A statistically significant increase in the proliferation rate of HDFa was
observed after 24 h of treatment with the lowest dose of NCMs (p = 0.001), while the highest dose
showed nonsignificant results (Figure 2b). From this point onwards, treatments for both 48 and
72 h expressed nonsignificant differences against their corresponding control group (untreated) at
any dose (Figure 2d). Fluorescence micrographs with calcein/ethidium dyes, taken in parallel to the
proliferation assays, confirmed the compatibility of NCMs during the whole experiment, even at high
doses (Figure 2e–g).

Figure 2. NCM proliferative response in HDFa. (a) Experimental design to assess BrdU uptake (b–d)
and cell viability (e–g) after treatment with NCMs at different doses and exposure times. (b–d) BrdU
uptake in human fibroblasts after 24 h (b), 48 h (c) and 72 h (d) of treatment; (e–g) Representative
confocal fluorescence images of cells probed with the live/dead viability kit (green, living cells; red,
dead cells) 24 h (e), 48 h (f) and 72 h (g) after treatment with NCMs. **, p < 0.01; N.S., nonsignificant
(p > 0.05). Scale bars, 45 μm. Cntrl, control with no NCM exposure.
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We also assessed the capacity of NCMs to induce cell proliferation in HaCaT. We exposed
keratinocytes to 50 MS/cell and 10 MS/cell doses for increasing incubation times, comparing their
DNA synthesis rate and viability at each time point (Figure 3a). Treatments for both 24 and 48 h
showed nonsignificant differences against their corresponding control group (untreated) at any dose
(Figure 3b,c). Contrarily, we observed a statistically significant increase in cell proliferation for HaCaT
cells after 72 h of treatment with both high and low doses of NCMs (p = 0.027 and 0.018 respectively)
(Figure 3d). Fluorescence micrographs with calcein/ethidium dyes, taken in parallel to the proliferation
assays, confirmed the compatibility of NCMs during the whole experiment, even at high doses
(Figure 3e–g).

Figure 3. NCM proliferative response in HaCaT. (a) Experimental design to assess BrdU uptake (b–d)
and cell viability (e–g) after treatment with NCMs at different doses and exposure times; (b–d) BrdU
uptake in HaCaT cells after 24 h (b), 48 h (c) and 72 h (d) of treatment; (e–g) Representative confocal
fluorescence images of cells probed with the live/dead viability kit (Green, living cells; Red, dead cells)
24 h (e), 48 h (f) and 72 h (g) after treatment with NCMs.*, p < 0.05; N.S., nonsignificant (p > 0.05). Scale
bars, 200 μm. Cntrl, control with no NCM exposure.
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3.4. Phagocytosis Determination

The M0, M1 and M2 macrophages were observed under inverted contrast phase microscope after
48 h of incubation with 5 and 10 NCM/cells to determine NCM interaction with macrophage subsets.
As shown in Figure S3, NCMs were always located in the area occupied by macrophages, and not in
their surrounding area.

To further confirm that NCMs were located inside cells, M0 macrophages were observed under
SEM. The experiment was performed using 5 NCM/cell in order to facilitate visualization. Results
showed a perfect colocalization of NCMs with macrophages (Figure 4a), and none located in the external
surface. In addition, the cell membrane surrounding the NCMs could also be shown (Figure 4b),
suggesting that they had been internalized by the cells. This fact was further confirmed through flow
cytometry since an increase in cell complexity was found (Figure S4).

 

Figure 4. SEM images showing M0 macrophage after incubation with 5 NCM/cell. NCMs are
colocalized with macrophages. (a) ×200; (b) ×2000. Edges of the cells (red line) and NCM (orange
arrows) are shown.

3.5. Polarization Assay

The ability of NCMs to bias macrophages to a noninflammatory stage was assessed by flow
cytometry. Macrophages were identified based on forward and side scatter (FSC and SSC, respectively)
and CD14 presence. Analysis of the macrophage surface-marker expression after 48 h of incubation
with NCMs is shown in Figures 5 and 6 for the M0 and M1 macrophages, respectively. Results showed
that in the M0 macrophages, CD206 (typical M2 marker) was significantly upregulated, and CD64
(typical M1 marker) was downregulated, especially when the highest concentration of NCMs was
used. Similar results were obtained for the M1 macrophages, and changes in the surface markers
were even more pronounced in these cells. In this case, the expression of CD83 was also evaluated,
showing a downregulation at the highest dose of NCMs. In most cases, changes in the surface-marker
expression were dose-dependent, with the 10 NCM/cell ratio being the concentration able to induce
the highest changes.
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Figure 5. Surface marker changes when M0 macrophages were incubated with 5 and 10 NCM/cell.
(a) Representative flow cytometry density plots. (b) Percentage of positive cells for each marker.
*p < 0.05.

Figure 6. Surface marker changes when M1 macrophages were incubated with 5 and 10 NCM/cell.
(a) Representative flow cytometry density plots. (b) Percentage of positive cells for each marker.
*p < 0.05.

4. Discussion

In this work, we evaluated the potential of NCMs to enhance the wound-healing processes in
terms of (i) compatibility of NCMs with relevant skin cells, (ii) their cell adhesive properties, (iii) their
capacity to induce proliferative responses in target cells and (iv) their ability to switch macrophages to
a noninflammatory stage.

Results from the cytotoxicity assay demonstrated good cell viability for most NCM concentrations
tested, indicating their biocompatibility. However, at the highest NCM concentrations (≥ 100, 75 and
25 NCM/cell for HaCat, HDFa and macrophages, respectively) cell viability decreased. The selected
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NCM concentrations for further studies were 50 and 10 NCM/cell for HaCat and HDFa, and 10 and
5 NCM/cell for macrophages.

FYG-NCMs showed cell-adhesive properties in both HaCaT and HDFa. On the one hand,
polystyrene has already been demonstrated to possess physical-chemical properties suitable for cell
attachment, migration, proliferation and differentiation, since it has been specifically tested as a material
for wound healing [19,20], among others. On the other hand, it is well-known that polymers are a
cornerstone of regenerative medicine, directing interactions at the tissue–material interface [21]. Cell
attachment to NCMs can be of noteworthy importance for the mechanism of action of the NCMs, since
that contact may trigger cell proliferation and thus, wound healing [22]. In fact, studies suggest that
the in vivo efficacy of wound-healing products can be directly related to their ability to be adhered to
cells [23–25].

The NCMs demonstrated their capability to induce an improved proliferative response in the
two cell lines studied. We subjected cells treated with NCMs to BrdU pulses of 2 h after the different
incubation times with the aim of scanning when (or if) proliferative responses were promoted by
NCMs. HDFa showed an increased DNA synthesis after 24 h of treatment at low doses (10 NCM/cell).
The inhibitory effect, observed when too many adhesion molecules are present, is in agreement with
previous studies carried out by either the current authors or other groups when working with 3D
cultures modified with increasing concentrations of cell-adhesion ligands. These studies argued that
the strong adhesion forces derived from an excessive number of bound receptors might hinder cell
division [26–29]. On the other hand, HaCaT cells presented a delayed response, requiring 72 h of
treatment, after which we observed a significantly increased cell proliferation both at high and low
doses (50 and 10 NCM/cell). These results are in agreement with previous findings demonstrating that
NCMs influenced the activity and proliferation of various cell types normally present in wounds [17].
It seems that NCMs’ specific surface area and geometry allow their interaction with cells through
various mechanisms. First, exposure of NCMs to a biological environment results in the rapid
adsorption of proteins to its surface [15]. In the same way, fibroblasts and keratinocytes deposit
extracellular matrix-forming proteins (e.g., fibronectin, laminin and vitronectin), which are also
adsorbed by NCMs and play a pivotal role in cell attachment [17,30]. We hypothesize that adsorbed
proteins may interact with cellular receptors, especially with integrins; thus, triggering the activation
of particular signal transduction pathways involved in cellular processes such as proliferation or
migration [31,32]. Therefore, the nature and extent of this biologic response will largely depend on the
integrin profile expressed by each particular cell type [33] and the layer of adsorbed proteins presented
by the biomaterial surface [34]. In addition, further still-unraveled mechanisms may be responsible for
cell attachment and subsequent biologic responses [35].

Regarding macrophages, we suggest that they are probably taken up by NCMs. This fact could be
critical for the NCM effect, since particle accumulation in macrophages is thought to be advantageous
for switching cell phenotype [36].

The polarization assay confirmed that NCMs may influence a macrophage’s phenotype and
bias it towards a noninflammatory state. This, in turn, can lead to resolution of the inflammation
process. In both M0 and M1 macrophages, the expression of CD206 marker was increased, a typical
M2 marker indicative of the resolution of the inflammation [11]. Similarly, CD64 was downregulated,
especially when the higher concentration of NCMs was used, in accordance with its lower expression
in M2 macrophages [37]. In addition, the expression of CD83 was also assessed in M1 macrophages.
Although this marker is not expressed in most macrophages, it can be found in M1 ones (as well as
in mature dendritic cells) [38]. This marker was downregulated, especially when the highest dose of
NCMs was used, indicating the loss of the M1 pro-inflammatory phenotype. Altogether, analysis of the
surface-marker expression indicated that NCMs tended to favor a noninflammatory milieu, i.e., cells
skewed their phenotype towards an M2 in the presence of NCMs. This fact may be important to explain
the effectiveness of the treatment observed in humans [39]. However, the exact mechanism by which
these NCMs skew macrophages towards M2 has not been determined. The most plausible explanation
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is that the biomaterial itself produces an immunomodulatory immune response, instead of activating
the immune response. In fact, studies have demonstrated that macrophages in contact with several
biomaterials produce lower levels of proinflammatory cytokines, such as IL-1β, CXCL8(IL-8), IL-12
and TNF-α, and higher levels of immunosuppressive cytokines, such as IL-10 [11,40,41]. Although
the mechanism is not clear, NCM characteristics, such as physical properties (geometry, topography
and porosity) and biochemical properties (surface chemistry, ligand functionalization and degradation
mode) have been determined as critical factors in the host response to the material [42].

Thus, we can postulate that in vivo, NCMs mechanically promote (i) switching of macrophages
towards M2 and (ii) the induction of fibroblast and keratinocyte proliferation.

With the aim of switching macrophage phenotype in chronic wounds, several approaches
have been evaluated, including the use of mesenchymal stromal cells, growth factors, biomaterials,
heme oxygenase-1 induction and oxygen therapy, among others [43]. Among biomaterials, several
micro/nanoparticles have been evaluated, including or not bioactive molecules [44]. In the case of
NCMs, no drug has been encapsulated; thus, the effects are directly attributed to the presence of NCMs
on the wound. Similar studies have been carried out with chitosan microparticles [45] and although
M0 to M2 polarization was observed, these microparticles were not able to suppress pro-inflammatory
factor release from M1. Silica nanoparticles have also been evaluated with the same purpose [46].
In that study, the ability of the macrophage subset to phagocyte the microparticles was evaluated, but
not the capacity to switch their phenotype, nor the effects for wound healing. Taking into account
these results, our study demonstrated that NCMs possess several advantages in comparison to similar
products, as they can promote M2 phenotype of macrophages overcoming the inflammatory stage,
a common characteristic of hard-to-heal wounds.

5. Conclusions

We have proved that the mechanism of action of NCMs to promote wound healing is mainly
caused by the capability of skin cells to interact with NCMs, which in turn induces cell proliferation
and macrophage differentiation. NCMs showed excellent cell-adhesive properties in keratinocytes and
human fibroblasts, and were able to promote a prompt response in the proliferative capacity of human
fibroblasts after 24 h of treatment, and after 72 h in the keratinocyte HaCaT cell line. Importantly, NCMs
seemed to be taken up by macrophages and were able to modify their surface-marker expression,
so that pro-inflammatory macrophage populations could switch to a noninflammatory phenotype.
This finding is of noteworthy importance since one of the main problems of chronic wound healing is
the presence of classically activated macrophages that impair tissue repair. Thus, this ability of NCMs
can be crucial to overcoming the inflammatory stage of chronic wounds, such as the diabetic wounds
which are so challenging in clinical settings.
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Abstract: New nanoparticles and biomaterials are increasingly being used in biomedical research
for drug delivery, diagnostic applications, or vaccines, and they are also present in numerous
commercial products, in the environment and workplaces. Thus, the evaluation of the safety and
possible therapeutic application of these nanomaterials has become of foremost importance for
the proper progress of nanotechnology. Due to economical and ethical issues, in vitro and in vivo
methods are encouraged for the testing of new compounds and/or nanoparticles, however in vivo
models are still needed. In this scenario, zebrafish (Danio rerio) has demonstrated potential for
toxicological and pharmacological screenings. Zebrafish presents an innate immune system, from
early developmental stages, with conserved macrophage phenotypes and functions with respect
to humans. This fact, combined with the transparency of zebrafish, the availability of models
with fluorescently labelled macrophages, as well as a broad variety of disease models offers great
possibilities for the testing of new nanoparticles. Thus, with a particular focus on macrophage–
nanoparticle interaction in vivo, here, we review the studies using zebrafish for toxicological and
biodistribution testing of nanoparticles, and also the possibilities for their preclinical evaluation in
various diseases, including cancer and autoimmune, neuroinflammatory, and infectious diseases.

Keywords: zebrafish; nanomaterial; nanoparticle; drug delivery; macrophage; immune system;
innate immunity

1. Introduction

Recent advances in nanotechnology offer the possibility to engineer a wide variety
of new nanoparticles and biomaterials with potential application in medicine, but also
with commercial interest, providing solutions for numerous sectors in society (i.e., electric-
ity, cosmetics, food packaging, etc.) [1,2]. There is considerable evidence that nano- and
microscale materials have unique biological interactions when compared with molecules
or bulk materials [3]. Thus, safety assessment results are, of course, of paramount im-
portance [4]. In the case of medical applications, nanomaterials are designed for drug
delivery, imaging, diagnosis, sensing, and/or therapeutic purposes. Thus, the benefit/risk
for the use of nanotechnologies in this case acquires a different dimension similar to the
pharmacological/toxicological profile of other drugs [5]. For these studies, in silico and
in vitro methods, including cell- and organ-based assays, are encouraged. However, animal
tests are still needed [4,6].
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In this context, the zebrafish (Danio rerio) has become a well-established model for the
toxicological and pharmacological screening of new drugs [7] and nanomaterials [8]. Rapid
embryo development, small size and transparency, genetic and physiological conservation,
ethical and economic advantages have made zebrafish stand out from all other in vivo
models [9]. Furthermore, the innate branch of the immune system, including macrophage
functions, is well-conserved between humans and the zebrafish, presenting a powerful
model for the study of immunotoxicity and also diseases causing and/or caused by in-
flammatory disorders (i.e., cancer, autoimmune diseases or infectious diseases) [10,11].
Several zebrafish models with fluorescently labeled macrophages have been developed and
optimized for studies with a particular focus on the role of macrophages in the toxicological
or therapeutic effects of new compounds and nanomaterials. Thus, it is our purpose in
this review to collect the information available related to the safety and biomedical testing
of new nanomaterials using zebrafish models, with a particular focus on their interaction
with macrophages, starting with toxicological and/or biodistribution experimentation,
followed by preclinical testing of nanoparticles for therapeutic purposes.

2. Zebrafish Innate Immune System: Role of Macrophages

The zebrafish immune system is able to develop both innate and adaptive responses.
Despite differences in anatomical sites and time points with respect to mammals. Key
cell types, molecular pathways, genetic programs, and transcription factors are highly
conserved [12]. Whereas the innate immune system components are already present in
early zebrafish embryo stages, the development of adaptive responses does not occur
until 2–4 weeks post-fertilization (wpf), and complete immunocompetence is not achieved
until 4–6 wpf [13]. Zebrafish innate immune system is composed of similar types of
cells than mammals, being macrophages the first leukocytes in development and key
players in directing the host immune response [14]. The origin of primitive macrophages
in zebrafish occurs at 14–15 h post-fertilization (hpf). These cells migrate to the yolk sac,
differentiate, and enter the circulation from 25 hpf [15,16]. The caudal hematopoietic
tissue (CHT) at two days post-fertilization (dpf), equivalent to fetal liver or placenta in
mammals, acts as a transient hematopoietic site and is a source of embryonic macrophages
and neutrophils [17,18]. The thymus produces mature T-cells and the kidney, functional
ortholog of mammalian bone marrow, produces myeloid, erythroid, thromboid, and
lymphoid cells throughout adulthood [19,20].

Macrophages are phagocytic cells from the innate immune system which can display
a wide variety of functions due to their plasticity, versatility and continuous adaptation
and response to specific stimuli [21]. In mammals, macrophages have been classically
classified according to their polarization extremes observed in the initiation or in the reso-
lution of inflammatory processes [22]. And these cells have been respectively denominated
as M1, classically activated or pro-inflammatory macrophages, versus the M2, alterna-
tively activated or wound-healing macrophages [23,24] (Figure 1). These populations have
been characterized in terms of gene expression, the pattern of surface molecules, and
the production of biological mediators and metabolites [25,26]. An imbalance between
M1 and M2 macrophages has been found in pathological tissues and correlated with
a worse prognosis of the disease (i.e., high numbers of M1-like macrophages in arthri-
tis or infiltration of M2-like macrophages in solid tumors) [21,27]. Furthermore, taking
into account this knowledge, the reprogramming of M1-like macrophages towards M2-
like anti-inflammatory effectors appears to be a reasonable strategy for the treatment of
some autoimmune diseases [23], while the stimulation of M2-like immunosuppressive
macrophages towards M1-like pro-inflammatory-anti-tumor effector cells is a promising
approach for the treatment of cancer [21,25,28–31].
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Figure 1. Macrophages originate from monocytes or tissue-resident macrophages. In response to different microenvi-
ronmental stimuli macrophages polarize towards an M1-like or M2-like phenotype, and the excessive accumulation of
macrophages with a particular phenotype has been correlated with a poor prognosis in some diseases (on the right). In
pathological tissues, these macrophages frequently contribute to the development and progression of the disease, thus their
reprogramming towards an opposite polarization status has been recognized as an important therapeutic strategy.

In 2015, Nguyen-Chi et al. provided a seminal report on the polarization of macrophages
in zebrafish, showing a great similarity of the M1-like and M2-like phenotypes with respect
to mammals [32]. They used the Tg(mpeg1:mCherryF) transgenic zebrafish line, which
enables to track macrophages [33,34], and generated the Tg (tnfa:eGFP-F) line to label
M1-macrophages expressing tumor necrosis factor-α (TNF-α). Following fin wounding-
induced inflammation or Escherichia coli inoculation in zebrafish larvae, they observed a
recruitment of macrophages to the wound after amputation or to the muscle after bacteria-
inoculation. To characterize the M1/M2 polarization, they mated both lines to generate the
Tg(tnfa:eGFP-F/mpeg1:mCherryF), sorted mCherry+/eGFP+ and mCherry+ cells during
the early and late phases of inflammation, and compared their RNA expression patterns,
observing high levels of tnfb, il1b and il6 pro-inflammatory markers of M1-like macrophages
in double-labeled cells, while high levels of tgfb1, ccr2 and cxcr4b anti-inflammatory mark-
ers were found in the M2-like macrophages only labeled with mCherry [24,32]. Similar
results were obtained by Sanderson et al. using the Tg(irg1:EGFP)/Tg(mpeg1:mCherry)
transgenic line, in which irg1 specifically labeled M1-like macrophages upon LPS inocula-
tion or M2-like macrophages upon injection of human metastatic breast cancer cells [35].
Other zebrafish-macrophage-fluorescent reporter lines, such as Tg(mpeg1:eGFP)gl22 [33] or
Tg(mpeg1:mCherry)UMSF001 [36], have enabled to track the precise behavior and physiology
of these cells in vivo, during inflammatory, cancer or infectious processes, thus providing a
highly valuable tool to study their role in the context of these pathologies, and also for the
screening of new macrophage-targeted therapeutic approaches, including nanoparticles.

3. Toxicological and Biodistribution Evaluation of Nanoparticles Using Zebrafish:
Focus on Macrophages

3.1. Toxicological Studies

The zebrafish is commonly used as an in vivo model for the toxicological evaluation
of new compounds and nanomaterials, due to its reduced cost, ease of husbandry, and
high fecundity rates [37,38]. Zebrafish and mammals present concordance in toxicological
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assays ranging from 64% to 100% [39]. Due to its short-life cycle, zebrafish can be used
to evaluate intergenerational toxicity by exposing a generation (F0) to a compound and
studying the effects on the next generations (F1, F2, etc.) [40,41]. Reproductive impairment
can also be studied by assessing sperm motility, egg depositions, and steroid hormone
levels [42,43].

The usual methods of exposure to new compounds or nanomaterials are microinjection
and immersion [44,45]. A widely used harmonized approach is the OECD Fish Embryo
Acute Toxicity (FET) Test [46]. The OECD guidelines present immersion exposure as the
preferred method and propose that tests should be performed within the first 120 hpf
(5 dpf) limit [47,48]. Nishimura et al. reviewed the methodology used in several zebrafish-
based developmental toxicity tests and indicated that 5 hpf is the preferred time to start
the exposure to a new sample, because at this point embryos are in the late blastula stage
and dechorionation can be safely performed [49]. Variations of the FET test have served
other researchers to develop assays destined to screen large libraries of compounds or to
evaluate organ-specific drug toxicities. For example, Cornet et al. took advantage of the
brief zebrafish development to combine in one test the study of cardio-, neuro-, and hepato-
toxicity effects in the same individual, enabling recompilation of organ-specific toxicity
data for 24 compounds [50]. In a different study, 91 compounds, including pesticides,
drugs, and flame retardants, were screened for teratological and behavioral effects, by
immersing dechorionated zebrafish embryos in solutions of the different chemicals [51].
In combination with in silico and in vitro assays, zebrafish models were used for the
screening of compounds with anti-inflammatory activity from a library of more than
1200 chemicals [52].

Nanotoxicological studies are commonly divided into two fields: environmental health
and nanomedicine safety [8]. In both fields, similar types of in vitro and in vivo assays
are performed, which in the case of zebrafish models take into account endpoints such as
death, hatching rate, developmental malformations, behavioral changes and gene-profiling
to assess toxicity [8,53,54]. The main factors influencing nanotoxicological effects, such as
composition, particle size, particle shape and surface charge [54], have been investigated in
zebrafish [55–57]. Zeng et al. studied the effects of Ag nanoparticles (NPs) on zebrafish and
found a decreased activity of enzymes implicated in oxidative stress, such as superoxide
dismutase, hydrogen peroxide, and malondiadehyde [55]. Another study evaluated how
the size of AgNPs could affect toxicity, revealing a higher sensitivity of zebrafish to 20 nm
AgNPs versus 100 nm AgNPs [56]. To assess the effects of shape, Abramenko et al. followed
OECD guidelines and observed that Ag nanoplates induce higher toxicity than spherical
AgNPs [57]. The toxicity of AgNPs on neural development was also evaluated through
the study of gfap and ngn1 genetic profiling [58]. The safety of other inorganic based NPs
(Au, Mg, Si, Zn) has been studied in zebrafish following similar methodologies [59–63].
Synergistic toxicity of methylmercury, SiNPs and AuNPs including surfactants have also
been evaluated in zebrafish, proving it as a useful model to explore the toxicological effects
of different compounds in the same organism [64,65]. A more comprehensive toxicological
methodology, using zebrafish, and focused on 21 endpoints, was used for the screening
of several NPs, leading to the conclusion that surface charge is a major determinant for
NP-toxicity [66].

Numerous organic-based nanomaterials have been also tested in zebrafish [67–70].
The toxicity of polyamidoamine and polypropylenimin dendrimers was tested in zebrafish
following the FET method, and with a parallel test in dechorionated embryos, showing
for both dendrimers a lower toxicity in chorionated embryos [67]. In a different study,
nanographene oxide with an external layer of polyethilenglycol was microinjected in
zebrafish to evaluate its toxicity profile and effect on angiogenesis [68]. In another study,
Teijeiro-Valiño et al. examined the toxicity of polymeric nanocapsules with an outer shell
of hyaluronic acid and protamine [69].

The interaction of NPs with macrophages was investigated using zebrafish models,
having important implications in the biocompatibility-toxicity, as well as in the biodistribu-
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tion of the NPs (reviewed in the next section) [70–74]. On one hand, NPs may trigger direct
cell toxicity through different molecular mechanisms [75], on the other hand numerous
NPs can also trigger inflammatory responses when they are recognized as foreign agents
by immune cells (i.e., macrophages) [5]. In response to NPs, the immune cells commonly
produce soluble mediators, such as cytokines, chemokines, and complement factors, which
result in the recruitment of more cells and development of acute or chronic inflammatory
responses [76]. We should also remember that, in some cases, the inflammatory cells are
capable of the biodegradation of NPs, e.g., through oxidative stress or enzymatic degrada-
tion (i.e., myeloperoxidase or eosinophil peroxidase) [77]. The balance of these responses is
of foremost importance for immunotoxicological studies. As an example, graphene oxide
immunotoxicity was evaluated by measuring glutathione, malondialdehyde, superoxide
dismutase, catalase, and genetic profiling in adult zebrafish. TNF-α, IL-1β and IL-6 ex-
pression levels were significantly increased in a dose-dependent manner [74]. Similarly,
it has been reported that several types of metallic NPs, such as gold NPs (AuNPs), silver
NPs (AgNPs), or zinc oxide NPS (ZnO-NPs), may induce oxidative stress and disrupt
signaling pathways related to innate immune responses [78–80]. Other studies involving
drugs, nanocarriers, and macrophages practiced their experiments on zebrafish [81,82].
For example, poly(lactic-co-glycolic acid) NPs (PLGA-NPs) loaded with thioridazine were
evaluated for toxicity and their therapeutic efficacy was tested in murine macrophages,
human macrophages and zebrafish models [81]. These immunotoxicological studies, using
zebrafish as in vivo model, demonstrate the relevance of safety assessment for nanomateri-
als with potential application in a variety of industrial sectors (i.e., cosmetics, paints, food
package, etc.), and they also provide pharmacological/toxicological information of interest
for their application with medical purposes.

3.2. Biodistribution

Nanotechnology is commonly used to improve the biodistribution/pharmacokinetics
of drugs. Thus, biodistribution moves from being determined by the drug’s physicochem-
ical characteristics to be dictated by the NP’s-features. Besides, by tuning the physico-
chemical properties of the NPs, a preferential accumulation in specific organs and/or cell
populations can be achieved [83]. Taking this into consideration, zebrafish is gaining impor-
tance in the nanomedicine field as a simple and reliable model to screen biodistribution of
drugs and/or NPs. The transparency of the embryos [84] and the availability of transgenic
lines offer the possibility to study in biodistribution studies the role of the interaction of
NPs at the cellular level, for example, by using macrophage-labelled embryos [85]. In this
context, different scenarios can happen depending on the aimed cellular and/or molecular
target: macrophages can be the final target for the nanomedicine, such as in the case of
autoimmune or infectious diseases, and nano-vaccines [86], or they can be a cellular popu-
lation to be avoided, due to the undesirable clearance of the therapeutic entity mediated
by these phagocytic cells, such as in the case of drugs targeted towards cancer cells or
others [72]. Of note, in the context of cancer both approaches, targeting and/or avoiding
macrophages, could be intended to improve the efficacy of certain drugs, directed towards
macrophages (i.e., immunotherapy) or to cancer cells (i.e., chemotherapy), respectively [87].

The overall biodistribution of a NP is governed by the combined effect of the admin-
istration route, the dose and the nanostructure’s composition and properties (Figure 2).
As previously described for the toxicity, the size, shape, charge and flexibility are also
critical parameters that determine the final fate of the NPs [83,88]. The circulation time of
NPs administered intravenously (i.v.) depends, mainly, on their interaction with immune
and/or endothelial cells [89]. In fact, the majority of the NPs i.v. administered are cleared in
the liver, by macrophages or by sinusoidal cells [85,90]. Part of these NPs are also captured
by circulating monocytes/macrophages, and/or other immune cells, such as neutrophils,
before reaching their target tissue, as it was recently shown for gelatine nanospheres [86]
and liposomes [91]. In zebrafish, liposomes of 60 nm showed a decreased macrophage
uptake as compared to larger 120 nm liposomes, which were more accumulated in the
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spleen [91]. Apart from immune cells, uptake by endothelial cells can also be responsible for
the limited circulation time of certain NPs. For example, polystyrene (PS) NPs of 1000 nm
were found adhered to the endothelium some minutes after the injection. On the contrary,
with a lower adherence to the endothelium, 200 nm PS NPs showed a more prolonged
circulation time. Our group evaluated the diffusion of NCs of different sizes and surface
charges in zebrafish embryos [70]. These NPs are versatile nanosystems with applications
in different fields, such as cancer, vaccination, and ocular diseases [92–95]. Both positively
and negatively charged NCs of 70 nm spread faster and at a higher extent than medium
size NCs (200 nm) after i.v. injection in zebrafish. Chitosan NCs (positively charged) were
found to be attached to the endothelial cells of the blood vessels at a higher degree than
inulin NCs (negatively charged). As a whole, zebrafish injected with the 70 nm chitosan
NCs showed the highest intensity, due to the fluorescent-NCs, in the circulatory system,
and also higher accumulation in other tissues, such as the brain and visceral organs. All
NCs showed certain degree of co-localization with GFP-labelled macrophages. However,
the positively charged NCs showed the highest accumulation in these cells. In relation
to their particle size, 200 nm NCs interacted with macrophages from early time points
(0.5 h), whereas 70 nm NCs presented less interaction at 0.5 h, but their accumulation in
these cells increased with time. From this and other studies, it can be concluded that larger
particles are commonly attached or captured by macrophages and/or endothelial cells,
thus showing shorter circulation times.

 

Figure 2. Biodistribution of nanoparticles in zebrafish is related to their interaction with macrophages.
The biodistribution of nanoparticles in zebrafish embryos is mainly dictated by (A) the administration
route and (B) the physicochemical properties of the nanoparticles. Among the characteristics that
most impact the circulation time after intravenous administration are the degree of PEGylation, the
particle size, the surface charge and the shape of the particles. By tuning these properties, the uptake
by macrophages can be minimized and the circulation time can be prolonged.
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Particle shape and flexibility have also an impact on NPs biodistribution. Generally
elongated and rod-shaped NPs present a prolonged time in circulation compared with
spherical particles, especially if they are flexible [96]. This effect was observed in different
animal models (i.e., mice or pigs) [97], and also zebrafish [98]. In this case, the non-spherical
NPs were poorly taken up by macrophages because of hydrodynamic shearing. However,
other authors found that spherical NPs present prolonged circulation time versus NPs with
fibrillar morphologies upon i.v. administration in zebrafish [99]. Overall, it is important to
highlight that the final biodistribution and toxicological behaviour of a NP is orchestrated
by the interplay between its different physicochemical properties (i.e., size, charge, and
shape), and focusing only in one parameter can be misleading.

The composition of the NP’s surface and/or its functionalization with specific molecules
is also a key factor affecting its biodistribution. For instance, liposomes presented substan-
tially higher circulation time after i.v. administration in zebrafish than PS NPs of similar
size (nm) [72]. The different circulation patterns can be explained by the high affinity of PS
NPs for the endothelium, while liposomes showed a slow macrophage-mediated clearance.
With respect to decoration of NPs surface, polyethylene glycol (PEG) and other molecules
have been used to avoid macrophage interaction, while ligands for specific receptors on
macrophages-surface or other cells have been investigated. Functionalization with PEG
chains is commonly implemented to “mask” a therapeutic agent from the immune sys-
tem, reducing immunogenicity and antigenicity. PEGylated nanosystems show longer
circulation times after i.v. administration than non-PEGylated ones, by reducing their
interaction with opsonins and making NPs “invisible” to the immune system [72,89]. As an
example, liposomes commonly cleared from the circulation by macrophages, when PEGy-
lated, increased their circulation time, and their elimination by macrophages, although still
occurring, is delayed [89]. In the case of PEGylated PS NPs, the increase in their circulation
time has been attributed not only to their reduced capture by macrophages, but also to
their reduced interaction with the endothelial cells [72]. The degree of PEGylation and its
molecular weight also impacts on NPs biodistribution, showing decreased clearance by
macrophages for liposomes decorated with a higher density of PEGs or increased molec-
ular weight [91]. Other polymers with “shielding behaviour” have been used, such as
polysarcosine or poly(N,N-dimethylacrylamide), showing an increase in NP-circulation
time in zebrafish models [89].

Zebrafish models have also been used to study NP-biodistribution through other
routes of administration. Upon intramuscular (i.m.) injection in zebrafish, NPs generally
only spread along the muscle tissue close to the injection site, at least for short times [86].
As time goes by, the NPs are commonly internalized by macrophages to be cleared [86].
In our previously mentioned work, after i.m. injection, the 70 nm NCs disseminated
further than 200 nm NCs, spreading through all the myomere and limited by myosepta [70].
Positively charged NCs (chitosan based) recruited more macrophages than negatively
charged (inulin based) NCs, following a similar pattern to the i.v. route. To study the
mucosal administration of new therapies using zebrafish, NPs can be simply incubated in
water. Verrier and colleagues found that 200 nm PLA-NPs were able to cross the epithelial
barrier of different mucosae (nasal, gills, gut, and skin) and be accumulated in antigen
presenting cells, such as dendritic cells, macrophages and B cells in the gills and skin [100].
Interestingly, the NPs were able to enter the bloodstream through the gills, and to then
reach internal organs, such as the liver and kidney. Our group showed the importance of
surface composition in the ability of NCs to diffuse through the chorion before the zebrafish
hatching [69]. The presence of a PEGylated surfactant is supposed to favour the diffusion of
these NCs through the thick chorion barrier. Using hatched embryos, we demonstrated that
hyaluronic acid NCs are not able to cross the epidermis. However, protamine-hyaluronic
acid NCs were internalized and reached the yolk sac, the stomach, the esophagus and
the olfactory pit. In this case, protamine, a well-known cell penetrating peptide, could
be important to facilitate the internalization and transport through the zebrafish skin
epithelium [69]. The particle size also influences de biodistribution by the mucosal routes.
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For instance, after incubation with zebrafish in water, coumarin nanocrystals of 70 nm
showed better permeability across the chorion, blood brain barrier, blood retinal barrier and
gastrointestinal barrier than their counterparts of 200 nm. Besides, the smaller nanocrystals
accumulated at a higher extent in internal organs via lipid raft-mediated endocytosis [101].
The importance of the particle shape was demonstrated by Vijver and his group [102].
After waterborne exposure of zebrafish embryos to gold NPs of different shapes, the
macrophage’s abundance was higher for urchin-shaped NPs compared to the spherical
ones.

4. Preclinical Testing of Nanoparticles Using Zebrafish Models of Disease: Relevance
of Macrophages

4.1. Cancer

Due to its unique features, zebrafish tumor models, mainly induced by transgenesis or
xenotransplantation, are increasingly being used for cancer research and discovery of new
antitumoral drugs [103]. Xenografts are routinely performed by implantation of human or
murine cancer cells into different anatomical sites of zebrafish embryos (yolk sac, duct of
Cuvier or perivitelline space) to obtain heterotopic or eventually orthotopic in vivo tumor
models. The injection of labeled cancer cells in “transparent zebrafish” allows to track their
survival, progression, migration, and interaction with the host microenvironment [104,105].
For the transgenic models, genetically modified zebrafish lines, mainly based on the
expression of human oncogenes driven by tissue-specific or ubiquitous promoters (e.g.,
BRAFV600E, HRASG12V or KRASG12V) have been used [106–108]. While the transgenic
models are commonly preferred for the mechanistic understanding of tumor development
and/or interaction of cancer cells with the tumor microenvironment (TME), xenografts
are more used for drug screenings. As the generation of stable transgenic zebrafish lines
requires several months, it is technically challenging and less cost-effective when compared
to the simple injection of tumor cells in xenografts [109]. In addition, xenograft models have
been recently used to understand the metabolic and/or stem cell properties of cancer cells
and they also offer the possibility to study patient-derived cancer cells in vivo [110,111].

The study of macrophages in tumors is nowadays a very active field of research.
Tumors are complex tissues, comprising a heterogeneous population of cells plus the
extracellular matrix they produce, which constitute the TME [112–115]. The cellular frac-
tion is composed of malignant cancer cells, as well as endothelial cells, cancer-associated
fibroblasts, and tumor-associated macrophages (TAMs), with the latter being the latest the
most abundant cell type [116]. In human tumors, TAMs originate mostly from circulating
precursor monocytes, but resident macrophages can be originally present in the tissue,
later developing in a tumor [117]. TAM infiltration in tumor tissues has been shown to
support tumor growth, angiogenesis, invasion and metastasis, and their high density in
tumors has been correlated with tumor progression and resistance to therapies [118]. The
secretion of CSF-1, CCL2 and VEGF, by cancer cells, induce the recruitment of macrophages
towards the TME, and the Th2 cytokines IL-4, IL-13, IL-10 and TGF-β, metabolic signals
(i.e., lactic acid and hypoxia) produced also by Treg and TAMs are key drivers of im-
munosuppression [116]. With the aim to better mimic human tumors, including the TME,
zebrafish xenografts are being continuously improved, using reporter lines for analysis of
vasculature [119], neutrophils [120] and/or macrophages [32,33,35]. Orthotopic xenotrans-
plantation, consisting in the injection of tumor cells in the equivalent anatomical site, and
the use of patient-derived xenografts (PDX), allows the preservation of tumor cells’ original
phenotype, and represents a further step to recapitulate the TME and tumor cell-host
interactions [121]. The knowledge and practice acquired using these models will not only
be useful for a better understanding of tumors, but also determinant for the development
and evaluation of new antitumoral therapies [122], including nanotechnological strategies.

An enormous variety of nano-oncologicals (nanostructures for the treatment of cancer)
have been developed and evaluated with the main purpose to improve the delivery of phar-
macological molecules to the TME and reduce off-target effects [123–125]. NPs have been
designed to improve the efficacy of classical chemotherapies, immunomodulatory drugs,
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but also delicate molecules such as nucleic acids, and even new cellular therapies [126,127].
Main therapeutic strategies to target and impact on TAMs include: (i) inhibition of TAM
recruitment to the tumor, (ii) direct killing of TAMs, (iii) re-education of TAM from their
M2-like protumoral phenotype into a M1-like antitumoral phenotype [87]; offering promis-
ing opportunities to switch the tumor-promoting immune suppressive microenvironment,
characteristic of tumors rich in macrophages, to one that kills tumor cells, is anti-angiogenic
and promotes adaptive immune responses [87,128].

In this context, zebrafish models offer the possibility to test the antitumoral effect of
new nano-oncologicals, not only at the level of tumor growth in vivo [109], but also at the
cellular level within the tumor (i.e., cancer cells or TAMs in vivo). Relevant examples of
nano-oncologicals tested in zebrafish are reviewed below and summarized in Table 1.
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Nadar and colleagues investigated the ability of drug-loaded hydroxyapatite NPs
to release active therapeutics in vivo [129]. To this end, they used a zebrafish xenograft
model with MDA-MB-231 breast cancer cells to test the antitumoral efficacy of kiteplatin-
pyrophosphate-loaded hydroxyapatite NPs (PtPP-HA). Two days after the co-injection of
cancer cells and the platinum-loaded HA NPs into 48 hpf zebrafish blood circulation, they
found a significant decrease in survival of breast cancer cells [129]. Different types of metal
oxide-NPs, not loaded with additional pharmacological molecules, have also been tested for
antitumoral efficacy. ZnO-NPs were evaluated using a gingival squamous cell carcinoma
xenograft model, showing antitumoral activity via induction of reactive oxygen species
(ROS) and reduction of anti-oxidative enzymes with consequent oxidative damage to cells
and tissues [130,138,139]. DiL-labeled Ca9-22 cells were implanted into the yolk sac of
48 hpf Tg(fli1:EGFP) embryos and fluorescence monitoring showed no effect on survival but
dose-dependent inhibition of tumor growth [130]. The physicochemical properties of nano-
materials have also been exploited for photodynamic therapy (PDT) and tested in zebrafish.
For instance, Jimenez et al. developed, and tested in zebrafish tumor xenografts, porous
porphyrin-based organosilica NPs (PMOsPOR-NH2) [131]. At 2 dpi, treated-embryos
were subjected to two-photon-excited photodynamic therapy (TPE-PDT) and a complete
extinction of GFP-cancer cells was observed. Additionally, to analyze the efficiency of gene
delivery, the same NPs were complexed with anti-GFP siRNA and co-injected together with
GFP mRNA at one-cell stage, leading to a reduction in GFP expression a few hours later,
thus also revealing the potential use of these NPs for gene therapy. Similarly, small-seized
non-porous porphyrin-based bridged silsesquioxane NPs (PORBSNs) functionalized with
PEG and mannose (20–30 nm) were developed for i.v. injection and tested in zebrafish with
MDA-MB-231-GFP cells subjected to TPE-PDT, showing decreased tumor growth after
irradiation [132]. Moreover, with targeting purposes, Peng et al. synthesized fluorescent
cellulose acetate NPs functionalized with folate groups for their preferential accumulation
in epithelial cancer cells overexpressing folic acid receptors [140]. These NPs can be tuned
within the entire UV-VIS-NIR spectrum and were capable to target tumors in vivo. To test
the combinatorial antitumoral efficacy of chemotherapy and radiotherapy using NPs, Wu
et al. synthesized G4.5 polyamidoamine (PAMAM) dendrimers conjugated with L-cysteine
(GC), acting the later as radiosensitizer, and further loaded with doxorubicin (PAMAM-
GC/DOX) [133]. Cervical carcinoma HeLa cancer cells labeled with carboxyfluorescein
succinimidyl ester (CFSE) were injected into the yolk sac at 2 dpf. Embryos were immersed
in PAMAM-GC/DOX and further exposed to γ-radiation at 3 dpf. Synergistic antitumoral
effect for the combination chemotherapy and radiotherapy with NPs was confirmed, versus
only radiation or free DOX with or without irradiation. Likewise, PAMAM dendrimers,
functionalized with PEG using a hypoxia-induced sensitive linker, were loaded with DOX
and hypoxia-inducible factor 1a siRNA (PAMAM-DOX-siHIF) [134]. The antitumor activity
of free DOX, PAMAM+DOX, and PAMAM-DOX+si-HIF was tested upon implantation
of MCF-7-CM-DiL breast cancer cells into the perivitelline space of 48 hpf Tg(fli1:EGFP)
embryos, and intracardiac injection of free DOX, PAP+DOX and PAP-DOX+si-HIF at 1 dpi,
showing the best results for the “triple-therapeutic combination” (PAMAM-DOX+si-HIF).
Despite these promising results in zebrafish, we still foresee some limitations for the trans-
lation of some results to the clinic, in part due to the differences in zebrafish anatomy
versus mammals, because of the need for deeper penetration of radiotherapy in hidden
tumors. However, a positive experience was recently reported by Costa et al., showing the
utility of zebrafish to distinguish radiosensitive from radioresistant tumors using colorectal
cancer cell lines and patient biopsies, and clinical response was correlated with induction
of apoptosis in zebrafish [141].

Several redox- and pH-responsive-NPs have been developed, to favor the control
delivery of drugs in the reducing and acidic TME, and several zebrafish models were opti-
mized for the testing of these NPs. Transgenic mifepristone-inducible liver tumor zebrafish
line expressing the enhanced green fluorescence protein (EGFP)-Krasv12 oncogene [142],
as a model of hepatocellular carcinoma with elevated glutathione and liver acidity, was
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used [143,144]. While embryos treated with free DOX died at 2–3 dpi, lower toxicity and
sustained regression of tumor size was observed for the DOX-loaded-NPs, demonstrating
improved drug release to liver tumor cells and lower systemic toxicity [145]. A pH-sensitive
hydrazone-linked DOX nanogel (NanogelDOX) was i.v. injected in zebrafish, previously
implanted with B6 mouse melanoma cells into the neural tube at 48 hpf, showing signif-
icant reduction in tumor growth versus no effect for free DOX. [135]. Redox-responsive
silica-gold nanocomposites functionalized with transferrin and loaded with DOX (Tf-DOX-
ReSi-Au) were injected in a zebrafish colorectal cancer model, showing positive antitumoral
activity without the typical DOX-related cardiotoxic adverse effects [136]. Others have
tested the capacity of fluorescent-NPs to detect cancer cells in vivo, using similar zebrafish
tumor models [146,147].

To understand the interaction between immune and tumor cells, several zebrafish
xenograft models have been developed. These models have allowed to study the role
of immune cells in tumor vascularization and invasion [148], the dynamic interaction
between immune and cancer cells [149], or the positive correlation between the number of
immune cells recruited to the tumor site and the degree of angiogenesis [150,151]. Póvoa
et al. showed distinct engraftment profiles from the same patient at different stages of
tumor progression in colorectal zebrafish xenograft models and explored the innate im-
mune contribution to this process [152]. While cells derived from the primary tumor
were able to recruit macrophages and neutrophils, thus being rapidly cleared (regres-
sors), those cancer cells derived from a lymph node metastasis polarized macrophages
towards a M2-like protumoral phenotype, engrafting very efficiently (progressors). Inter-
estingly, mixing both types of cells resulted in decreased regressors clearance, reduced
numbers of innate cells and increased M2-like polarization. Furthermore, depletion of
macrophages resulted in a significant increase in the engraftment of regressors. These
results provide the first experimental evidence of therapeutic manipulation of macrophages
in zebrafish tumor models [152]. Detailed studies, using NPs for reprogramming TAMs
into antitumoral M1-like macrophages, have still not been performed using zebrafish
models of cancer. Nevertheless, a few investigations have explored the circulation time
of NPs, their accumulation at the tumor site and their specific uptake by macrophages
in tumors using these models. Evensen et al. were the first to image the accumulation
of NPs to human tumor-like structures in a zebrafish xenograft model [72]. Comparing
labeled polystyrene NPs and liposomes, with or without PEGylation, upon injection into
the posterior cardinal vein of 2 dpf embryos, they noted that PEG-liposomes displayed
the longest circulation time due to their lower affinity to the endothelium, the lowest
macrophage uptake, and the highest survival rate. Using xenografts, with melanoma and
kidney cancer cells, the PEG-liposomes showed a specific and rapid accumulation into
the tumor and outside the vasculature after only 2–5 h post- injection (hpi) [72]. Kocere
and colleagues demonstrated the selective accumulation of Cy5-labelled poly(ethylene
glycol)-block-poly(2-(diisopropyl amino) ethyl methacrylate) (PEG-PDPA) NPs in TAMs
using a melanoma xenograft model [137]. By injection of B6 mouse melanoma cells (la-
beled with GFP or RFP) in the neural tube of 3 dpf transgenic embryos ((Tg(fli1a:EGFP,
Tg(mpeg1:mcherry), Tg(mpx:GFP)) [33,119,153], they were able to observe tumor growth,
angiogenesis, and accumulation of macrophages, but not neutrophils, within the tumor at
10 dpf. Additionally, xenografts in 3 dpf Tg(mpeg1:GAL4/UAS:NTR-mCherry) embryos,
which express a nitroreductase in macrophages in presence of metronidazole causing
their selective apoptosis, revealed a slightly increased tumor growth when macrophages
were absent. The injection of PEG-PDPA NPs, showed selective accumulation of NPs and
increased number of macrophages at the tumor site. Moreover, a small fraction of NPs
was internalized by cancer cells and TAMs. These DOX-loaded-PEG-PDPA NPs were i.v.
injected in the melanoma model at 1 dpi, showing reduced toxicity, decreased proliferation,
and increased apoptosis of cancer cells six days after treatment [137].

As a whole, these studies provide a consistent knowledge and experience for the
development of several types of tumors in zebrafish and the testing of nano-oncologicals
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with different features. Zebrafish models provide excellent opportunities for genetic mod-
ifications and for in vivo evaluation/tracking of innate immune cells, being these key
aspects for the testing of NPs. A major limitation for the use of zebrafish embryos to
test antitumoral therapies is their lack of adaptive immune system. This challenge has
partially been addressed through the suppression of the adult immune system, either by
γ-irradiation, dexamethasone treatment [154–156] or more recently using adult immuno-
compromised strains [157–159], followed by the injection of human or murine immune cells
(i.e., T cells). These adult zebrafish xenografts enable a closer resemblance of cell–tumor
microenvironment interactions, a longer tumor engraftment and a clinically-relevant dose
response [160,161]. Remarkably, Yan et al. created an optically clear, homozygous mutants
(prkdc−/−, il2rga−/−) which lacks T, B, and natural killer (NK) cells. These animals sur-
vived at 37 ◦C (optimal for mammal cells), robustly engrafted a variety of human tumor
cells and subsequently responded to drug treatments. Importantly, similar histological and
molecular features in both fish and mouse xenografts were confirmed and pharmacoki-
netics of antitumoral treatments, such as olaparib and temozolomide, were comparable
to that found in both mouse preclinical models and humans. Nevertheless, this adult im-
munocompromised strain must be improved, as several cancer cell types failed to engraft
into the model and pre-treating fish with clodronate liposomes to deplete macrophages
was required [159]. Additional disadvantages of zebrafish models are that some strains
do not breed, develop gill inflammation, and likely autoimmunity [158], or they could be
quite prone to infection and require specialized food and antibiotic treatment [162], thus
raising the cost of maintenance. Despite these challenges, the results demonstrate that
zebrafish tumor models are important tools with high potential to improve the translation
of nano-oncologicals towards the clinic.

4.2. Autoimmune Diseases
4.2.1. Inflammatory Bowel Disease

Inflammatory bowel diseases (IBDs) refer to chronic inflammatory disorders of the
gastrointestinal tract which comprise both Crohn’s disease and ulcerative colitis. Although
their etiology is not clear, they are thought to be a result of host genetic susceptibility and
environmental factors (e.g., diet) [163,164], which lead to altered interactions between gut
microbiota and the intestinal immune system [165]. Intestinal homeostasis is partly main-
tained by resident macrophages with enhanced phagocytic and bactericidal activity and
decreased production of pro-inflammatory cytokines [166]. Nevertheless, when gut dysbio-
sis and further disruption of normal mucosal immunity occur, monocytes are continuously
recruited to become inflammatory macrophages, they participate in the inflammatory
response and contribute to chronic intestine inflammation [167]. In this context, zebrafish
models are useful to study the relationship between immune system and inflammation. For
instance, Coronado et al. treated fish with a previously established inflammatory diet [168]
and found a strong increase in the number of neutrophils, macrophages and T helper cells
recruited to the gut [169]. Looking into the genetic susceptibility, Kaya et al. were able to
validate the implication of GPR35-expressing macrophages in intestinal immune home-
ostasis and inflammation by generating a zebrafish mutant line [170]. Other researchers
have shown the potential of zebrafish for the screening of drugs to treat IBDs [171–173].
With regard to NPs, to date, we only found one study where the administration of copper
NPs to zebrafish resulted in intestinal developmental defects, through ER stress and ROS
generation, showing similar alterations to IBD patients (Table 2) [174]. Thus, these studies
provide the starting point for the study of IBD pathology and testing of NPs which might
offer new solutions to patients suffering these intestinal disorders.

4.2.2. Type I Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) is an autoimmune disease caused by immune-
mediated progressive destruction of the pancreatic β-cells, driven by the interaction of
multiple environmental and genetic factors. The pathogenesis of T1DM is characterized
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by the infiltration of islet antigen-specific T cells and pro-inflammatory APCs associated
with impairment of Foxp3+ Tregs. The destruction of β-cells leads to the loss of ability
to produce insulin and in turn, to chronic hyperglycemia [175,176]. T1DM treatment is
mainly based on lifelong insulin replacement therapy and several nanoparticles have been
designed to improve its administration [177,178]. Others have explored the inhibition of
the destructive autoimmune response against insulin-producing β-cells, for example by
regulating T-cell autoreactivity as a therapeutic approach [179,180]. In zebrafish models, to
mimic T1DM, the destruction of β-cells has been achieved by either surgery [181], chemical
destruction [182], or genetic ablation [183], followed by their subsequent regeneration
ability allowing to study the mechanisms of β-cells regeneration and also the testing of
antidiabetic drugs [184,185]. A number of chemical screens to induce β-cell generation in
zebrafish have been reported [186–188] and the antidiabetic effect of different bioactive
molecules and NPs has been tested (Table 2).

Silver nanoparticles loaded with Eysenhardtia polystachya (EP/AgNPs), with a spheri-
cal shape and diameter of 5–21 nm, were tested on glucose-induced diabetic adult zebrafish
and the results confirmed the effectiveness of NPs in ameliorating hyperglycemia [189].
The utility of quercetin NPs (NQs) in ameliorating diabetic retinopathy, a common compli-
cation derived from diabetes was shown by Wang et al. [190]. Chemically induced diabetes
and diabetic retinopathy were established in adult zebrafish, and further treatment with
NQs led to a reduction in glucose blood levels as wells as to the improvement of differ-
ent morphological, behavioral, and biochemical parameters linked to diabetic retinopa-
thy [190]. Others have evaluated the biocompatibility/toxicological profile of different
types of NPs with potential antidiabetic activity, such as peptide-major histocompatibility
complexes-NPs or curcumin encapsulated in polycaprolactone-grafted oligocarrageenan
nanomicelles [191,192]. These studies provide a solid basis for the further use of zebrafish
models to screen new antidiabetic nanotechnological approaches.

4.2.3. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory and autoimmune disease charac-
terized by synovial and joint swelling, pain, and bone destruction [193]. The pathogenesis
of RA is a multistep process, initially starting outside the joints by the aberrant activation
of antigen-presenting cells, triggered by genetic or environmental causes, which leads
to the activation of a pro-inflammatory cascade, production of autoantibodies as well as
altered T-cell and B-cell cross-activation [194,195]. These events lead to monocyte recruit-
ment to the diseased tissue and activation and polarization of macrophages towards a
M1-like pro-inflammatory phenotype, boosting the inflammatory cascade [196]. Current
RA-treatments include nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids,
disease-modifying antirheumatic drugs, and different natural substances to reduce joint
inflammation [197]. With the aim to mimic human disease, improve its understanding
and test new therapies, several animal models have been developed [198,199], and ze-
brafish models could be also implemented as a useful tool. Zebrafish have served as a
model to evaluate the anti-inflammatory properties of different synthetic and natural com-
pounds, although no reports on nanomaterials are available yet. Clerodendrum cyrtophyllum
Turcz is a commonly used plant in Vietnam for treating RA. Ngyuyen et al. confirmed
the anti-inflammatory properties of ethanol extracts of this plant in a copper-induced
inflammation zebrafish model, via downregulation of inflammation mediators and pro-
inflammatory cytokines (e.g., cox-2 or il-1β) [200]. Similarly, Jiang et al. demonstrated
anti-inflammatory effects of isothiocyanate prodrugs in a zebrafish neutrophilic inflam-
mation model, as the number of migrating neutrophils in treated zebrafish was smaller
than in the control group [201]. Wang et al. demonstrated the inhibition of cyclooxygenase,
as the anti-inflammatory mechanisms of action of Gentiana dahurica roots, in a zebrafish
model of induced production of cyclooxygenases 1 and 2 [202]. Genetic approaches using
zebrafish were applied to study the role of c5orf30, whose variants have been associated
with RA. Upon tail transection in the c5orf30 knockdown fish an increased recruitment

154



Nanomaterials 2021, 11, 1784

of macrophages to the wound site was observed, confirming the anti-inflammatory role
of c5orf30, with implications in RA [203]. With reference to early diagnosis, Feng et al.
designed and synthesized fluorescent probes for the quantitative detection of hypochlorous
acid, a biomarker of RA, and confirmed their efficiency in an LPS-induced inflammatory
model of adult zebrafish [204]. Additionally, zebrafish has served as a platform to evalu-
ate the toxicity of new treatments with potential application in RA [205,206]. Although
mammalian models of RA are needed before the clinical translation of new therapeutic
approaches, these zebrafish models provide a valuable tool for the initial screening of
innovative nanotechnological approaches to treat RA.

4.2.4. Neuroinflammatory and Neurodegenerative Diseases

Several zebrafish models have been established and optimized for the understanding
of neuroinflammatory or neurodegenerative diseases [207,208]. In parallel, different types
of NPs have been engineered for the treatment and/or diagnosis of neuro-related disor-
ders [209,210]. Interestingly, zebrafish models have also been used to study the neurotoxic
or neuroprotective effects of a wide variety of NPs and biomaterials [207]. Below, we
provide some examples of investigations using zebrafish models and NPs to improve drug
targeting and/or efficacy in the context of neuroinflammatory and neurodegenerative
diseases (Table 2).

Neuroprotective effects of NPs in Parkinson’s disease (PD) using zebrafish models
have been observed, commonly mediated by the antioxidant and/or neuro-antiinflammatory
activity of these NPs. Bacopa monnieri platinum NPs (BmE-PtNPs) demonstrated the
same activity of Complex I, as that of oxidizing NADH to NAD(+), suggesting that BmE-
PtNPs could be a potential medicinal substance for oxidative stress mediated disease with
suppressed mitochondrial complex I as it happens in PD. Hence, in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced experimental Parkinsonism in zebrafish model,
BmE-PtNPs pretreatment significantly reversed the toxic effects of MPTP by increasing
the levels of dopamine, its metabolites, GSH, and activities of GPx, catalase, SOD and
complex I, and reducing levels of MDA along with enhanced locomotor activity [211].
Schisantherin A (SA) is a promising anti-Parkinsonism Chinese herbal medicine and SA
nanocrystals (SA-NC) were used to reverse the MPTP-induced dopaminergic neuronal loss
and locomotion deficiency in zebrafish. This strong neuroprotective effect of SA-NC may
be partially mediated by the activation of the protein kinase B (Akt)/glycogen synthase
kinase-3β (Gsk3β) pathway [212]. On the other hand, it has been shown that, after expo-
sure of different concentrations of titanium dioxide NPs (TiO2 NPs) to zebrafish embryos
from fertilization to 96 hpf, the hatching time of zebrafish was decreased accompanied by
an increase in malformation rate, while no significant increases in mortality relative to con-
trols were observed [213]; moreover, accumulation of TiO2 NPs was found in the brain of
zebrafish larvae, resulting in loss of dopaminergic neurons, ROS generation and cell death
in hypothalamus. Meanwhile, q-PCR analysis showed that TiO2 NPs exposure increased
the pink1, parkin, α-syn, and uchl1 gene expressions, which are related with the formation of
Lewy bodies [213]. Data from zebrafish behavioral phenotype revealed observable effects
of silica nanoparticles (SiNPs) on disturbing light/dark preference, dampening exploratory
behavior and inhibiting memory capability; furthermore, the relationship between neuro-
toxic symptom and the transcriptional alteration of autophagy- and parkinsonism-related
genes was showed [62]. Similarly, another study showed that 15-nm silica SiNPs produced
significant changes in advanced cognitive neurobehavioral patterns (color preference) and
caused PD-like behavior compared with 50-nm SiNPs. Analyses at the tissue, cell and
molecular levels corroborated the behavioral observations [214]. Both studies demon-
strated that nanosilica acted on the retina and dopaminergic neurons to change color
preference and to cause PD-like behavior [62,214]. Puerarin has emerged as a promising
herb-derived anti-Parkinsonism compound and puerarin nanocristals (PU-NCs) demon-
strated no obvious toxic effects on zebrafish, as evidenced by the unaltered morphology,
hatching, survival rate, body length, and heart rate; fluorescence resonance energy transfer
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(FRET) imaging revealed that intact nanocrystals were found in the intestine and brain
of adult zebrafish [215,216]. Moreover, other NPs with alleged neuroprotective effects for
treating PD, such as polymeric NPs of Ginkgolide B, have shown correct bioavailability
and cerebral accumulation in zebrafish models [217].

Similarly, as with PD, some authors have shown neuroprotective and neuroregen-
erative effects of different NPs in Alzheimer’s disease (AD) zebrafish models. Thereby,
it has been shown that casein coated-gold nanoparticles (βCas AuNPs) in systemic cir-
culation translocate across the blood brain barrier (BBB) of zebrafish larvae, sequester
intracerebral Aβ42 and its elicited toxicity in a nonspecific chaperone-like manner. This
was evidenced by behavioral pathology, ROS, and neuronal dysfunction biomarkers assays,
complemented by brain histology and inductively coupled plasma-mass spectroscopy.
The capacity of βCas AuNPs in recovering the mobility and cognitive function of adult
zebrafish exposed to Aβ was demonstrated [218]. Other study evaluated the role of solid
lipid NPs of quercetin (SLN-Q), a flavonoid with multiple pharmacological actions like vas-
cular integrity and regulatory action on the BBB, using pentylenetetrazole (PTZ) induced
cognitive impairment of Danio rerio species [219]. The intraperitoneal pretreatment of SLN-
Q showed an attenuating effect in PTZ induced neurocognitive impairments, along with
amelioration of biochemical changes (acetylcholinesterase activity, lipid peroxidation, and
reduced glutathione levels), showing differences with fish treated with donepezil. Some
authors have demonstrated with confocal image analyses that amphiphilic yellow-emissive
carbon dots (Y-CDs) crossed the BBB of five-day old wild-type zebrafish, most probably by
passive diffusion due to the amphiphilicity of Y-CDs; furthermore, Y-CDs were internalized
by the cells, inhibiting the overexpression of human amyloid precursor protein (APP) and
β-amyloid (Aβ) which is a major factor responsible for AD pathology [220].

Amyotrophic Lateral Sclerosis (ALS), a fatal neurodegenerative disease affecting the
upper and lower motor neurons in the motor cortex and spinal cord, could be ameliorated
by reducing the levels of superoxide dismutase I (SOD1). Thus, calcium phosphate lipid
coated nanoparticles (CaP-lipid NPs) were developed and tested in zebrafish for the
delivery of SOD1 antisense oligonucleotides (ASO) with success, and their preferential
accumulation in the brain, blood stream, and spinal cord was observed [221].

In addition, the toxic profile of several NPs with potential interest for neurological
diseases was also evaluated using zebrafish models. As examples, Carbamazepine or
Tacrine were co-administered with PAMAM dendrimers and neurotoxicity, cardiotoxicity,
or hepatotoxicity were evaluated in zebrafish larvae [222,223]. These reports provide
satisfactory experience in the study of neuro-related disorders using zebrafish models and
a good basis for their use as a screening platform to support new nanotechnologies for the
treatment of these diseases.
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4.3. Infectious Diseases

Zebrafish models have been largely used to study infectious diseases, taking ad-
vantage of its transparency, possibilities to study both innate and adaptive immunity,
and feasibility for the highly controlled administration of pathogens, commonly through
microinjection. Prospective treatments are mostly administered by microinjection too,
although other routes such as intubation have been described [224]. Most of the studies
reviewed in this section have been performed using zebrafish in the first month of life,
which does not present a completely developed adaptive immune system but allows for
the separate study of macrophages and neutrophils during pathogenic infection [225,226].
Transgenic lines that attach fluorescent proteins to robust macrophages markers, such as
mpeg1 or csf1ra, have been used [227]. As an example, Palha et al. infected Tg(fnϕ1:mCherry)
zebrafish larvae with two Chikungunya virus strains, one of which expressed GFP, allow-
ing to follow infection progress and its quantification by flow cytometry. This work,
using zebrafish, demonstrated similarities with the process in mammals and a critical
role of the IFN response to control the infection. Furthermore, the differential role of
macrophages and neutrophils was investigated using a transgenic metronidazole-inducible
cell ablation system to deplete macrophages. Neutrophil depletion was studied in csf3r
knockdown larvae that were highly susceptible to Chikungunya virus, exhibiting a high
increase of virus transcripts and mortality [228]. In another study, selective depletion of
macrophages by incubation in metronidazole reduced the virulence of infection caused
by the Burkholderia cepacia complex, revealing the important role of these cells in the in-
fectious process [229]. The easiness for monitoring macrophages in zebrafish allowed
extensive studies of tuberculosis and facilitated the observation of granulomas caused by
Mycobacterium marinum [230–232]. Clay et al. took advantage of the transparency of the
zebrafish to report a dichotomous role of macrophages in early M. marinum infection. First,
they performed dual fluorescent antibody detection of L-plastin and myeloperoxidase to
confirm that only macrophages and not neutrophils phagocytose bacteria. Most bacteria
were found in macrophages (L-plastin positive but MPO-negative). Second, they assessed
whether macrophages upregulate inflammatory cytokines as a response to M. marinum.
They injected separately the bacteria and similar-sized fluorescent beads into the hindbrain,
demonstrating that macrophages migrated to the area in response to M. marinum but
not in response to the beads. Macrophage-defective zebrafish embryos were created by
the injection of morpholinos against the pu.1 gene to evaluate the role of macrophages
on mycobacterial growth. Finally, the Tg(fli1:EGFP) transgenic line and pu.1 morphants
were used to study bacteria dissemination through the vascular system and the role of
macrophages. By injecting red fluorescent bacteria into the bloodstream, they found that
control embryos had a higher number of extravascular bacteria than pu.1 morphants and
bacteria injected in the hindbrain could only disseminate out of this space in the control
zebrafish with macrophages [231]. Similarly, Davis and Ramakrishnan exploited zebrafish
transparency to assess the role of macrophages in tuberculous infection through three-
dimensional differential interference contrast microscopy (3D DIC) and fluorescence in vivo
microscopy. Embryos were infected with wild type and attenuated M. marinum, lacking the
ESX-1/RD1 secretion system locus, throughout their experiments. Upon injection of the
bacteria into the hindbrain ventricle and daily monitoring, infected macrophages recruited
uninfected macrophages in a RD1-dependent manner. Further, the combination of 3D
DIC with time-lapse microscopy showed that uninfected macrophages become infected
quicker when they are recruited by RD1-competent bacteria. Zebrafish transparency also
enabled close observation of the macrophage’s morphology both in WT and RD1 defective
bacteria, which proved to be different. Finally, after proving that macrophages become
infected when phagocyting dead infected macrophages, granuloma dissemination initiated
by macrophages from primary granulomas was also observed. To assess the migration of
infected macrophages, they used a bacteria strain that constitutively expresses the Kaede
photoactivable protein [232]. Other pathogens relevant for humans (Candida albicans, Herpes
simplex, Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus pneumonia) [233–236]
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and fish (Vibrio anguillarum, Aeromonas salmonicida, Yersinia ruckeria, etc.) [237–239] have also
been studied using zebrafish models [240,241]. In relation with the study of tuberculosis,
Oksanen et al. demonstrated that zebrafish is a useful model for preclinical DNA vaccine
development. They vaccinated zebrafish with a combination of plasmids encoding for
Ag85B, CFP-10, and ESAT-6, well known mycobacterial antigens, through intramuscular
microinjection. Three weeks after immunisation, zebrafish were challenged with a high
dose of M. marinum (20,500 CFU) by microinjection. Vaccinated fish showed increased
survival and the analysis of the bacterial load by qPCR revealed that unvaccinated ze-
brafish had a higher load than the vaccinated group [242]. Taken together these studies are
proof of the versatility of zebrafish to study pathogen infection and dissemination in vivo.
Genetic-wise, besides an already existing repertoire of transgenic lines, Clay et al. proved
D. rerio can be tailored to the needs of the researchers for the study of macrophages by the
knockdown of key regulator genes [231].

Several nanotechnology-based-approaches have been developed for vaccination, pro-
phylactic and therapeutic purposes, in the context of infectious diseases, and tested in
zebrafish models (Table 3). With prophylactic purposes, Torrealba et al. generated inclusion
bodies (IBs) containing TNFα or CCL4 [243]. The resulting nanostructures (IBs) showed
good stability under different pH conditions (2.5 and 8). While IBTNFα were cylindrical with
a diameter between 380–900 nm and an average length of 1134.6 ± 196.6 nm, the IBCCL4

showed spherical shape with a diameter between 220–850 nm. Both IBs were added to the
cell culture of ATTC® CRL-2643 (zebrafish liver cells) and RT-HKM (trout macrophages) to
evaluate their uptake, showing positive results for both cell types. Further, treatment of
RT-HKM with IBTNFα stimulated the expression of pro-inflammatory cytokines. In vivo,
zebrafish were immunised with IBTNFα, IBCCL4, or IBiRFP-H6 (an IB containing a control
protein) by microinjection and later challenged with P. aeruginosa. Zebrafish injected in-
traperitoneally with both types of IBs exhibited reduced mortality after a challenge with P.
aeruginosa. Similar inclusion bodies were also used to encapsulate proteins of pancreatic
necrosis virus (IPNV), haemorrhagic septicaemia virus (VHSV) and viral nervous necro-
sis virus (VNNV) for the development of oral prophylactics [224]. IPNV-IBs were barrel
shaped and porous with an average width and length of 607 and 734 nm, respectively.
VHSV-IBs were round with a width and length of 488 and 608 nm. VNNV-IBs presented an
irregular shape with spherical protrusions and a mean diameter of 422 nm. Gene expression
analysis of trout macrophages stimulated in vitro with IPNV-IBs and VHSV-IBs showed
upregulation of pro-inflammatory markers: vig1, gig2, stat1b, mx, irf7, and ccl4. In vivo
uptake of the fluorescently labelled IBs was evaluated by intubating zebrafish adults with
the IBs solutions and later analysing gut cells by flow cytometry. Uptake of VHSV-IBs
or VNNV-IBs was observed by all fish, while IPNV-IBs were only taken up by 75% of
fish. In another study, various recombinant vaccines based on glycoprotein G of viral
haemorrhagic septicaemia virus encapsulated in NPs were developed. NPs were produced
by complexing poly(I:C) with chitosan, size ranged from 100 to 550 nm with an average
diameter of 368 ± 1.3 nm and an average surface charge of +36.2 mV. Fish vaccinated
with NPs containing poly(I:C) showed lower mortality rates than non-vaccinated fish or
fish vaccinated with NPs without poly(I:C) [244]. Chitosan was also used as a polymer to
coat Piscirickettsia salmonis membrane nanovesicles for immunisation. The chitosan-coated
NPs showed an average diameter of 182.2 ± 4.3 nm and a Z-potential of 31.2 ± 1.8 mV.
Immunisation was successful and the upregulation of immune related genes (IL-8, IL-1β,
IL-10, and IL-6) was reported by analysis of kidney samples [245]. In essence, these articles
provide evidence for the use of adult zebrafish as a valid model for immunological studies
and as an economic platform for the testing of nano-based approaches designed to improve
fish survival, which is of particular interest in aquaculture.
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In the search for anti-bacterial compounds to deal with antibiotic resistance, Díez-
Martínez et al. assayed the anti-bacterial effect of Auranofin, an FDA-approved drug for
the treatment of rheumatoid arthritis, free and encapsulated in nanocapsules of poly(lactic-
co-glycolic acid) (PLGA-NPs) in vivo using a zebrafish infection model of Streptococcus
pneumoniae. PLGA-NPs loaded with Auranofin were spherical with a diameter of 60 nm
and a negative surface charge (−30mV). Then, 48 hpf zebrafish embryos were infected by
immersion with the pathogen and later treated with free auranofin or auranofin-PLGA-
NPs, again by immersion. Encapsulated auranofin was more efficient at rescuing infected
embryos in a dose dependent manner than the free drug. Moreover, when compared
with encapsulated ampicillin, auranofin PLGA-NPs were still more efficient at increasing
survival rates of infected fish [246]. As a cheap, high-throughput model organism, zebrafish
could greatly contribute to the initial development of new approaches in the fight against
antimicrobial resistance.

Taken together, these findings demonstrate that zebrafish models are very useful
for the study of infectious diseases and for the testing of new therapeutic approaches,
including NPs. As described above, the evaluation of macrophage and/or neutrophil
behavior in this context is of foremost interest, and zebrafish models offer an appropriate
environment to study the role of these innate immune cells along the course of the disease
and in response to treatment.

5. Conclusions

In the last years, the use of zebrafish models in biomedical research has increased
substantially to study the cellular and/or molecular basis of human diseases, and for the
faster and more economic testing of new compounds, drugs, biomaterials, and nanoparti-
cles. In Figure 3, we can clearly observe the rising number of studies published each year,
including zebrafish or nanomaterials, related to toxicity, biodistribution, macrophages,
cancer, infectious diseases, or other autoimmune disorders. Manuscripts with a focus
on toxicity, macrophages, and cancer are the most frequent, and their number has been
consistently increasing in the last decade. Only a few nanomaterials have still been tested
in zebrafish models, but the number of this type of studies is also clearly increasing.

In addition to economic and ethical issues, zebrafish models provide excellent oppor-
tunities for genetic modifications and for in vivo evaluation/tracking of innate immune
cells, such as macrophages. Such unique features make zebrafish amenable to a multitude
of methodologies and the establishment of disease models which have already proven vi-
able to study the interaction of macrophages with nanoparticles. These technical advances
have been used for a precise toxicological and/or biodistribution testing of nanomaterials
with safety or medical purposes. Following a similar trend, we foresee an increase in the
testing of nanotechnological approaches for the treatment of cancer, infectious disease, or
other autoimmune disorders, using zebrafish models of disease, and providing further
information about the role of macrophages in the initiation, progression, and remission of
the disease over the course of the treatment. Ultimately, we expect that these studies will
contribute to the safe use of nanotechnologies and to their translation towards the clinic,
providing new solutions for patients.
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Figure 3. Number of publications each year in Pubmed for indicated terms from 2010 to 2020: (a) Nanomaterials and
macrophages/Zebrafish and macrophages; (b) Nanomaterials and toxicity/Zebrafish and toxicity; (c) Nanomaterials and
biodistributrion/Zebrafish and biodistribution; (d) Nanomaterials and cancer/Zebrafish and cancer; (e) Nanomaterials and
autoimmunity/Zebrafish and autoimmunity; (f) Nanomaterials and infectious diseases/Zebrafish and infectious diseases.
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Abbreviations

AD Alzheimer’s disease
AgNPs Silver NPs
ALS Amyotrophic Lateral Sclerosis
APCs Antigen-presenting cells
APP Human amyloid precursor protein
ASO-CaP-lipid NPs SOD1 antisense oligonucleotide-calcium phosphate lipid coated NPs
AuNPs Gold NPs
Aβ β-amyloid
BBB Blood-brain-barrier
BmE-PtNPs Bacopa monnieri platinum NPs
CFSE Carboxyfluorescein succinimidyl ester
CHT Caudal hematopoietic tissue
cox-2 Cyclooxygenase-2
CuNPs Copper nanoparticles
DOX Doxorubicin
dpf Days post-fertilization
dpi days post-injection
EGF Epithelial growth factor
EP/AgNPs Eysenhardtia polystachya-loaded silver NPs
ER Endoplasmic reticulum
FET Fish Embryo Acute Toxicity
GFP Green fluorescent protein
GSH Glutathione
GSH-Px Glutathione peroxidase
hpf Hours post-fertilization
hpi Hours post-injection
HSCs Hematopoietic stem cells
i.m. Intramuscular
i.v. Intravenously
IBD Inflammatory bowel disease
IBs Inclusion bodies
IFN-γ Interferon-γ
IL Interleukin
IPNV Pancreatic necrosis virus
LPS Lipopolysaccharide
MDA Malondialdehyde
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mRNA Messenger RNA
MVs Membrane nanovesicles
NCs Nanocapsules
NK Natural killer
NPs Nanoparticles
NQs Quercetin NPs
NSAIDs Nonsteroidal anti-inflammatory drugs
PAMAM Polyamidoamine
PD Parkinson’s disease
PDT Photodynamic therapy
PDX Patient-derived xenografts
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PEG Polyethylene glycol
PEG-PCL NPs Poly(ethylene glycol)-co-poly(ε-caprolactone) NPs
PEG-PDPA NPs Poly(ethylene glycol)-block-poly(2-(diisopropyl amino) ethyl

methacrylate) NPs
PLA NPs Poly(Lactic Acid) NPs
PLGA-NPs Poly(lactic-co-glycolic acid) NPs
pMHC-NPs Peptide-major histocompatibility complexes NPs
PMOsPOR-NH2 Porous porphyrin-based organosilica NPs
PORBSNs Non-porous porphyrin-based bridged silsesquioxane NPs
PS Polystyrene
PtPP-HA Kiteplatin-pyrophosphate-loaded hydroxyapatite NPs
PTZ Pentylenetetrazole
PU-NCs Puerarin nanocristals
RA Rheumatoid arthritis
RFP Red fluorescent protein
ROS Reactive oxygen species
SA-NCs Schisantherin nanocrystals
siHIF Hypoxia-inducible factor 1a siRNA
SiNPs Silica NPs
SLN-Q Solid lipid NPs of quercetin
SOD Superoxide dismutase
STZ Streptozotocin
T1DM Type 1 diabetes mellitus
TAMs Tumor-associated macrophages
Tf-DOX-ReSi-Au Redox-responsive silica-gold NPs functionalized with

transferrin- DOX
TGF-β Transforming growth factor-β
TiO2 NPs Titanium dioxide NPs
TME Tumor microenvironment
TNF-α Tumor necrosis factor-α
TPE-PDT Two-photon-excited photodynamic therapy
VEGF Vascular endothelial growth factor
VHSV Viral hemorrhagic septicemia virus
VNNV Viral nervous necrosis virus
wpf Weeks post-fertilization
Y-CDs Amphiphilic yellow-emissive carbon dots
ZnO-NPs Zinc oxide NPs
βCas AuNPs Casein coated-gold NPs
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Abstract: Osteoarthritis (OA) is the most common joint pathology causing severe pain and disability.
Macrophages play a central role in the pathogenesis of OA. In the joint microenvironment, macrophages
with an M1-like pro-inflammatory phenotype induce chronic inflammation and joint destruction,
and they have been correlated with the development and progression of the disease, while the M2-like
anti-inflammatory macrophages support the recovery of the disease, promoting tissue repair and
the resolution of inflammation. Nowadays, the treatment of OA in the clinic relies on systemic
and/or intra-articular administration of anti-inflammatory and pain relief drugs, as well as surgical
interventions for the severe cases (i.e., meniscectomy). The disadvantages of the pharmacological
therapy are related to the chronic nature of the disease, requiring prolonged treatments, and to the
particular location of the pathology in joint tissues, which are separated anatomical compartments
with difficult access for the drugs. To overcome these challenges, nanotechnological approaches
have been investigated to improve the delivery of drugs toward macrophages into the diseased
joint. This strategy may offer advantages by reducing off-target toxicities and improving long-term
therapeutic efficacy. In this review, we describe the nanomaterial-based approaches designed so far
to directly or indirectly manipulate macrophages for the treatment of osteoarthritis.

Keywords: nanomaterial; macrophage; nanoparticle; drug delivery; immune system; anti-inflammatory;
innate immunity; osteoarthritis

1. Introduction

Osteoarthritis (OA) is the most common joint pathology, affecting approximately 33% of the
population above 65 years of age with a predilection for the female gender [1]. This disease is able to
potentially affect every joint of the human body, but most commonly affecting the knee (85% of the
worldwide burden of OA) [2], followed by the hip and the hand joints [3]. The progression of OA
pathology results in pain and functional disability, which impact severely on patient’s quality of life,
making this condition expected to be the 4th leading cause of chronic disability worldwide by the year
2020 [4].

Macrophages are key regulators of OA physiopathology. These innate immune cells trigger the
inflammatory response in the joint microenvironment through the secretion of cytokines and other
molecular mediators, control the activity of the adaptive immune system, and also influence other

Nanomaterials 2020, 10, 1562; doi:10.3390/nano10081562 www.mdpi.com/journal/nanomaterials

175



Nanomaterials 2020, 10, 1562

cells such as chondrocytes [5]. Macrophages are characterized by a high plasticity dictated by their
continuous adaptation and response to specific local stimuli [6]. At the edges of this continuum
polarization status of macrophages, two extreme phenotypes can be defined, which have been
characterized in terms of gene expression, the pattern of surface molecules, and the production of
biological mediators and metabolites [7]. The presence of lipopolysaccharide (LPS), interferon gamma
(IFN-γ), and tumor necrosis factor alpha (TNF-α) induces the polarization of macrophages toward
an M1-like phenotype, presenting pro-inflammatory functions with the release of interleukin (IL)-1β,
IL-6, IL-12, IL-23, and TNF-α [8]. Conversely, their exposure to IL-4 and IL-13 polarizes macrophages
toward an M2-like phenotype, which confers to these cells an anti-inflammatory behavior, secreting
IL-10 and TGF-β, among others [9]. In OA joints, an imbalance between M1 and M2 macrophages
has been observed, with an increase of the first subset that accelerates the onset of the pathology
and the related symptoms [10]. Taking into account this knowledge, the reprogramming of M1-like
macrophages toward M2-like anti-inflammatory effectors appears to be a reasonable strategy for the
treatment of OA-related inflammation.

Most frequently, drugs, such as non-steroidal anti-inflammatory drugs (NSAIDs) or corticosteroids,
but also other molecular approaches, for example cytokine-blocking antibodies, anti-inflammatory
peptides, or even hyaluronic acid, have been given systemically or locally injected in the joints to
ameliorate inflammation [11,12]. Several investigations have studied the pros and cons of different
treatments and routes of administration. Systemic (oral) administration is typically used in the clinic,
although it is discouraged due to the little amount of drug administered that effectively reaches
its target diseased tissue, as well as adverse effects of anti-inflammatory compounds in off-target
organs [13]. The intra-articular administration of drugs locally, mainly corticosteroids [14], has been
applied in the clinic and also explored in basic research with different methodological approaches [15].
However, this strategy comes also with several obstacles, such as short-term efficacy, in part due to
lymphatic and blood drainage of the drug in less than 2 h from the joint [16], and uncomfortable
application, typically requiring multiple injections. Specific macrophage targeting has been barely
explored, although this strategy may have the advantage to reduce the amount of drug reaching other
cells into the joint, such as chondrocytes or fibroblasts.

Nanotechnological approaches offer a wide range of possibilities to overcome these issues, as
different nanomaterials can be now engineered to load and deliver therapeutic molecules in a controlled
release manner and even help the drug reach specific cell populations, such as macrophages. Indeed,
the phagocytic nature of macrophages has been demonstrated to significantly favor the uptake and
accumulation of nanostructures, at inflamed sites, inside these immune cells versus other cellular or
extracellular compartments [17–19]. In the last decade, numerous types of nanocarriers have been
engineered, such as nanoparticles, liposomes, or hybrid nanosystems to improve the delivery of drugs
toward macrophages in the diseased joints (Figure 1). Interestingly, also some nanostructures have
been designed to prevent macrophage uptake to slow down the drug consumption and prolong the
therapeutic effect [20,21]. In this manuscript, we review the nano-based drug delivery strategies aimed
to manipulate the immune system in the context of OA, with a particular focus on those designed to
specifically target and reprogram macrophages.
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Figure 1. Analysis of nanomaterial-based drug delivery systems in osteoarthritis. (A) Procedure
used for the literature survey. Studies have been retrieved using the research string “drug delivery
AND osteoarthritis AND macrophages OR innate immunity OR inflammation OR immune system
OR anti-inflammatory OR nanomaterials OR nanoparticles” on PubMed and Google Scholar, using
as a time range the period 2010–2020. With these research criteria, we found 754 studies, and then
after excluding the replicates, studies with insufficient information (unclear characteristics of the drug
delivery system, missing data about drug dosage or time, uninformative anti-inflammatory readout)
and studies not written in English language, we finally selected 32 studies. (B) Diagram showing the
distribution of the included studies according to the year of publication.

2. Pathophysiology of Osteoarthritis and Role of Macrophages

Osteoarthritis can be classified, according to its leading causes, into primary or secondary based
on the underlying etiology. The primary, also known as idiopathic, form of OA presents a complex
multifactorial pathophysiology, which can be partially explained by the combination of the following
factors: obesity, aging, limbs malalignment, excessive joint loading, and/or genetics. On the other
hand, secondary OA is defined by the occurrence of a recognizable causative agent, such as a trauma,
joint malformation at birth, rheumatoid arthritis, or surgery (i.e., post-meniscectomy [22]).

In addition to these local triggers of OA, systemic inflammation (as in the case of metabolic
syndrome) may play a role in the development of the disease through the establishment of a chronic,
systemic low-grade inflammation and the release of circulating adipokines, such as leptin and
adiponectin [23]. In particular, leptin in the joints has been shown to increase the expression of
inflammatory mediators, such as inducible Nitric oxide synthase (iNOS), cyclooxygenase 2 (COX2),
Prostaglandin E2 (PGE2), IL-6, and IL-8 in the cartilage [24]. Meanwhile, adiponectin, presenting
lower levels in obesity [25], has a protective role in the articulations by upregulating in chondrocytes
the expression of tissue inhibitor metalloproteinase 2 (TIMP2) and IL-10, and preventing cartilage
deterioration by the downregulation of matrix metalloproteinase 3 (MMP-3) [26]. In addition,
the diagnosis of diabetes mellitus type 2 has emerged as an independent risk predictor of OA severity
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and arthroplasty requirement [27], possibly owing to a direct detrimental effect of hyperglycemia and
chronic low-grade inflammation on cartilage metabolism [28]. Despite the mechanism responsible for
the disease progression, OA commonly arises showing similar pathological alterations, as follows:
the first joint compartment to be affected is the articular cartilage and then progressively, the disease
involves every component of the joint, as the subchondral bone and the synovium, making OA a
“whole joint disease” [29].

Increasing basic and clinical experimentations has demonstrated a key role for macrophages in
the development and progression of OA [30,31]. The principal involvement of this innate immune cell
population has been observed in patients by single-photon emission computed tomography together
with conventional tomography (SPECT-CT) in vivo, revealing that 76% of joints affected by OA present
activated macrophages and that the number of these cells correlates with radiographic joint disease
severity and symptoms [32]. Interestingly, an increased number of activated macrophages is commonly
present already at the early stages of OA, suggesting their primary role in the disease development,
since the initial phase [33]. The fact that higher macrophage infiltration is observed in early OA,
rather than in late OA, further strengthens the concept that these cells are involved from the initial
phases of the disease [34]. In addition to their number, the functional polarization of macrophages, i.e.,
toward an M1-like pro-inflammatory phenotype, plays a fundamental role in the initiation, progression,
and resolution of osteoarthritis, also in the knee, as described below.

Physiologically, in the context of the knee, the resident macrophages are present inside the
synovial membrane, maintaining their numbers thanks to a pool of locally proliferating mononuclear
cells, which are embedded into the synovial tissue and exert a homeostatic function [35]. Whenever
these resident monocytic cells detect the presence of exogenous or endogenous pro-inflammatory
stimuli, a chain of events known as inflammatory cascade ensues. In the case of OA, acute trauma
or chronic overuse of the joint results in tissue injury that is associated with the production of
damage-associated molecular patterns (DAMPs), such as fibronectin [36] and oligosaccharides from
degraded hyaluronan [37]. These molecules are able to activate resident synovial macrophages toward
an M1-like phenotype, by binding to pattern recognition receptors (PRRs) and influencing downstream
transcription factors such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
which support and boost the pro-inflammatory cascade. Once activated, synovial macrophages exert,
directly or indirectly (i.e., stimulating other cells), several actions in the joint microenvironment.
Macrophages are responsible for amplification of the inflammatory response, direct tissue injury,
and orchestration of other synovial cells. The first action is due to the secretion of signaling molecules,
such as pro-inflammatory cytokines (IL-1β, TNF-α, IL-6, IL-12, and IL-23) and chemokines (CCL-2 and
CXCL-8) that lead to further leukocyte recruitment, including monocytes. In this way, newly recruited
monocytes are differentiated and polarized toward pro-inflammatory macrophages, which join the
activated resident macrophages [35]. This accumulation of leukocytes in the OA synovia eventually
results in its thickening (a key morphological feature of synovitis) and the perpetration of synovial
inflammation. In this context, macrophages can also exert the direct injury of the tissue through the
secretion of matrix metalloproteinases (MMP1, MMP3, MMP13), nitric oxide (NO), and reactive oxygen
species (ROS) [38,39], leading to the release of more DAMPs and the initiation of a positive feedback
loop. Furthermore, the ability of macrophages to orchestrate surrounding cell populations has also
been demonstrated. Macrophages can directly inhibit chondrogenesis in mesenchymal stem cells
(MSCs), as indicated by decreased expression levels of genes involved in collagen type 2 (COL2) and
aggrecan (ACAN) synthesis, which are two fundamental constituents of human cartilage responsible
for the resilience of this tissue [40]. The aforementioned actions are exploited mainly by M1-like
pro-inflammatory macrophages [41], and their pathological role was confirmed by the selective removal
of macrophage-like synovial cells that resulted in the downregulation of pro-inflammatory cytokines
and MMP produced by fibroblasts [42].

On the contrary, also in the context of knee OA, it was observed that macrophage
polarization toward an M2-like anti-inflammatory phenotype promotes cartilage repair by expressing
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pro-chondrogenic genes, such as TGF-β and insulin-like growth factor (IGF), resulting in an increased
synthesis of collagen type II and glycosaminoglycan, which is accompanied by the inhibition of
chondrocytes’ apoptosis [43]. These observations are in line with the theoretical classification of
M1-classically activated macrophages with a pro-inflammatory behavior versus the M2-alternatively
activated cells with anti-inflammatory properties [44] (Figure 2). Furthermore, it was reported that the
imbalance between M1 and M2 macrophages in favor of the former is associated with the severity
level of osteoarthritis [10].

 
Figure 2. Role of macrophages in the pathophysiology of osteoarthritis. Acute trauma or chronic
overuse of the joint results in the activation of resident synovial macrophages toward a harmful
pro-inflammatory M1-like phenotype. Once activated, synovial M1-macrophages secrete signaling
molecules, such as pro-inflammatory cytokines (interleukin (IL)-1β, tumor necrosis factor alpha
(TNF-α), IL-6 and chemokines (CCL-2, CXCL-8) that lead to further leukocyte recruitment, including
monocytes (Mo) that infiltrate the joint, become activated toward an M1-like phenotype, and contribute
to the thickening of the synovia (a key morphological feature of synovitis). These M1 macrophages
also produce matrix metalloproteinases (MMP1) and reactive oxygen species (ROS), which damage
directly the joint, worsening the tissue injury and leading to a positive feedback pro-inflammatory loop.
Furthermore, M1 macrophages can directly inhibit chondrogenesis through the inhibition of collagen
type 2 (COL2) synthesis by mesenchymal stem cells (MSCs) in the joint. Tissue debris and molecules
released from the degradation of hyaline cartilage and subchondral bone, which are related to damage
of the meniscus, are responsible for the pro-inflammatory properties of the synovial fluid from the early
stages of knee OA [45]. In contrast, the polarization of macrophages in the joint toward an M2-like
anti-inflammatory phenotype has beneficial effects for the repair of the injury and for the cure of OA
disease. It has been demonstrated that M2 macrophages are able to promote cartilage repair through the
secretion of TGF-β and IL-10. Once secreted in the synovial fluid, the latter exert their pro-chondrogenic
effect by stimulating chondrocytes to secrete type II collagen and proteoglycans. This beneficial action of
“alternatively activated” M2 macrophages finds a clinical counterpart in a recent in vivo experiment that
correlated the imbalance of M1/M2 ratio as a feature of the severity level of knee OA [10]. In addition to
the local triggers of OA, the systemic immune status of the patient is a key responsible for the evolution
of the disease. As examples, increased levels of systemic leptin (LPT) increase IL-6 secretion in the joint,
supporting deleterious inflammation, while systemic adiponectin (ADN) has shown a protective role
by upregulating the secretion of IL-10 in the articulations. Importantly, recent clinical studies have
correlated the increased M1/M2 ratio with a higher severity of knee OA disease.
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Overall, given the key role played by macrophages in the pathogenesis of OA, it becomes evident
that their therapeutic manipulation represents an important target for the treatment of the disease.
Some drugs with ability to decrease the M1/M2 macrophage ratio, as desired, for the resolution of knee
OA already exist [46–48]. However, the major challenge, still not achieved, consists in the appropriate
spatio-temporal manipulation of the immune response in the joint, which may be achieved by a
focused therapeutic intervention of macrophages. For this, we believe that the development of new
drug delivery approaches is needed, such as administration tools guaranteeing a drug concentration
inside the joint at the right dose and for a period of time sufficient to exert a satisfactory long-lasting
therapeutic effect. In the next section, we describe recent investigations in the field of nanotechnology
aiming to control the delivery of anti-inflammatory drugs toward macrophages in the context of OA.

3. Pharmacological Manipulation of Macrophages for the Actual Treatment of OA

The pharmacological treatment of OA, according to the latest Osteoarthritis Research Society
International (OARSI) guidelines [49], is commonly addressed with one or two drugs that are
administered either locally (topical or intra-articular) or systemically. To assess the efficacy of the
pharmacological treatments, clinicians usually refer to a score established by the OARSI that measures
the joint damage in a histopathological manner. This score relies on two parameters: the grade and
the stage. The grade is a measure of the vertical extent of the damage of the joint, as this is a reliable
indicator of the severity of the disease. On the other hand, the stage is a horizontal measure of the
surface/area/volume that is affected by OA. The final OARSI score is obtained by multiplying the grade
for the stage, and it allows following the therapeutic activity in a quantitative manner [50].

The drugs currently approved for OA that perform their action at least in part by direct or indirect
manipulation of macrophages can be classified into the following main categories: non-selective
non-steroidal anti-inflammatory drugs (NSAIDs), NSAIDs inhibiting selectively cyclooxygenase
(COX)-2 (coxibs), corticosteroids, and/or hyaluronic acid. Other pharmacological strategies, such as
the use of mAbs or nucleic acids are nowadays the object of intensive investigations, but they have not
yet entered the clinic [48,51,52].

Non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, ibuprofen, diclofenac,
or naproxen, exert their anti-inflammatory effect by inhibiting cyclooxygenase (COX) enzymes
(both the isoform COX-1 and COX-2) expressed by macrophages [53,54] that metabolize arachidonic
acid into thromboxanes and prostaglandins involved in inflammation. Due to their broad effect,
non-selective NSAIDs have shown a series of harmful effects on the gastrointestinal tract [55]
and kidneys’ functions [56]. To overcome these issues, semi-selective NSAIDs (i.e., indomethacin,
diclofenac, meloxicam) with a higher affinity for COX-2 versus COX-1, and coxibs (i.e., celecoxib,
etoricoxib, parecoxib) specifically targeting COX-2 enzymes have been introduced in the clinical
practice. Unfortunately, the systemic administration of COX-2 inhibitors showed also harmful side
effects in patients with a known cardiovascular risk [57]. NSAIDs are commonly used, either locally or
systemically, for OA. Although the oral administration is always advantageous for the possibility of
self-administration, ease of ingestion, and pain avoidance, the local approach is preferred to achieve an
intra-articular efficacy and to minimize the adverse events described above.

Corticosteroids are a class of steroid hormones with a powerful anti-inflammatory effect that is
mediated by their binding to the glucocorticoid receptor, which is activated and translocated to the
nucleus of immune cells, activating the synthesis of lipocortin-1 and gluconeogenesis, among others [58].
Through this mechanism, they modulate a wide range of physiological processes, including stress and
immune response. In the clinic, prednisolone, dexamethasone, and others represent well-established
treatment options for several rheumatological and orthopaedical pathological conditions, including
knee osteoarthritis [59–61]. Their use in OA is usually restricted to intra-articular injections for short
periods, as prolonged treatment with corticosteroids can induce extreme immune suppression, which
avoids the resolution of the inflammation [62] and/or bone resorption in the joint, by impairment of
osteoblasts and osteoclasts recruitment [63].
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Although not classified as a drug, the intra-articular administration of hyaluronic acid (HA),
a glycosaminoglycan widely distributed throughout the body in several forms related to different
molecular weights, has shown relative efficacy in some cases of OA. While low molecular weight HA
presents pro-inflammatory effects mainly acting on toll-like receptor-2 (TLR-2) and toll-like receptor-4
(TLR-4) receptors on macrophages [64]; on the contrary, physiologically produced or therapeutically
injected high molecular weight hyaluronic acid (HMW-HA) has demonstrated anti-inflammatory
effects on macrophages [65] in different settings [66–68]. The local injection of HMW-HA in the knee
of patients has demonstrated a significant improvement in OA symptoms [66]. Furthermore, HA
is widely applied in dentistry [69], regenerative medicine [70,71], and ophthalmology [72]; and it is
gradually becoming a useful therapeutic tool for the intervention of other pathological conditions [73].

Finally, monoclonal antibodies-based therapies are increasingly being used in randomized
clinical trials, presenting mixed results in some cases. For example, the weekly subcutaneous
injection of adalimumab, an antibody that interferes with TNF-α signaling, which is one of the main
pro-inflammatory pathways in macrophages [74], did not result in a positive effect in OA management
versus placebo in patients with erosive hand osteoarthritis (HUMOR trial [75]). On the contrary,
the injection of 10 mg of the same antibody in the knee joint of patients with moderate/severe knee
OA was effective and well tolerated [76]. This finding was also reported in a separate clinical trial for
the intra-articular injection of etanercept, which is a fusion protein produced by recombinant DNA
used to inhibit the TNF-α receptor [77]. Promising results had been observed by nerve growth factor
(NGF) inhibition, which is produced also by macrophages [78], using fasinumab antibodies to prevent
OA pain [79]. Subcutaneous injection of fasinumab improved knee/hip OA pain and function [80].
Several ongoing clinical trials are evaluating monoclonal antibodies to inhibit other macrophagic
pro-inflammatory pathways such as anti-IL-1β or anti-IL-6 signaling. Lutikizumab, anti-IL-1α/β,
resulted in a limited improvement in patients with knee OA [81], while no clear evidence is available
for IL-6 blockade, despite its common application in rheumatoid arthritis [82].

Among the pharmacological approaches presented, the systemic or local administration of NSAIDs
is given to most of the patients with OA, whilst intra-articular corticosteroids and hyaluronan are
conditionally recommended only for the management of particular cases of knee OA. However,
the local application of these drugs is able to reduce the inflammation only upon administration,
and they are rapidly cleared from the joint by blood and/or lymphatic drainage [83], thus restricting the
long-term efficacy of the therapy at the desired target location. For this reason, the oral administration
of non-selective NSAIDs or Coxibs, despite their side effects [55,57], is usually prescribed in high doses
for extended periods of time to almost all the patients with knee OA. Interestingly, it has been observed
that a dose of NSAIDs 100–1000-fold higher than the one used to reduce inflammation could be also
beneficial to inhibit the apoptosis of chondrocytes and prevent their dedifferentiation [84]. As it would
be dangerous to administer such a dose orally, further efforts to optimize intra-articular delivery are
highly desirable. For this, new drug delivery systems are being explored, aiming to implement the
local treatment with high and sustained therapeutic efficacy on macrophages in the joint, by controlling
the dose and time of release of specific drugs at the right location, while avoiding their systemic
biodistribution and consequent adverse effects. The optimal drug delivery approach into the joint must
allow a unique implantation, avoiding also adverse effects connected with the practice of multiple
injections, such as mild swelling [85] or infection [86] of the joint. In the next section, we present the
most relevant nanomaterial-based approaches, which have been investigated so far for this purpose,
manipulating macrophage behavior in osteoarthritis.

4. Nanomaterial-Based Approaches for Macrophage Manipulation in OA

The therapeutic manipulation of macrophages using nanotechnology and other drug delivery
systems has been usually approached taking into consideration the high ability of these cells to
recognize and phagocyte “non-self” or “potentially” dangerous pathogens. The physicochemical
properties of nanoparticles (NPs), such as size or surface charge, or even the surface functionalization
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of nanomaterials can be designed to favor their non-specific [87–89] or specific, receptor-mediated
uptake by macrophages [90,91]. The decoration of NPs with specific ligands, such as sugars, lipids,
peptides, or even antibodies, has showed improved macrophage targeting [92]. Some of these ligands
have been implemented to target macrophages in other pathologies, i.e., cancer, atherosclerosis, or
infectious diseases, and they have been reviewed elsewhere [19,90,91,93]. Although out of the scope of
this review, these investigations could provide important information for NP–macrophage targeting
in OA.

Upon recognition and internalization by macrophages, these NPs are commonly disassembled
inside the lysosomes or cytosol of the cells, allowing drug release. As a contrary approach,
some biomaterial-based approaches have been designed with non-spherical sizes or enveloped
into protective coatings (i.e., PEG or erythrocyte membranes), to avoid or delay macrophage
recognition [94,95]. This strategy has been used in the context of intra-articular delivery to
achieve a long-lasting release of the drug from the biomaterial, which is not rapidly internalized by
macrophages [20,21]. Finally, some nanotechnology-based approaches have been designed to release
the drug extracellularly, not inside macrophages, or even using selected ligands to target other cellular
components of the joint (i.e., chondrocytes, synoviocytes, fibroblasts), but always aiming to achieve an
anti-inflammatory effect.

The majority of the nanomaterial-based approaches designed to inhibit macrophage-induced
inflammation for the treatment of OA have used natural or synthetic polymers with a good regulatory
profile [96]. Liposomal formulations, made up of a phospholipidic bilayers resembling cellular
membranes, are the second most common group of nanosystems applied to improve the delivery of
hydrophilic (loaded in the inner core) or lipophilic (trapped in the lipidic bilayer) anti-inflammatory
drugs [97]. Furthermore, here we provide some examples of metallic- or carbon-based NPs and
nanomaterial-based scaffolds or gels that have been engineered to control the intra-articular release of
drugs in the context of OA. In all cases, for the selection of the nanomaterials, their biocompatibility,
biodegradability, and safety are major premises that must be tested, in addition to the capability of the
nanotechnological approach to improve the therapeutic efficacy of the free pharmacological molecule.
A schematic presentation of all the nanomaterial-based approaches presented in this review manuscript
is provided in Table 1.

4.1. NSAIDs-Loaded Polymeric Nanoparticles

NSAIDs, as the most used anti-inflammatory and pain relief drugs used worldwide, are commonly
given by oral or local administration to patients with knee OA. Several polymeric-NSAID-based
approaches have been investigated to improve their local efficacy and reduce their side effects. As an
example, Kang et al. developed thermoresponsive polymeric nanospheres containing diclofenac
(DCF) and kartogenin (KGN), a pro-chondrogenic compound. They used F127 pluronics and triblock
copolymers linked to obtain an amphiphilic final structure and then emulsified with KGN molecules
conjugated to the natural polymer chitosan (CS), allowing the binding of KGN/CS molecules on the
hydrophilic part of the F127. Subsequently, diclofenac was loaded into the inner hydrophobic core of
the NP. These nanospheres showed, in vitro, the individual and sustained drug release of the two drugs,
KGN and DCF, which can be accelerated when exposed to cold temperature (4 ◦C). This spontaneous
drug release, subsequent to the cold temperature, is achieved by the enlargement of the F127 segments,
generating a loose structure that is more prone to undergo hydrolysis with the consequent release of
KGN. In parallel, the increased water permeability occurring at low temperature allows a rapid burst
release (12 h) of DCF from the lipidic core.

These nanospheres prevented the secretion of interleukin-6 (IL-6) from LPS-treated U937 cells.
Despite these positive results using U937 as an in vitro model of human monocytes from tumoral
origin, similar experiments with primary macrophages would be preferred for better mimicking the
clinical situation. In rat models of OA induced by anterior cruciate ligament transection (ACLT) and
destabilization of the medial meniscus (DMM), these nanospheres showed a satisfactory reduction
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of the OARSI score [98]. In another study, self-assembling nanosystems made up of Poloxamer 407
(highly hydrophilic) and Tetronic 90R4 (intermediate hydrophilic) were loaded with indomethacin.
In addition to these amphiphilic polymers with surfactant properties, also poly (lactic-co-glycolic
acid) (PLGA) and articular proteoglycans (collagen, gelatin, and glucosamine HCl) were added in
different ratios to achieve a controlled and sustained drug release. The best prototypes, based on their
drug-retaining capacity, were investigated in arthritis models consisting of male albino rats injected
in their knees with the antigens ovalbumin and complete Freund’s adjuvant. After 2 intra-articular
injections, the indomethacin nanosystems showed significant therapeutic efficacy in terms of knees’
histopathological features and TNF-α concentration in serum. The same dose of the free drug was not
effective, which is probably due to its poor solubility in the synovial fluid and is not a problem in the
case of the nanosystems [84]. Piroxicam is another NSAID used for the long-term therapy of joints’
inflammatory diseases, which has been encapsulated for the intra-articular delivery using NPs with
different surface charges [99]. In this case, the NPs composed of PLGA and Eudragit RL, a positive
charged polymer intended to interact with negative charged HA, were investigated to reduce the efflux
of NPs from the joint. As expected, upon intra-articular injection in healthy rats, the cationic NPs
showed a higher retention of piroxicam in the synovial fluid versus the neutral NPs or the free drug, as
evaluated by LC-MS/MS. Accordingly, the kinetics of piroxicam in the blood showed a delayed and
minor peak for the cationic NPs group in contrast with the rapid increase observed for the free drug,
thus reducing the risk of systemic adverse events [99].

Among coxibs, with the ability to inhibit specifically COX2 enzyme, celecoxib (CXB) has shown
the safest profile related to the induction of cardiovascular side effects [100]. For OA, Villamagna and
colleagues designed CXB-loaded NPs, based on degradable poly(ester amide)s (PEAs), with different
monomers intended to modulate their thermal and mechanical behavior, and consequently the drug
release. By dialysis membrane, in vitro, a slow release of only 25% of CXB at 40 days, with the drug
still present in NPs at day 60, was observed. Using sheep in vivo models of OA, lameness, joint
effusion, periarticular swelling, fever, heart rate, synovial fluid, and plasma were evaluated, showing
satisfactory anti-inflammatory activity for the CXB NPs, with only a minor increase in white blood cells
in synovial fluid and mild synovial intimal hyperplasia [101]. The sheep or equine model represents
important added value, in terms of the anatomical and histological similarity of the knee to humans,
but also immunological response versus murine models. The evaluation of macroscopic lesions and
degrees of damage in mice is more challenging due to their small size [102]. NPs with PLGA and
PEG have been also prepared to load etoricoxib, which is a drug with higher therapeutic activity at
lower doses but also higher adverse effects than CXB. Sustained drug release was observed for these
NPs up to 1 month, by the dialysis membrane, although showing an initial burst of 25% release in the
first five days. In rats with OA, induced by the anterior cruciate ligament transection technique, the
injection of etoricoxib NPs showed a lower OARSI score, no signs of inflammation, higher expression
of type II collagen and aggrecan (mandatories for cartilage integrity), and lower levels of MMP-13
and A disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5), which are
two proteases produced by macrophages that are responsible for joint destruction [96]. Despite the
promising anti-inflammatory activity for these NSAIDs-loaded NPs, their translation to the clinic is
delayed by still ongoing pre-clinical experiments and toxicity/safety studies, which must be ideally
performed in different animal species i.e., rodents, sheep, and/or equine models.

4.2. Corticosteroid-Loaded Polymeric Nanoparticles

With many corticosteroids currently applied in the clinical practice, dexamethasone (DX) is one of
the most popular for encapsulation into NPs, thanks to its powerful anti-inflammatory activity, even at
low dose [103]. The first attempts to encapsulate DX in PLGA polymeric NPs suffered from a low drug
loading and a fast crystallization [104]. To overcome this impasse, dexamethasone palmitate (DXP),
a prodrug of DX characterized by a high hydrophobicity, was encapsulated in poly(ethylene glycol)
(PEG)ylated NPs with high efficiency (98% w/w) and sustained release in vitro up to 25 h, showing
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a peak of 60% of DXP release at 5 h. Using LPS-stimulated RAW 264.7 murine macrophages, these
DXP NPs versus the free drug showed better inhibition of TNF-α secretion. In this case, primary
macrophages may also give a more sensitive indication of the anti-inflammatory efficacy of DXP NPs
than the RAW 264.7 cell line. Upon intravenous injection in a murine model of rheumatoid arthritis
obtained through the intradermal injection of an emulsion of complete Freund’s adjuvant and type II
collagen, DXP NPs demonstrated a higher accumulation into the inflamed joints, with lower systemic
biodistribution and mild to little adverse reactions. The testing of different doses revealed the necessity
of 1 mg/kg of DXP NPs to achieve a significant reduction in inflammatory histological signs [105].
In another report, betamethasone sodium phosphate (BSP) was incorporated into PLGA nanospheres to
reduce the inflammation in rabbit models of ovalbumin-induced chronic synovitis. The intra-articular
injection of BSP nanospheres, together with the antigen ovalbumin, in one of the two joints of the
rabbits was able to reduce joint swelling up to 21 days. This prolonged therapeutic effect, not observed
for the free steroid, demonstrated the comparative advantage of the nanosystem [106]. These data
demonstrate the feasibility of using nanotechnological approaches for the long-term intra-articular
delivery of steroids. However, due to the local harmful effects of these drugs, which are described in
Section 3, we would prioritize the development of steroid-based drug delivery systems to facilitate
their administration and short-/medium-term release (less than 1 month).

4.3. Polymeric Nanoparticles Loaded with Other Anti-Inflammatory Molecules

As an alternative to conventional anti-inflammatory drugs, another approach has considered
the use of anti-inflammatory peptides, with the ability to inhibit inflammatory pathways, and their
loading into NPs was explored to improve their efficacy in vivo. The cell-penetrating anti-inflammatory
peptide KAFAK was loaded into hollow thermosensitive poly(N-isopropylacrylamide) (pNIPAM) with
ability to reduce IL-6 secretion. These NPs present the advantage of undergoing hydrophobic collapse
at physiological temperature; thus, the peptide is trapped in the core of the NP upon injection, and its
release is prolonged over time [107,108]. The in vitro testing of pNIPAM-NPs showed high uptake by
RAW 264.7 macrophages, and a stronger inhibition of IL-6 production than the free anti-inflammatory
peptide KAFAK was observed using ex vivo models of OA, which were obtained from bovine cartilage
plugs treated in vitro with trypsin to remove aggrecan and induce inflammation [109]. In another report,
KAFAK-loaded pNIPAM-NPs were co-polymerized with 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS), which enhances the interaction between the NPs and the KAFAK peptide, resulting in
increased drug loading. These NPs were tested in vitro using LPS pre-stimulated-THP-1 macrophages,
and ex vivo using cartilage plugs from bovine knee joints pre-treated with interleukin-1β (IL-1β)
to initiate inflammation. In both cases, the KAFAK NPs were able to reduce the inflammation, as
determined by TNF-α production by the THP-1 cells and IL-6 secretion in the ex vivo models [110].

The strong pro-inflammatory effect of IL-1β can also be blocked by the IL-1 receptor antagonist
(IL-1ra), which is a receptor naturally secreted by polymorphonuclear cells after their stimulation
that has been effectively used in the clinic as a recombinant protein (Anakinra®) [111,112]. In the
context of OA, IL-1Ra-poly(2-hydroxyethyl methacrylate)-pyridine NPs have been developed and
tested in vitro on RAW 264.7 macrophage-like cells and a B-cell precursor acute lymphoblastic
leukemia cell line (EU1), showing no toxicity on the former and a significant reduction of NF-κβ
activation upon IL-1β stimulation [113]. Another approach consisted of the development of polymeric
NPs to target the A2A adenosine receptor, as it has been demonstrated that mice with impaired
adenosine signaling within macrophages of the joints develop OA spontaneously [114]. Six types of
adenosine functionalized poly(lactic acid)-poly(ethylene glycol) (PLA-PEG) NPs were tested in vitro
on IL-1β-stimulated macrophage-like RAW264.7 cells and in vivo in a rat post-traumatic knee OA
model, which was induced through anterior cruciate ligament (ACL) rupture with a single load of
tibial compression. In vitro, the adenosine PLA-PEG NPs led to a significant reduction of IL-6, MMP-3,
and collagen 10 mRNA expression, whilst rats injected with the NPs into the joint showed a significant
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reduction in knee swelling, cartilage protection, and decreased OARSI score when compared with
control rats [115].

Polymeric NPs with the ability to release the drug in response to physicochemical stimuli have been
also investigated. Considering the drop of the joint’s pH in inflammatory conditions, acid-activable
curcumin polymer (ACP) NPs were designed to maximize the release of curcumin in diseased joints.
Curcumin is a flavonoid from natural origin with anti-inflammatory and antioxidant properties in vitro
and in vivo [116]. Consequently, the ACP–curcumin NPs were tested in mice models of knee OA
induced by mono iodoacetic acid, which is a corrosive molecule that destroys joint’s components and
stimulates an inflammatory response [117]. The injection of ACP–curcumin NPs into the inflamed
acid joints led to their fusion to form micelles and curcumin release, resulting in the suppression of
TNF-α and IL-1β [118]. Hemoglobin-based PLGA-PEG-conjugated nanogenerators with the ability to
produce nitric oxide (NO) upon a photothermal trigger (650 nm light irradiation) were loaded with
short interfering RNA (siRNA) to inhibit Notch1. Upon the intra-articular injection of these NPs in the
hindlimbs of papain OA murine models and local irradiation, the mice showed a significant reduction
in the arthritis score, reduced cartilage erosion, and a lower synovial inflammation, characterized by
the immunohistochemical evaluation of TNF-α, IL-1β, IL-6, and Notch-1 [119].

4.4. Hyaluronic Acid-Based Polymeric Nanoparticles

The local injection of HA is commonly used in the clinic, as described in Section 3. Interestingly,
the use of hyaluronic acid (HA) as a free polymer, not loaded with pharmacological agents, has presented
beneficial effects as a treatment for OA, due to its intrinsic immunomodulatory properties [65]. Thus,
in this separate section, we provide a summary of some investigations using HA polymers to prepare
NPs and their results.

Mota et al. have prepared PLGA-NPs with oleic acid and HA on their surface, showing a similar
anti-inflammatory activity to diclofenac and higher than HA free solution, in rats implanted with cotton
pellets subcutaneously to promote granuloma and inflammation [120]. HA and chitosan (HA/CS) NPs
have also been developed to deliver into the joints the gene CrmA, cytokine response modifier A,
a protease inhibitor that binds and blocks caspase-1 enzyme, which is responsible for the generation
of IL-1β in OA. These HA/CS-CrmA-NPs showed a constant release of CrmA up to 70% by day
22. The intra-articular injection of these NPs in rats with knee OA showed attenuation of cartilage
lesion, increase in glycosaminoglycans, intact surface, conservation of type II collagen in the joint,
reduced inflammatory infiltrate, drop of IL-1β, MMP-3, and MMP-13, and better OARSI score [121].
These investigations provide satisfactory results related to the application of hyaluronic acid-based
nano-approaches in OA.

4.5. Liposome-Based Anti-Inflammatory Approaches

Liposomes are nanospherical vesicles made up of a phospholipidic bilayer that resembles the
normal cellular membrane. Due to their amphiphilic nature, liposomes can be used to deliver both
hydrophilic drugs (localized in the inner core) and lipophilic drugs (trapped in the lipidic bilayer) [97].
Several liposome-based approaches have been explored to deplete synovial macrophages to prevent
their detrimental effect on joint’s components. As an example, clodronate liposomes were able
to ameliorate inflammation in STR/ort mice developing OA in a progressive way comparable to
humans [122]. Specifically, STR/ort mice were injected intraperitoneally with clodronate liposomes
to induce macrophage apoptosis, and this treatment resulted in a drop of IL-1β and TNF-α RNA
expression in the synovial tissue. Interestingly, an increase in the nerve growth factor, related with
persistent pain in OA patients, was also observed [78]. Similar findings were also reported in rat
models of monoiodoacetate-induced OA [123]. In contrary to these results, a very recent study by
Bailey et al. has demonstrated that intra-articular injection of clodronate liposomes in post-traumatic
arthritis murine models did not reduce the synovitis, and the M1/M2 ratio was increased in some
treated mice, advocating that clodronate liposomes could lead to the depletion not only of the M1

185



Nanomaterials 2020, 10, 1562

pro-inflammatory macrophages, but also of the M2-like immunomodulator counterparts [124]. Indeed,
clodronate liposomes may present high systemic toxicity and poor targeting specificity toward the joint,
thus killing macrophages in other organs, which limit the confidence on the experimental observations
and also their possibilities for safe translation to the clinic. These evidences encourage higher efforts
on strategies to reprogram macrophages versus their depletion.

Liposomes loaded with indomethacin were formulated using different concentrations of phosphatidyl
choline, cholesterol, and stearylamine or phosphatidyl glycerol, which are common lipids that are present
in the cellular plasmatic membrane. This composition resulted in prolonged and sustained release of the
drug in vitro and higher anti-inflammatory activity in both acute and chronic arthritis rat models compared
to the free indomethacin, as well as a reduction of gastrointestinal ulcers [125]. Similarly, liposomal
formulations containing celecoxib and hyaluronate were intra-articularly injected into the knee joints of
rabbits with surgically induced OA. Two weeks after the surgery, animals were sacrificed, and histological
specimens from their joints demonstrated a significant alleviation of cartilage degeneration compared to
celecoxib or hyaluronate alone [126]. Liposomal dexamethasone reduced the inflammatory response of
human macrophages in vitro [127] and reduced local and systemic inflammation in adjuvant arthritis
rat models. Liposomal dexamethasone showed prolonged effect (up to 48 h) and higher efficacy at
lower doses than free drug [128]. Avnir et al. designed liposomes with a high loading and prolonged
release of prednisolone hemisuccinate, an amphipathic weak acid glucocorticoid, by modulating the
gradient of calcium ions concentration between the inner core of the liposomes and the medium.
Consistently with their in vitro studies, the intravenous injection of the prednisolone liposomes led to
a better arthritis score than the free drug in Lewis rats with adjuvant-induced arthritis [129]. Finally,
hybrid nanosystems based on the conjugation of calcium phosphate NPs with liposomes decorated
with folate were loaded with the immunosuppressive drug methotrexate and siRNA to inhibit NF-kβ
activation in joint macrophages. Upon intravenous administration, these folate-targeted liposomes
reduced significantly the paw thickness and arthritis score versus similar non-targeted liposomes
in murine models of intradermal collagen-induced arthritis. Indeed, a specific macrophage uptake,
related to the high expression of folate receptors, was demonstrated in vitro using LPS-activated RAW
264.7 cells [130].

4.6. Other Nanomaterial-Based Anti-Inflammatory Nanoparticles

Other nanomaterials, such as carbon-based NPs or metal-based NPs, have been also investigated
to target macrophages in OA. For example, fullerenes are hollow nanospheres consisting of carbon
atoms connected by single and double bonds with antioxidant properties [131]. The intra-articular
injection of fullerenes alone or in combination with HA in surgically induced rabbit models of knee OA
showed a dose-dependent fullerene therapeutic effect and synergistic activity with HA [132]. Similarly,
fullerol NPs (a polyhydroxylated form of fullerene [133]) showed anti-inflammatory activity in vitro
and the ability to prevent synovial inflammation in rat models of OA induced by the intra-articular
injection of monoiodoacetate [134]. Carbon nanotubes or graphene-based nanomaterials have also
been investigated for OA treatment [135–139]; however, specific studies to target macrophages are
lacking. For example, Liu et al. observed a reduction of MMP-3 in the knee joints of rats following the
intra-articular injection of hyaluronic acid reinforced with graphene oxide [139], and it is reasonable
to speculate that this effect is secondary to macrophages’ modulation. In another report, PEGylated
single-walled carbon nanotubes (SWCNTs) loaded with antisense oligomers injected in the knee joint
of OA mice showed a prolonged persistence in joint cavity (more than 14 days), without induction of
TNF-α or IL-1β. The loading of SWCNTs with oligomers showed the ability to inhibit gene expression
in homeostatic and hypertrophic chondrocytes in vivo [137]. To our knowledge, the direct effect of
this approach on macrophages was not evaluated; however, we envision the functionalization and
optimization of these types of SWCNTs as an interesting strategy to target and reprogram macrophages
in the joint.
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Silica NPs, characterized by a good biocompatibility and high capacity to load proteins, were used
to deliver hyaluronan synthase 2 toward cnidocytes in the temporomandibular joint of OA rat
models with the aim to increase HA production and achieve anti-inflammatory effects. The single
intra-articular injection of these silica NPs showed histological improvements lasting for more than
3 weeks, thus improving the direct HA supply, which requires multiple painful injections [140].
The encapsulation of gold NPs conjugated with fish oil proteins was also explored for OA. The injection
of these hybrid nanosystems in the joint of rat models in which OA was induced using bacterial
collagenase showed the ability to reduce inflammation [141]. Selenium NPs dispersed in P-coumaric
acid (an anti-inflammatory compound) were applied to reduce inflammation in rats with rheumatoid
arthritis, reducing the expression of pro-inflammatory activators, such as COX-2 [142]. Finally, within
the group of metal organic frameworks (MOFs), zeolitic imidazolate framework-8 (ZIF-8) NPs were
designed to deliver s-methylisothiourea hemisulfate salt and catalase to synovial macrophages, to inhibit
iNOS and H2O2 activity. These NPs were decorated with adsorbed CD16/32 antibodies to improve their
recognition by M1-like macrophages and prolong their retention into the joint [143]. Their intra-articular
administration in ACLT-induced OA murine models led to significant histological improvements
characterized by the narrowing reversion of joint spaces, decrease of CD16/CD32-positive M1-like
macrophages, and increase of CD206-positive M2-like counterparts [143].

5. Conclusions

Here, we have described the pathophysiology of OA, with a particular focus on the inflammation
supported by macrophages, a brief summary of the current pharmacological treatment, and a wide
range of nanoparticle-based approaches to mitigate the local inflammation and improve the recovery
and cure of OA disease (Figure 3). Taking this information into account, we foresee a bright future
in the use of nanomedicines for the therapeutic manipulation of macrophages in the context of OA.
In the last decade, we have perceived a progressive increase of experimental efforts to implement new
nanotechnological strategies to improve the delivery of traditional anti-inflammatory drugs, such
as NSAIDs and corticoids, toward diseased joints. Novel molecules not yet approved in the clinical
practice are also being intensively investigated, including anti-inflammatory peptides or gene therapies,
which will likely need the implementation of nanodrug delivery approaches to avoid their degradation
and/or improve their biodistribution profile, thus allowing their effective application in vivo [110,119].
In parallel, in the field of immunology, several investigations have revealed the important role of joint
macrophages in OA [144–146]. Macrophage polarization has been recently identified as a possible
marker of prognosis [145], influencing also neighbor cells in the joint (i.e., chondrocytes). However,
an important challenge to clearly dissect the role of macrophages versus other cellular and molecular
components in OA is the availability and relevance of the in vitro and in vivo models commonly
used in pre-clinical research. In particular, there is a lack of appropriate in vitro models of chronic
inflammation mimicking the joint OA environment. The information related to the specific therapeutic
targeting of macrophages in the joints is also limited; thus, if the higher precision in local macrophage
targeting could lead to better results remains also to be elucidated. We have found a significant
amount of scientific reports testing new anti-inflammatory approaches that resulted in a direct or
indirect effect on macrophage phenotype and functions, which was correlated with improved outcomes.
Despite these promising scientific observations, the clear discernment of macrophage targeting requires
costly in vivo experiments focused on NP and/or drug pharmacokinetics and biodistribution at the
tissular and cellular level, which we expect to see in the coming years. Finally, a few clinical trials
are investigating anti-inflammatory drugs for OA treatment [31,147,148], although focused efforts
examining the role of macrophages and/or the use of nanomaterial-based approaches are lacking.
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Figure 3. Nanotechnological approaches targeting macrophages in OA. Nanomedicine offers a wide
range of drug delivery systems to inhibit the pro-inflammatory activity of M1-like macrophages in OA
joints. Polymeric and hyaluronan-based nanoparticles (NPs) and liposomes have been investigated to
inhibit inflammation by delivering non-steroidal anti-inflammatory drugs (NSAIDs, i.e., indomethacin,
diclofenac, etc.) for COX-1/2 inhibition, COX-2 specific inhibitors (i.e., celecoxib and etoricoxib) or
corticosteroids (i.e., dexamethasone, betamethasone, and prednisolone) to block glucocorticoid receptor
in OA joints. NPs loaded with other pharmacological molecules have been used to selectively block the
release of specific cytokines, such as IL-1β by IL-1Ra or IL-6 by KAFAK peptide. Clodronate-loaded
liposomes were also used to deplete macrophages in experimental settings, showing mixed results.
Metabolic or genetic manipulation of macrophages was explored using NPs to deliver adenosine
and NF-κB or Notch homolog 1, translocation-associated (Notch-1) siRNAs. These approaches have
showed promising experimental results related to the reprogramming of macrophages toward the M2
anti-inflammatory phenotype in the joint microenvironment, thus becoming potential candidates to
improve the current treatment of OA disease.

In this line of research, we are currently working in the frame of the MEFISTO consortium H2020
project granted to develop a “meniscal functionalized scaffold to prevent knee osteoarthritis onset after
meniscectomy”. Therefore, we expect that the imminent combination of both fields of research, namely,
the better understanding of macrophages’ role in OA together with the advances in nanotechnology to
control the timely and precise delivery of drugs, will provide important benefits to improve the quality
of life of patients with OA.
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