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The field ofmedical application of organic or inorganic nanoparticles is extensive.
Medical nanoparticles offer benefits but pose risks. For safe use in diagnostics and
therapy, they should be inert, non-immunogenic, non-aggregating, and avoid
long-term accumulation in sensitive tissues like bone marrow or the brain. We
have developed in-house very small superparamagnetic iron oxide nanoparticles
(VSOP), 7 nm in size, which have been successfully used in preclinical magnetic
resonance imaging (MRI) to detect intestinal inflammation, neuroinflammation
and atherosclerosis. This study examines nanoparticle effects on human blood
cells focusing on monocytes in vitro as a first step toward clinical application.
Whole blood andmonocytes fromhealthy donors and patients with inflammatory
bowel disease were treated with VSOP in vitro and analyzed for changes in their
transcriptome, phenotype and function. RNA sequencing of monocytes
identified the transferrin receptor as one of the most significantly
downregulated genes after VSOP treatment, likely to limit iron uptake.
Whereas whole blood RNA sequencing showed significant changes only in
three non-coding genes. CyTOF analysis confirmed that VSOP-treated
monocytes remain inactive, with no increased proliferation or altered
migration. Metabolically, VSOP uptake enhanced the oxygen consumption
rate. This effect was likely due to phagocytosis rather than effects mediated
by the VSOP itself, as phagocytosis of latex beads showed comparable results. In
summary, the analysis of peripheral blood mononuclear cells and monocytes
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suggests that VSOP treatment has no major impact on immune cell phenotype or
function indicating VSOP as a promising diagnostic tool in MRI for inflammatory
bowel disease.
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1 Introduction

According to the European Union Observatory for
Nanomaterial, nanoparticles are defined as a natural, incidental,
or manufactured material containing particles, in an unbound state
or as an aggregate or as an agglomerate and where, for 50% or more
of the particles in the number size distribution, one or more external
dimensions is in the size range 1 nm–100 nm (https://euon.echa.
europa.eu/definition-of-nanomaterial). Nanoparticles can be
synthesized from various organic or inorganic materials, and
both the material and the structure influence their properties and
therefore their application. Potential applications of nanotechnology
include agriculture, e.g., as nanofertilizers or nanopesticides (Avila-
Quezada et al., 2022; Nguyen et al., 2024; Yadav et al., 2023), the food
industry (Mohammad et al., 2022; Nile et al., 2020), cosmetics
(Sharma et al., 2023; Gupta et al., 2022), and medicine.
Nanotechnology in medicine ranges from diagnostics to therapy.
The potential for nanotechnology-based therapy includes anti-
microbial treatment (Makabenta et al., 2021; Hetta et al., 2023),
tissue regeneration and wound healing (Sharifi et al., 2021; Blanco-
Fernandez et al., 2021), anticancer therapy (Mosleh-Shirazi et al.,
2022; Wang et al., 2024; Gschwend et al., 2021), and sustained drug
delivery for long-term therapy of e.g., autoimmune diseases such as
psoriasis, rheumatoid arthritis or Crohn’s disease (Gordon et al.,
2021; van der Heijde et al., 2022; Loftus et al., 2016). In diagnostics,
nanoparticles can be used as biosensors in bioassays for the detection
of analytes. Their surface is loaded with binding sites for
biomolecules used as disease biomarkers, e.g., SARS-CoV-
2 bioassay (Wu et al., 2021). In addition, nanoparticles can also
serve as imaging probes, e.g., ultrasmall superparamagnetic iron
oxide (USPIO) nanoparticles in MRI for lymph node
characterization in the assessment of primary tumor spread in
pelvic cancer (Philips et al., 2019). Although the USPIO Simeren®

was withdrawn in 2008, the development of advanced USPIO
nanoparticles holds great promise for clinical applications (Chen
et al., 2022). This illustrates that nanotechnology carries risks as well
as opportunities. Approved use of nanoparticles is difficult due to
their potential aggregation and accumulation, toxicity,
carcinogenicity, and influence on cellular viability and function.
With respect to human health, nanoparticles should not accumulate
in any organ, such as the brain after crossing the blood-brain barrier
(Hersh et al., 2022) or in the spleen or bone marrow, where long-
lived immune cells have their niches (Nguyen et al., 2018; Sze et al.,
2000; Manz et al., 2002). Thus, nanoparticles should not affect the
phenotype and function of immune cells or interfere with their
survival. In addition, nanoparticles are potential replacements for
substances already in use that accumulate and affect the human
body, such as gadolinium-based contrast agents used in medical
imaging that accumulate in the brain (Kanda et al., 2015), bone

(Darrah et al., 2009) and skin (Roberts et al., 2016; Gathings et al.,
2015). Gadolinium accumulation in the liver has been described
mainly in animal studies (Frenzel et al., 2017; Bonafe et al., 2023; Di
Gregorio et al., 2018) and in pediatric patients with siderosis
(Maximova et al., 2016). As mentioned above, nanoparticles
come in different flavors and their properties are strongly
influenced among others by their size, shape, surface charge (zeta
potential), core material, functionalization, and concentration. The
nanoparticle size, for example, impacts biodistribution within
specific organs and throughout the body (Choi et al., 2011;
Sonavane et al., 2008). The shape influences, e.g., gastrointestinal
residency after oral application as well as the clearance (Zhao et al.,
2017). The study of Zhao et al. showed that long rod nanoparticles
achieved longer blood circulation and had the highest bioavailability
compared with short rod and spherical nanoparticles (Zhao et al.,
2017). In addition, the nanocarrier’s zeta potential influences drug
delivery from mucus-rich sites such as the gastrointestinal tract
(Maisel et al., 2015). Different core materials have different effects on
the phenotype and function of immune cells, especially antigen-
presenting cells. For example, iron oxide nanoparticles are generally
biocompatible and well-tolerated at low concentrations (Mejias et al.,
2013), whereas silver and gold nanoparticles can trigger pro-
inflammatory responses (Durocher et al., 2017; Haase et al.,
2014). Additionally, silver nanoparticles can have cytotoxic
effects, though these are desired in cancer therapy (Surapaneni
et al., 2018; Sur et al., 2010). The data on the cytotoxic effects of
gold nanoparticles is conflicting but they are promising tools in
photothermal therapy (Sani et al., 2021; Baioco et al., 2024). The
functionalization of the nanoparticles can also influence their
immunogenicity. PEGylation, the coating of nanoparticles with
polyethylene glycol, is one of the most popular approaches to
control the stability of nanoparticles (Bazile et al., 1995). In mice,
though, PEG-coated silver nanoparticles induced acute
inflammation and apoptosis in the liver (Cho et al., 2009). Dose-
dependent effects of the nanoparticles on immunogenicity were also
observed in RAW 264.7 macrophages with hierarchical signaling
pathways of cellular responses (Yazdimamaghani et al., 2019). All
these examples highlight the vast variety of nanoparticles’ functions.

This study presents ultra-small (7 nm) nanoparticles used in
preclinical magnetic resonance imaging (MRI) studies for colitis
(Golusda et al., 2022), atherosclerosis (Wagner et al., 2013), and
neuroinflammation (Millward et al., 2019). Long-term studies in
colitic mice showed no impact on survival, intestinal inflammation
or immune-cell composition, with no accumulation in organs such
as the liver, spleen, kidney, intestine or bone marrow. These very
small superparamagnetic iron oxide nanoparticles (VSOP) were
synthesized by the Department of Radiology-Experimental
Radiology at the Charité - Universitätsmedizin Berlin. VSOP
specifically bind to glucosaminoglycans (GAG) (Ludwig et al.,
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2013; Berndt et al., 2017; Freise et al., 2024), and their transport into
inflamed intestinal tissues depends on hyaluronic acid and
monocytes expressing the hyaluronic acid receptor CD44
(Golusda et al., 2022). CD44, TLR2, and 4, RHAMM and Lyve-1
are receptors for hyaluronic acid (Lesley et al., 2000; Scheibner et al.,
2006; Riehl et al., 2015; Tolg et al., 2012; Prevo et al., 2001). Previous
in vivo studies showed, that monocytes taking up i. v.-injected VSOP
expressed CD44 and accumulated in tissues enriched in hyaluronic
acid (Golusda et al., 2022).

For clinical diagnostics, VSOP will be administered intravenously.
In inflammatory bowel disease (IBD), particularly ulcerative colitis (UC)
and Crohn´s disease (CD), complications such as fibrosis, stenosis, and
fistulas result from extracellular matrix (ECM) remodeling. Excessive
ECMdegradation leads to fistulation, while excessive aggregation causes
stenosis and fibrosis. Early ECM accumulation prediction is crucial for
disease monitoring and personalized treatment, yet current methods,
including endoscopy, ultrasound or MRI, fail to detect early-stage ECM
alterations. GAG-specific nanoparticles could enhance diagnostic
sensitivity. However, intravenous administration raises concerns
about VSOP hemocompatibility.

This in vitro study investigates whether VSOP affect human
blood cells, particularly monocytes from healthy donors and IBD
patients, assessing their impact on cell phenotype and function.

2 Materials and methods

2.1 VSOP

VSOP were provided by the Department of Radiology and
produced as previously described (Poller et al., 2016).
Electrostatically stabilized VSOP coated with monomeric citrate,
featuring a hydrodynamic diameter of 8.1 ± 4 nm and a crystallite
size of 6.8 ± 2 nm. Relaxivities in water were r1 = 25 mM−1·s−1 and
r2 = 63.8 mM−1·s−1 at 0.94 T at a saturation magnetization of
95 emug−1 iron (Poller et al., 2016). For CyTOF analysis and in
vivo visualization of VSOP we made use of europium (Eu)-doped
VSOP (de Schellenberger et al., 2017). We detected neither in vitro
nor in vivo differences in use of doped or non-doped VSOP.

2.2 Animals and colitis induction

Inbred wildtype (WT) C57/Bl6J mice were obtained from Charles
River (Sulzfeld, Germany) and housed under conventional conditions
with an enriched environment at the animal facilities of the Research
Institute for ExperimentalMedicine (FEM,Charité -Universitätsmedizin
Berlin). Recombination activating gene 1-deficient mice (Rag1tm1Mom) on
a C57BL/6 background were bred in-house under SPF conditions at the
FEM. All animals were kept in polycarbonate cages and had free
access to sterile standard chow and drinking water. All experiments
were performed in accordance with the German legislation on
the protection of animals and approved by the local authorities
(Landesamt für Gesundheit und Soziales, registration
number G0117/20).

Transfer colitis was induced in 8-week old Rag1tm1Mom mice by
i. p. injection of 4 × 105 CD4+CD45RBhi T cells isolated from WT
mice according to Maschmeyer et al. (Maschmeyer et al., 2021).

After the onset of colitis on day 14, mice were injected i. v. with
0.03 mM Eu-doped VSOP per kg body weight. The Eu signal can be
detected later on in mass spectrometry. Mice were sacrificed on days
3, 10, and 18 after VSOP application.

2.3 LA-ICP-MS (detection of Eu-
doped VSOP)

Mice with transfer colitis were analyzed at days 3, 10 or 18 after
i. v. application of Eu-doped VSOP. Organs (spleen, liver, colon,
caecum, ileum, mesenteric lymph nodes) and tibia were taken out
and fixed in 10% formaldehyde overnight at room temperature.
After fixation, bones were decalcified with 0.5 M EDTA for 72 h.
Formalin-fixed tissue was embedded in paraffin (Histosec, Merck)
and tissue microarrays (TMA) were prepared.

For slide preparation, 4 µm thick paraffin sections were cut from
paraffin blocks or TMA with respective organs. Paraffin sections
were dewaxed and histochemically stained with hematoxylin and
eosin to detect a region of interest. This region was assigned to the
paraffin block (donor block), where a punch was taken using the
Tissue Arrayer MiniCore® 3 (Excilone, Elancourt, France). This
punch was transferred to the recipient block, where all punches of
the different donor blocks were arranged. This allows for the analysis
of multiple individual tissue samples on one slide.

LA-ICP-MS analyses were performed on a NWRimage laser
ablation system (266 nm, Elemental Scientific Laser, Bozeman,
United States) equipped with a low-dispersion ablation cell in a
TwoVol3 ablation chamber attached to an ICP-ToF-MS (Model 2R,
Tofwerk AG, Thun, Switzerland) using a 1.016 mm ID PEEK tubing
and a Dual Concentric Injector 2 (DCI2) (Schannor et al., 2025).
Instrumental settings are summarised in Table 1. Raw data were

TABLE 1 Instrument settings and data acquisition conditions for LA-ICP-
ToF-MS imaging.

NWRimage laser ablation system settings

Fluence 10 J cm-2

Repetition rate 100 Hz a

Beam size 10 µm

Mask shape Square

Scan velocity 1,000 μm s-1 a

He chamber gas flow 0.30 L min-1

He cup gas flow 0.35 L min-1

Wash-out time (FW0.01M) 10 m

icpToF 2R settings

RF power 1550 W

Ar cool flow 14 L min-1

Ar auxiliary flow 0.8 L min-1

Ar nebulizer flow 0.95 L min-1

Sampling depth 4 mm

CRC H2/He gas flow 4 mL min-1
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reduced in the Iolite v4 software (Elemental Scientific Laser,
Bozeman, United States) using the “3D Trace Elements” (3D-TE-
DRS) data reduction scheme. Gelatin multi-element standards
(BIO-logi-CAL standard 2, 48 elements; aemas, Oosterhout,
Netherlands) were used as calibration material following
established procedures and analyzed before and after samples.

2.4 Patients and healthy volunteers

Heparinized blood (9 mL) and EDTA blood (5 mL), respectively
was received from patients with active UC or CD and from healthy
donors (Table 2) after giving written consent (EA1/181/17 and
EA1/273/21).

2.5 VSOP treatment of whole blood cells
and monocytes

Eu-doped VSOP were used for CyTOF analysis to detect VSOP
uptake via the Eu mass signal. All other in vitro experiments were
conducted with non-doped VSOP.

Five mL of heparinized or EDTA whole blood were treated with
0.75 mM VSOP for 30 min at room temperature under gentle
rotation. Treated EDTA blood was subjected to RNA isolation and
treated heparinized blood was fixed for CyTOF analysis. Fixation for
CyTOF analysis was performed with Proteomic Stabilizer PROT1
(Smart Tube Inc., Las Vegas, NV, United States) at 1:2.5 ratio for
12 min at room temperature. Fixed samples were stored at −80°C
until staining and analysis.

Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized whole blood via gradient centrifugation using
LymphoPrep (STEMCELL Technologies, Köln, Germany).
Monocytes were enriched from PBMC using CD14 magnetic
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Purity was evaluated by flow cytometry employing APC-
conjugated anti-CD14 (clone CHD14, BioLegend, San Diego,
United States). Monocytes (>95% purity) were treated with
0.5–1 mM VSOP for 30–90 min.

2.6 Cytokine detection and flow cytometry

CD14+ monocytes were cultured in RPMI media (Gibco by
ThermoFisher Scientific, Darmstadt, Germany) supplemented with
1% Penicillin/Streptomycin (105 U/mL and 105 μg/L, respectively;

Biochrom, Berlin, Germany), heat-inactivated 10% FBS (Corning,
NY, United States) and 20 ng/mL M-CSF (PeproTech by
ThermoFisher Scientific). Monocytes were seeded in a 24-well
plate (ThermoFisher Scientific) at a density of 4.5 × 105 cells per
well and rested overnight at 37°C with 5% CO2. On the next day,
monocytes were treated with VSOP at different concentrations
(0.5 mM, 0.75 mM or 1 mM per well). Cells were incubated with
VSOP for either 30 or 90 min. After each incubation time, the
VSOP-containing media was removed, and wells were washed once
with RPMI. Complete medium was added, and cells were incubated
at 37°C with 5% CO2. After 24 h, supernatants were removed and
stored at −80°C for cytokine analysis. For analysis of cell surface
marker expression, monocytes were detached from the plates using
trypsin/EDTA (0.25%) (Gibco) and stained with fluorochrome-
labeled antibodies directed against CD14, CD16, and viability
(Table 3) for flow cytometric measurement. Cytokines in the
supernatant were detected by LEGENDplex Human Macrophage/
Microglia Panel (Biolegend) as described in the user´s manual.

2.7 CyTOF

Isotope-tagged antibodies were purchased from Standard
BioTools (CA, United States) (Table 3). Unlabeled antibodies
were purchased in carrier-free buffer as indicated in Table 3 and
conjugated to metal isotopes with Maxpar® X8 antibody labeling kit
(Standard BioTools) following the user´s manual.

Fixed whole blood samples were thawed and incubated two
times in Thaw-Lyse Buffer (Smart Tube Inc.) for 10 min for
erythrocyte lysis. Samples were barcoded, pooled, and stained
with a cocktail of metal-conjugated antibodies for 30 min at 4°C
in Maxpar Cell Staining Buffer (Standard BioTools). An anchor
sample was included in each staining for quality control and
normalization. Measurement was performed at the BIH
Cytometry Core Facility (Charité–Universitätsmedizin Berlin)
employing CyTOF2/Helios (Standard BioTools) with CyTOF
software (version 6.5.236). Flow cytometry standard files (.fcs)
were analyzed using Cytobank platform (Kotecha et al., 2010) or
FlowJo software (version 10.1).

2.8 RNA isolation, sequencing and analysis

RNA was isolated using RNeasy for RNA isolation from whole
blood (Qiagen, Hilden, Germany). Isolated RNAwas further cleaned
and concentrated using Clean and Concentrator Kit (Zymo
Research, Freiburg, Germany). Concentration and purity of the
isolated RNA was determined by the ratios of absorbance (A260:
280 and A260:230) using NanoDrop 1,000 (ThermoFisher
Scientific). The RNA Integrity Number (RIN) was determined
using the Agilent RNA ScreenTape System (Agilent Technologies,
Santa Clara, CA, United States) employing the Agilent
2200 TapeStation. RNA library preparation and sequencing were
performed by BIH/MDC Genomics Platform using Illumina library
and Illumina High-Troughput Sequencer.

RNA-sequencing samples were preprocessed and mapped to the
human reference genome with the nf-core RNA-sequencing pipeline
(v.3.14.0) (Ewels et al., 2020). In brief, sequencing reads were aligned

TABLE 2 Basal characteristics of patients and volunteers.

Disease Sex (m/f) Age (yrs) Analysis

Ulcerative colitis 3/3 36 ± 16 CyTOF

Crohn´s disease 2/2 38 ± 12 CyTOF

Ulcerative colitis 1/2 39 ± 24 RNA sequencing

Crohn´s disease 2/1 21 ± 3 RNA sequencing

Healthy volunteers 1/2 25 ± 4 RNA sequencing
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to the hg38/GRCh38 reference genome with GENCODE
v.46 annotations using STAR (Dobin et al., 2013) and quantified
using Salmon (Patro et al., 2017). Raw gene count tables from paired
samples were then used for differential expression analysis with
DESeq2 v.1.44.0 in R (version 4.4.1) (Love et al., 2014). Genes
were defined as differentially expressed when meeting a |log2 fold
change| threshold of >1 and an adjusted p-value of <0.1. For
visualization of the results, we used the ggplot2 and the
EnhancedVolcano R-packages.

2.9 Metabolic measurement (seahorse)

CD14+ monocytes were seeded in a 96-well Seahorse culture
microplate (Agilent, Santa Clara, CA, United States). at a density of
104 cells/well and incubated at 37°C with 5% CO2 in complete media
supplemented with 20 ng/ml M-CSF (PeproTech by ThermoFisher
Scientific) for 2 days before the assay. To assess the acute response to
VSOP uptake on the oxygen consumption rate (OCR) and
extracellular acidification rate (EACR), we utilized the T Cell
Metabolic Profiling Kit (Agilent). Cells were treated with VSOP
or Latex beads (30 nm size) by acute injections during the assay or
VSOP treated 18 h before the assay. The injection ports were loaded
as follows: VSOP (0.75 mM), Latex beads (Sigma-Aldrich by Merck
KGaA, Darmstadt, Germany) (1.6 μL/mL)], Oligomycin (1 µM),
BAM15 (5 µM), and Rotenone/Antimycin A (0.5 µM each). The
assay was performed according to the manufacturer’s instructions.
The XFe96 Seahorse Analyzer (Agilent) was run for 200 min,
consisting of an 18-min basal measurement period prior to acute
injections, 150 min during the acute injection phase, and 60 min
post-injection with inhibitors. Spare respiratory capacity (SRC) was
defined as the difference between maximal and basal respiration
as % OCR.

2.10 Migratory behavior

For the migration assay, 1.5 × 104 CD14+ monocytes in 100 µL
were seeded in a 96-well ImageLock plate (Sartorius AG, Göttingen,
Germany) and allowed to reach confluency at 37°C with 5%
CO2 over 3 days. The cells were then treated with VSOP
(0.75 mM) or left untreated. After 3 hours, the cells were washed
once with warm 1x PBS (Gibco by ThermoFisher Scietific) before
introducing a scratch using the 96-Well WoundMaker Tool (Essen
BioScience, Ann Arbor, United States). The cells were washed twice
with 1x PBS to remove any floating cells, and fresh complete media
was added. In an IncuCyte® S3 live-cell imaging system (Sartorius)
images were captured using a ×20 objective in wide mode, with two
images per well taken every 3 h for 3 days.

2.11 Statistical analysis

Statistical significance was determined using Kruskal-Wallis test
followed by Dunn´s multiple comparison, Mann-Whitney U test
and 2way ANOVA with p ≤ 0.05 defining it as statistically
significant. Results are displayed as mean ± SD using GraphPad
Prism (Version 6).

TABLE 3 Antibodies used for flow or mass cytometry.

Conjugate Antigen Clone Company

APC CD14 MφP9 BD Biosciences

PerCP-Cy5.5 CD16 3G8 BioLegend

eFluor780 Fixable L/D eBioscience

89Y CD45 Hi30 Standard BioTools

141Pr CD40 5C3 BioLegend

142Nd CD19 HIB-19 Standard BioTools

143Nd CD123 (IL-3R) 6H6 Standard BioTools

144Nd CD15 W6D3 Standard BioTools

145Nd B2M 2M2 BioLegend

146Nd CD64 10.1 Standard BioTools

147Sm B2M 2M2 BioLegend

148Nd CD274/PD-L1 29.E.2A3 BioLegend

149Sm CD206 15–2 BioLegend

150Nd FceRI AER-37 Standard BioTools

152Sm CD66b G10F5 BioLegend

154Sm CD3 UCHT1 BioLegend

155Gd CD27 L128 BioLegend

156Gd B2M 2M2 BioLegend

158Gd CX3CR1 2A9-1 BioLegend

159 Tb CD11c Bu15 BioLegend

160Gd CD14 RMO52 Standard BioTools

161Dy CD80 2D10.4 BioLegend

162Dy CD1c L161 BioLegend

163Dy CD71 CY1G4 BioLegend

164Dy CD56 HCD56 BioLegend

165Ho CD101 BB27 Standard BioTools

166Er CD44 BJ18 BioLegend

167Er CD11b/Mac-1 ICRF44 BioLegend

168Er Ki67 B56 Standard BioTools

169 Tm CD25 2A3 Standard BioTools

170Er CD54 HA58 BioLegend

171 Yb B2M 2M2 BioLegend

172 Yb CD38 HIT2 BioLegend

173 Yb HLA-DR L243 BioLegend

174 Yb CD62L DREG56 BioLegend

175Lu B2M 2M2 BioLegend

176 Yb CD86 IT2.2 BioLegend

191Ir Cell-ID Intercalator Standard BioTools

193Ir Cell-ID Intercalator Standard BioTools

209Bi CD16 3G8 Standard BioTools
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3 Results

3.1 Distribution and clearance of VSOP after
intravenous administration

Previous studies on intestinal inflammation in mice
demonstrated that intravenously (i.v.) administered VSOP serve
as MRI contrast agents in the DSS-induced colitis model (Golusda
et al., 2022). Since VSOP retention in the body is unknown, their
accumulation and elimination were investigated. Transfer colitis was
induced in mice, and after colitis onset on day 14, Eu-doped VSOP
were injected i. v., allowing detection of VSOP via laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS). On
days 3, 10, and 18 post-injection, the spleen, kidney, liver, ileum,
cecum, colon, mesenteric lymph nodes, and tibia were excised for Eu
analysis. As shown in Figure 1, on day 3, Eu-doped VSOP were
detected in the spleen, liver, mesenteric lymph nodes, and tibia bone
marrow but not in the kidney or intestine. By day 18, the Eu signal
was undetectable in all organs, indicating complete VSOP clearance
from the body.

3.2 Monocytes are the main cell population
interacting with VSOP

To identify immune cells interacting with the nanoparticles,
whole blood from healthy volunteers was treated with Eu-doped
VSOP, stained with a metal-conjugated antibody cocktail (Table 3),
and analyzed by mass cytometry. Data analysis revealed monocytes
as the primary interacting cells, with 70% ± 25% showing a positive
signal for Eu (Figures 2A,B). In addition, 24% ± 12% of B cells
interacted with VSOP (Figures 2A,B). In contrast, almost no Eu
signal was detected in T cells, granulocytes (Figures 2A,B) or NK
cells (not shown).

3.3 VSOP uptake preserves monocyte
viability but alters IL-1β production

Monocytes, the primary immune cell subset interacting with
VSOP, may bind to the glycocalyx or undergo phagocytosis. To

assess whether VSOP affect monocyte viability or cytokine
production, whole blood CD14+ monocytes were incubated with
various VSOP concentrations, and cell viability was measured.
VSOP treatment did not alter monocyte viability at any
concentration (Figure 3A). Cytokine levels in the culture
supernatant after 24 h showed that TNFα, IL-6, and IL-10
concentrations were similar in VSOP-treated and untreated
monocytes (Figures 3B,C,E). However, IL-1β levels significantly
decreased with VSOP treatment at all concentrations, though the
effect was not dose-dependent (Figure 3D).

3.4 Transcriptional changes in monocytes
after VSOP treatment

RNA sequencing of primary human monocytes treated with
VSOP revealed transcriptional changes, with the transferrin
receptor (TFRC) being one of the most significantly downregulated
genes. The downregulation of TFRC likely restricts further iron
uptake in response to increased intracellular iron from VSOP
treatment (Figure 4A).

Principal component analysis showed distinct clustering between
donors, with treated and untreated samples from the same donor,
indicating minimal variation in transcriptomes due to VSOP
(Figure 4B). Notable changes included increased expression of
MMP2, MMP10, IL36B, IL36RN, IL24, CCL2, CCL7, and CHI3L1.

3.5 VSOP-treated monocytes exhibit neither
increased activation nor proliferation

Small effects of VSOP on transcriptomics of monocytes from
healthy volunteers have already been observed. In chronic
inflammation, such as in IBD patients, the immune system is
often activated, raising the question of whether VSOP treatment
affects immune cells, particularly monocytes, in IBD patients. To
investigate this, blood from IBD patients with ulcerative colitis (n =
6) and Crohn´s disease (n = 4) was incubated with VSOP for 30 min,
and whole blood cells were analyzed using CyTOF. Clustering of
immune cells from the blood shows no major differences in the
composition of cell clusters (Figure 5A). Furthermore, gating on the

FIGURE 1
VSOP have no long-term persistence in the organs of mice. The Eu signal of Eu-doped VSOP was detected in various mouse organs by LA-ICP-MS.
The upper row shows day 3, and the bottom row shows day 18 after i. v. injection. Data are representative for n = 3.
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major immune cell subsets revealed no differences in the frequencies
of B cells, T cells, monocytes and granulocytes (Figure 5B). A deeper
analysis of the monocyte compartment revealed no significant
differences in cell proliferation (Ki67 expression) (Figure 5C). In
addition, markers of monocyte activation (HLA-DR, CD80, CD86,
CD38, CX3CR1, CD11c, CD62L) were not differentially expressed
by VSOP-treated monocytes (Figure 5C). The expression of markers
indicating a shift towards classically or alternatively activated
macrophages did not change after VSOP treatment. This was
also true for B cells, T cells, and granulocytes, which showed no
significant regulation (data not shown).

3.6 Minor influence of VSOP on the
transcriptome of whole blood cells from
IBD patients

The impact of VSOP on the transcriptome of monocytes from
healthy donors was minimal, but may be more pronounced in IBD

patients due to pre-activation. To assess this, whole blood from IBD
patients with active UC and CD (n = 3 each) was analyzed, as
CyTOF showed interactions between VSOP and not only monocytes
but also B cells, T cells, granulocytes and NK cells, though to a lesser
extent. Only three non-coding genes were differentially regulated
(C3orf86P, ENSG00000278996, ENSG00000259002) (Figure 6A).
Principal component analysis revealed distinct clustering between
donors, with treated and untreated samples from the same donor
clustering together (Figure 6B).

3.7 Monocyte metabolism is primarily driven
by phagocytic activity, not VSOP treatment

Treatment with VSOP (n = 9) and latex beads (n = 3) as a
phagocytosis control increased both oxygen consumption rate
(OCR) and extracellular acidification rate (EACR) in monocytes.
Maximal respiratory capacity remained unchanged, while spare
respiratory capacity (SRC) significantly decreased (Figures 7A,B).

FIGURE 2
Monocytes and B cells incorporate or interact with VSOP. Whole blood was incubated with VSOP, stained for granulocytes, T cells, monocytes and
B cells and analyzed by mass cytometry. (A) Cells were gated for CD45+ CD66b−. Plots are representative of n = 9-10 samples. (B) Percentage of cells
incorporating VSOP in each immune subset. Data represent mean ± SD, n = 9-10 samples.
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In addition, increased glycolytic and mitochondrial ATP
production, along with higher OCR after rotenone/antimycin A
injection, indicated enhanced non-mitochondrial oxygen
consumption. Both VSOP or latex beads shifted monocyte
metabolism to a more energetic state, utilizing both

mitochondrial oxidative phosphorylation (OXPHOS) and
glycolysis (Figure 7C). When VSOP treatment was administered
18 h before the assay, the SRC decrease was balanced to the level of
untreated monocytes, suggesting that the shift in metabolism was
due to phagocytosis (Figure 7D).

FIGURE 3
VSOP treatment does not affect monocyte viability and has minor effects on cytokine production. Primary human monocytes were incubated for
90 min with or without VSOP and cultured for 2 days. After 24 or 48 h of culture, monocytes were stained for viability and supernatant was taken for
cytokine detection. (A) Shows monocyte viability (%) 24 and 48 h after VSOP treatment at different concentrations (circles) compared to untreated
controls (triangle). (B–E) The supernatant ofmonocytes was collected 24 h after VSOP incubation and cytokines were detected by LegendPlex. Data
show mean ± SD, n = 5. Statistical significance was tested with 2-way ANOVA relative to control (*p ≤ 0.05).
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3.8 VSOP treatment does not affect
monocyte migratory behavior

Since VSOP increased glycolysis, we hypothesized they might
affect CD14+ monocyte migration. To test this, CD14+ monocytes
were treated with VSOP or left untreated, and a wound scratch was
made on the cell monolayer. Cells were imaged for 3 days, and
wound closure was calculated. The results showed no significant

difference in migratory ability between the treatment
groups (Figure 8).

4 Discussion

Iron oxide nanoparticles (IONP) have garnered significant
attention in biomedical research and clinical applications,
including cancer therapy (Shestovskaya et al., 2023; Shubhra,
2023), cell labeling (Pohland et al., 2022; Tefft et al., 2015)
targeted drug delivery (Kumar et al., 2019), and MRI (Barrow
et al., 2017). Inflammatory diseases such as atherosclerosis
(Wagner et al., 2013; Haase et al., 2024) multiple sclerosis
(Millward et al., 2013), and IBD (Golusda et al., 2022) are key
areas where IONP may offer diagnostic or therapeutic benefits.

Studies exploring the interaction of IONP with macrophages
have yielded conflicting results, largely due to variability in
nanoparticle size, coating, concentration, exposure time, and
experimental conditions, including the type and activation state
of immune cells (Chen et al., 2018; Wu et al., 2013; Laskar et al.,
2013; Mulens-Arias et al., 2021). Upon intravenous administration,
VSOP interact primarily with monocytes and macrophages, raising
questions about potential cytotoxicity, phenotypic alterations, and
clearance mechanisms (Ludwig et al., 2013; Berndt et al., 2017).

Using a murine model of intestinal inflammation, we analyzed
the accumulation and retention of VSOP in vivo. While VSOP were
undetectable after 18 days, a previous study found positive iron
staining of VSOP-labeled adipose tissue-derived stromal cells after
28 days (Radeloff et al., 2020). However, those in vitro findings differ
from our in vivo results, where colitic mice received VSOP i. v. Given
that monocytes and, to a lesser extent, B cells are the primary blood
cells interacting with VSOP, this difference may be due to
administration routes. Stromal cells in vivo may not encounter
i. v. applied VSOP. Similarly, while a study showed that T cells from
mycobacteria-infected mice could be labeled with VSOP (Wuerfel
et al., 2011), our in vitro whole blood experiments found no VSOP
interaction with T cells. Discrepancies may stem from different
experimental conditions, as the cited study used up to 9mM iron per
mL for 4 days (Wuerfel et al., 2011), whereas whole blood was
incubated with 0.75 mM VSOP for 30 min–a concentration
successfully applied in mouse MRI (Golusda et al., 2022). These
variations highlight how cell composition, culture conditions, and
administration routes influence VSOP interactions. Regarding cell
composition in the study by Wuerfel et al. isolated murine T cells
were used. Whereas in our study whole human blood was treated
with VSOP. Since monocytes phagocytose VSOP within minutes to
hours the cells compete with the substrate. The culture conditions
rather than incubation time (4 days versus 30 min) as well as the
amount of iron particles allow for interaction with T cells.

Research on VSOP’s effect on the immune system remains
limited. To investigate potential immune modulation, bulk RNA
sequencing was performed on human monocytes, given their
primary interaction with VSOP in vitro and in vivo. Surprisingly,
transcriptomic analysis revealed only minor effects, with the most
significantly downregulated gene encoding for the TFRC. This likely
reflects an adaptive response to increased intracellular iron, and
feedback regulation to prevent iron overload (Rojas et al., 2016; Wu
et al., 2017; Yi et al., 2022). However, TFRC is not involved in VSOP

FIGURE 4
VSOP do not significantly affect the RNA expression profile of
monocytes. (A) Volcano plot of RNA sequencing from monocytes of
healthy volunteers incubated with or without VSOP. (B) Principal
component analysis (PCA) of RNA-seq data from monocytes
from healthy volunteers incubated with (blue) or without (red) VSOP.
Data represent n = 3.
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uptake as citrate-coated VSOP have been shown to be internalized
via electrostatic interactions with sulfated GAGs on cell surfaces
(Ludwig et al., 2013; Berndt et al., 2017). Once internalized, these
nanoparticles are trafficked to lysosomes, where the acidic
environment facilitates their degradation, contributing to the
systemic iron pool (Maraloiu et al., 2016; Malvindi et al., 2014;
Portilla et al., 2022). Simultaneously, upregulation of genes linked to

tissue remodeling (MMP2, MMP10), immunoregulation (IL36RN,
IL24), and cell migration (CCL2, CCL7) was observed, without
suppression of pro-IL-1β transcripts. This reinforces the idea that
cytokine modulation occurs post-transcriptionally.

Previous studies suggest that cell activation and inflammation
enhance VSOP interactions due to altered GAG expression
(Golusda et al., 2022; Berndt et al., 2017). To examine whether

FIGURE 5
VSOP do not affect immune cell abundance, activation or proliferation. (A) Uniformmanifold approximation and projection (UMAP) of whole blood
cells treated with or without VSOP. (B) Immune cell abundance of whole blood after treatment with (red) or without (blue) VSOP. Boxes extend from first
to third percentiles and the line shows the median cell frequencies. Whiskers show min/max values; n = 10. (C)Marker expression of monocytes treated
with (red) or without (blue) VSOP. Boxes extend from first to third percentiles and the line shows the median expression. Whiskers show min/max
values; n = 10. Statistical significance was tested with Mann-Whitney U test.
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inflammation amplifies VSOP effects, bulk RNA sequencing was
performed on whole blood cells from IBD patients with active
ulcerative colitis or Crohn´s disease. Given that monocytes from
these patients are already activated (Andus et al., 1991; Mazlam and
Hodgson, 1992; Aschenbrenner et al., 2021), they may respond
differently to VSOP than monocytes from healthy donors. Other
immune cells, including B cells, which showed slight uptake of VSOP
in vitro, and T cells, which are key players in IBD (Gomez-Bris et al.,
2023), are also activated in the blood of IBD patients with active
disease (Funderburg et al., 2013; Rabe et al., 2019; Noronha et al.,
2009). Surprisingly, only three non-coding genes were significantly
different after VSOP treatment (C3orf86P, ENSG00000278996,
ENSG00000259002). The functional relevance of these remains
unclear and warrants further study. In general, there are many
non-coding RNAs identified, differing in size and type. This
includes long non-coding RNAs, circular RNAs, PIWI-interacting
RNAs, ribosomal RNAs, small nuclear RNAs, transfer RNAs and
micro RNAs (Nemeth et al., 2024). But the function of the majority of

non-coding RNAs still needs to be elucidated. Thus, VSOP treatment
of monocytes or whole blood in vitro did not alter the transcription of
functionally relevant genes. A limitation of this transcriptomic
analysis was the small sample size and inter-individual variability,
which may have masked subtle changes. Future studies with larger,
stratified cohorts will be needed to explore this further.

Functional analyses further confirmed minimal VSOP effects on
immune cells. VSOP did not impact immune cell survival, indicating
no cytotoxicity, consistent with other studies (Remmo et al., 2022;
Boosz et al., 2021; Radeloff et al., 2021). While one study reported
dose-dependent cytotoxic effect of citrate-coated VSOP (8.6 nm
diameter) on mouse C17.2 cells (Soenen et al., 2011), those results
may reflect differences in VSOP synthesis, treatment conditions and
cell type. Unlike primary human monocytes, immortalized
C17.2 cells may not accurately model normal cell behavior
(Snyder et al., 1992). In murine organotypic hippocampal slice
cultures, VSOP treatment altered cell viability within the dentate
gyrus and the hippocampus (Pohland et al., 2017). Again, the use of
slice cultures does not reflect the behavior of primary cells.
Organotypic culture on porous membranes may be well suited
for developmental studies of synaptic connectivity and plasticity
in hippocampus as well as for drug distribution (Stoppini et al., 1991;
Loryan et al., 2013). For assessing neurotoxicity, other models seem
more appropriate e.g., using human induced pluripotent stem cell-
derived neurons, co-culture of human neurons and astrocytes, or
human brain organoids (Scholz et al., 2022; De Simone et al., 2017;
Liu et al., 2023). Cytotoxicity of the fast-growing mouse
neuroblastoma cell line N2a induced by superparamagnetic iron
oxide nanoparticles in increasing concentrations (0, 25, 50, 100,
200 and 300 μg/mL) was detected after 72 h by trypan blue exclusion
method (Abad Tan et al., 2019). Cytotoxic effects were detected at
concentrations of ≥100 μg/mL (Abad Tan et al., 2019). Again,
comparability to VSOP used in our study is difficult as their
superparamagnetic iron oxide nanoparticles were of spherical
shape, had a size of 10–15 nm and were incubated for 72 h on a
fast-growing cell line.

VSOP also had no effect on immune cell abundance or
proliferation. Current literature on nanoparticle-induced proliferation
varies widely depending on nanoparticle type and application. Some
nanoparticles inhibit cancer cell proliferation–a desired effect that
depends on their composition, coating, and size (Villalobos
Gutierrez et al., 2023). For example, BiFe2O4@Ag nanoparticles
were designed for gastric cancer therapy due to their silver and
bismuth content (Shamsi et al., 2024). In contrast, VSOP were
specifically developed for inert behavior in diagnostic applications.
In line with this, proliferation and migration capability were also
studied in human adipose tissue-derived stromal cells after labeling
with VSOP for potential cell-based therapeutic approaches (Radeloff
et al., 2021). Proliferation, migration capability and differentiation
potential were not affected by the procedure (Radeloff et al., 2021).
Additionally, VSOP labeling of humanmesenchymal stem cells did not
affect viability or proliferation potential (Heymer et al., 2008).
Furthermore, iron incorporation had no impact on human
mesenchymal stem cells’ ability to undergo adipogenic, osteogenic or
chondrogenic differentiation (Heymer et al., 2008).

Phenotypic analysis of immune cell subsets, particularly
monocytes, revealed no change in activation marker expression.
Correspondingly, IL-1β secretion was attenuated, while TNFα and

FIGURE 6
VSOP have minimal impact on the RNA expression profile of cells
fromwhole blood of IBD patients. (A) Volcano plot of RNA sequencing
from whole blood cells of IBD patients with active disease incubated
with or without VSOP. (B) PCA analysis of RNA sequencing from
whole blood cells from IBD patients with active disease incubatedwith
(red) or without (blue) VSOP. Data represent n = 6.
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IL-6 levels remained unchanged regardless of concentration. This
aligns with previous studies where both inhibitory and stimulatory
effects of IONP on IL-1β, depending on size and cell type were
demonstrated (Chen et al., 2018; Wu et al., 2013).

Our mitochondrial stress assay showed elevated OCR in acutely
treated cells, consistent with increased energy demand for
phagocytosis, likely via glycolysis and fatty acid oxidation (Cline
and Lehrer, 1968; Reiss and Roos, 1978; Zhu et al., 2019). Notably,
basal respiration remained unchanged in pre-treated monocytes,
suggesting the absence of ROS-induced stress. Additionally,
evidence suggests that ROS (e.g., NO, O2

−) interfere with OCR,
rendering cells unresponsive to OXPHOS modulators and can drive
inflammasome activation (Christopoulos et al., 2021). Taken
together, our data suggest that VSOP inhibit IL-1β post-
transcriptionally, likely via inflammasome inhibition.

Collectively, our findings contrast with studies using larger or
differently coated IONP (e.g., DMSA, APS, PEI), which have shown
phenotype alterations in macrophage subtypes (Mulens-Arias et al.,
2021; Rojas et al., 2016). Our results support the notion that coating
and size critically influence biological effects, with our citrate-coated
VSOP demonstrating a favorable interaction profile.

Overall, our findings demonstrate that VSOP are efficiently
cleared through physiological iron-handling mechanisms without
inducing toxicity or inflammatory exacerbation. The selective IL-1β
reduction without broader immune activation along with the
absence of phenotypic or migratory changes, underscores their

FIGURE 7
VSOP treatment alters monocyte respiration due to phagocytic activity of the cells. (A) Spare respiratory capacity of monocytes with (red) or without
(blue) acute injection of VSOP or latex beads (yellow). (B)Maximal respiration of monocytes with (red) or without (blue) acute injection of VSOP or latex
beads (yellow). (C) Energetic map of the metabolic status of monocytes treated with (red) or without (blue) VSOP or latex beads (yellow) by acute
injection. Data in A, B, C show mean ± SD n = 9 (untreated, VSOP) or n = 3 (latex beads). (D) Spare respiratory capacity of monocytes with (red) or
without (blue) VSOP pretreatment. Data show mean ± SD n = 3. Statistical significance was tested using Kruskal-Wallis test followed by Dunn´s multiple
comparison; *p < 0.05, **p < 0.01.

FIGURE 8
Migratory behavior of monocytes remains unaffected by VSOP
treatment. Increase of relative cell density (%) after scratching the
monolayer of monocytes treated with VSOP (red) or left untreated
(blue). Shown are mean ± SD for n = 5.
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safety. Their favorable size and coating properties minimize off-
target immune activation while allowing for effective labeling and
imaging of monocytes/macrophages in inflammatory disease
contexts such as atherosclerosis and multiple sclerosis. Future
studies will aim to elucidate the molecular VSOP uptake
mechanism and metabolic fate in long-term exposure in chronic
inflammation models.
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