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kampen@dhzc-charite.de; antje.ludwig@dh
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take of citrate-coated iron oxide
nanoparticles unaffected by cell-surface
glycosaminoglycans†
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Citrate-coated iron oxide nanoparticles, specifically Synomag®-COOH (SynC), are promising tracers in

magnetic particle imaging (MPI) due to their high magnetic moments and rapid cellular uptake. The

mechanisms driving efficient SynC uptake remain unclear. Previous observations suggest a role of the

extracellular glycocalyx during nanoparticle uptake. Here, we ascertain whether the cell-surface

glycosaminoglycans (GAGs) regulate the uptake of SynC. Using transmission electron microscopy (TEM),

we visualized SynC uptake by THP-1 cells, a human acute monocytic leukemia cell line. We investigated

the interaction of SynC with GAGs in living cells using click-chemistry-based labeling. Upon treating

THP-1 cells with chondroitinase or hyaluronidase and with a xylosyltransferase-deficient cell line, we

quantified SynC uptake and measured interactions of SynC with cells in real time using magnetic particle

spectroscopy (MPS). The THP-1 cell membrane engulfed or formed extensions around SynC, indicating

uptake through pinocytosis and phagocytosis. We measured an increased MPS signal of SynC within

seconds of cell contact, suggesting an interaction with extracellular components like the glycocalyx.

Upon adding SynC to THP-1 cells, we could not observe disruption of fluorescently labeled GAGs or an

enhanced intracellular fluorescence, implying that SynC does not accelerate the turnover of GAGs by

binding. Lack of chondroitin sulfate, heparan sulfate, and hyaluronic acid did not affect the rapid

magnetic behavior increase of SynC upon cell contact. Accordingly, we measured no significant

differences in SynC uptake between wild type cells and our GAG-deficient models. These findings

suggest that GAGs act as a permeable bandpass for SynC nanoparticles with a minor negative surface

charge of −13.8 mV. This finding has significant implications for MPI-based cell tracking because it

facilitates efficient tracking of cell types that lack a strong repulsion by cell-surface GAGs. It will be

crucial to investigate whether the rapid uptake of SynC is cell-type specific and influenced by different

extracellular matrix compositions.
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1. Introduction

The unique magnetic properties of magnetic nanoparticles
make them promising tools for disease therapy and diagnosis.
Their biomedical applications range from facilitating
magnetically-guided drug delivery,1,2 destruction of tumors via
magnetic hyperthermia,3 serving as contrast agents in magnetic
resonance imaging (MRI),4 or acting as magnetic tracers in
magnetic particle imaging (MPI).5,6 MPI is a powerful tool for
tracking magnetic nanoparticle-containing cells as it offers high
temporal resolution predicted to be <0.1 s, a spatial resolution
<1 mm, and negligible background.7–9 To take full advantage of
MPI, magnetic nanoparticle tracers must be identied and
characterized appropriately. Suitable MPI tracers must exhibit
a high magnetic moment to achieve a high MPI signal inten-
sity.10 This requirement is fullled by Synomag®-COOH (SynC),
a citrate-coated iron oxide nanoparticle. SynC has a mean
Nanoscale Adv., 2024, 6, 3825–3837 | 3825
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hydrodynamic diameter of 30 nm and a negative surface charge
of−13.8 mV.11 These nanoparticles show a high signal intensity
in MPI due to their nanoower-shaped multicore, which
exhibits high magnetic moments caused by ferromagnetic-like
interactions between the cores.10 The potential of SynC was
previously demonstrated during MPI-based imaging, cellular
uptake quantication, and the use of SynC as an MPI tracer for
THP-1 monocytes.7,12 MPI-based cell tracking requires high
cellular uptake of magnetic nanoparticles.11,13 Monocytes
effectively take up SynC within 10 min, unlike differently coated
iron oxide nanoparticles. The strong MPI signal of SynC,
coupled with their biocompatibility and rapid cellular uptake,
renders these nanoparticles ideal MPI tracers.11

How the efficient and rapid uptake of SynC is facilitated is
still unclear. Prior research considered the connection between
cellular uptake and nanoparticle properties, such as shape, size,
and charge.14–16 The highest uptake rates were reported for
nanoparticles with a diameter of 50 nm compared to larger and
smaller nanoparticles.16–18 Moreover, higher uptake was deter-
mined for charged nanoparticles compared to their neutral
counterparts.19,20 While this research identied trends
regarding the connection between nanoparticle uptake and
physiochemical properties, it does not fully explain the complex
processes determining whether a specic nanoparticle will be
taken up by cells.21 Cellular nanoparticle uptake is inuenced by
multiple biological and experimental factors, including nano-
particle aggregation,22 diffusion,23 interactions with proteins,24

and the oen neglected, cell-surrounding glycocalyx. Nano-
particles must pass the glycocalyx before cellular uptake.25–27

The cell surrounding glycocalyx consists of lipids, proteins, and
glycoconjugates in the form of glycolipids, glycoproteins,
proteoglycans and glycosaminoglycans (GAG).28,29 The long GAG
chains contain repeating disaccharides with a type of uronic
acid bound to an amino sugar, either N-acetylgalactosamine or
N-acetylglucosaminamine. By differentially combining these
saccharides, ve distinct GAG classes form: chondroitin sulfate
(CS), dermatan sulfate (DS), heparan sulfate (HS), keratan
sulfate (KS), and hyaluronic acid (HA). CS, DS, HS, and KS are
covalently linked to core proteins forming proteoglycans.30 It is
well recognized that the glycocalyx regulates cellular uptake
through unspecic electrostatic interactions and by specically
binding molecules.31,32 Recently, the glycocalyx has emerged as
a potential binding partner or barrier for nanoparticle
uptake.33,34 Lieleg et al. proposed that the glycocalyx might act as
a charge-based bandpass, allowing particle diffusion within
a charge range of −30 mV to +10 mV.25 Olivieri et al. observed
that binding to chondroitin and heparan sulfate facilitated the
uptake of positively charged nanoparticles while acting as
a barrier for strongly negative particles.27

Whether and how the glycocalyx plays a role during the rapid
uptake of slightly negatively charged SynC remains to be
elucidated. Here, we investigate the role of glycosaminoglycans
during the uptake of SynC. We observe the uptake processes of
SynC with transmission electron microscopy (TEM) in THP-1
cells. With magnetic particle spectroscopy (MPS), we measure
the interaction of SynC with GAGs, THP-1 cells, or Chinese
hamster ovary cells (CHO) in real time. Upon click-chemistry-
3826 | Nanoscale Adv., 2024, 6, 3825–3837
based labeling of THP-1 amino sugars, we investigate whether
SynC binds or disrupts the labeled glycocalyx structures, facili-
tating their uptake. Subsequently, we investigated how
removing GAGs from the cell surface affects SynC interaction
and uptake efficiency.
2. Results and discussion
2.1. Uptake of SynC by THP-1 cells through endocytosis

Transmission electron microscopy (TEM) has become state-of-
the-art for studying nanoparticle uptake and their interaction
with cellular structures. Iron-oxide nanoparticles can be clearly
distinguished from cells with TEM due to their high electron
density (Fig. S1†).35 We imaged cells incubated with SynC for
10 min to visualize processes at the cell membrane and nano-
particle uptake. We could observe uptake processes with high
recurrence using a high SynC concentration of 6.5 mmol L−1.
Initially, SynC nanoparticles co-localized with the plasma
membrane individually or as clusters. The latter came in
different organizational forms, such as long chains extending
from the membrane (Fig. 1A1), or larger clusters mainly asso-
ciated with the membrane (Fig. 1B1). Generally, the cell
membrane is negatively charged, suggesting a repulsion of SynC
with a negative surface charge of −13.8 mV. However, the
membrane contains cationic plasma membrane sites, which
could explain large SynC aggregates forming at certain sides of
the cell membrane.36–38 We observed the formation of
membrane protrusions around large nanoparticle clusters
(Fig. 1A2, B1 and B2). The extension of the plasma membrane
occurs in phagocytosis and macropinocytosis due to actin
reorganization. These two processes mediate the unspecic
uptake of relatively large particles.39,40 The majority of SynC
nanoparticles were surrounded by membrane extensions,
indicating that unspecic uptake throughmicropinocytosis and
phagocytosis drives the efficient uptake of SynC nanoparticles.
To a lesser extent, we detected membrane engulfment around
smaller nanoparticle clusters (Fig. 1A2 and B2). The formation
of small membrane pockets is characteristic of clathrin- and
caveolin-mediated pinocytosis, which results in small endocytic
vesicles with a size of 60–120 nm. In contracts, endosomes
forming upon macropinocytosis range from 200 nm to 5 mm.40

We observed either a few or a large number of SynC nano-
particles in endosomes (Fig. 1A3 and B3). It is well established
that nanoparticles are initially located in early endosomes,
which fuse and mature into multivesicular endosomes.41 Our
ndings suggest that a substantial amount of the cell-
associated iron quantied in previous studies was internal-
ized aer 10 minutes rather than merely bound to the cell
surface.7,11 In summary, we observed aggregation of SynC at the
cell surface followed by efficient uptake through several endo-
cytic processes within 10 min.
2.2. Rapid alteration of the magnetic signal upon the
interaction of SynC with cells

Next, we focused on the initial processes at the cell surface
facilitating SynC uptake. To monitor the initial processes
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Endocytic uptake of SynC by THP-1 monocytes. Transmission electron microscopy of THP-1 cells that were preserved with HPF/FS after
incubation with cFe= 6.5 mM SynC for 10min. Iron oxide SynC nanoparticles are visible as electron-dense structures. (A and B) Overview of THP-
1 cells. (A1 and B1) SynC aggregates and individual nanoparticles concentrated at the cell surface pointed out by arrows. (A2, B2) Arrows
demonstrate membrane engulfment and extension around SynC particles. (A3 and B3) Arrows point at the intracellular localization of SynC
particles inside endosomes.

Fig. 2 Magnetic particle spectroscopy of SynC in PBS, conditioned
PBS, or THP-1 cells in PBS. The A5/A3 ratio investigates external effects
on cFe= 0.5mmol L−1 SynC. Measurements were performed at bexcit=
12mT and boff= 0.05mT at 37 °C.N= 3, meanwith error bars showing
SD. Measurements normalized to the stable A5/A3 ratio of SynC in PBS.
In the presence of THP-1 cells, the A5/A3 ratio increased rapidly by
D14.54% (SD: ±1.73%) within 11 s. Upon incubation with conditioned
PBS, the A5/A3 ratio of SynC increased by D2.72% (SD: ±3.32%) within
the initial 11 s. After 667 s, the A5/A3 ratio increased by D16.25% (SD:
±0.25%) in the presence of THP-1 cells and by D3.77% (SD: ±4.43%) in
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occurring during the interaction of SynC with cells, we used
magnetic particle spectroscopy (MPS). MPS is proven to be
a sensitive method for depicting effects on magnetic nano-
particles with high temporal resolution.42 Magnetic nano-
particles undergo physicochemical and magnetic changes upon
interacting with cells. The magnetic change can be expressed by
the ratio of the third and h harmonic (A5/A3), providing
a measure independent of the nanoparticle concentration.43 We
previously determined that the A5/A3 ratio of SynC remains
stable in PBS, in contrast to FCS-containing medium.11 Conse-
quently, we normalized our measurements to SynC nano-
particles in PBS, eliminating a potential effect of media
components on the nanoparticles. We started the measurement
immediately aer adding SynC to monitor the initial cell–
particle interaction. The measurement ran for 667 s, with
additional measurement points during the rst 100 s. To ensure
cell viability, we used a concentration of cFe = 0.5 mmol L−1 in
all following uptake and interaction experiments.11 When add-
ing the nanoparticles to THP-1 cells in PBS, the A5/A3 signal of
SynC changed within seconds. During the rst 11 s of cell
contact, the A5/A3 ratio increased steeply by D14.54% (SD:
±1.73%) compared to the baseline in PBS (Fig. 2). The rapid
increase shows that cell contact immediately affected the
magnetic response of SynC in MPS. In the following minutes,
the A5/A3 ratio approached a plateau at D16.25% (SD: ±0.25%).
These observations suggest that initial cell contact had a more
substantial effect on the magnetic behavior of SynC compared
to the process of cellular uptake, which steadily increases. The
rapidity of the effect within just 10 s implies that extracellular
structures, either secreted or bound to the cell surface, caused
the alteration due to their immediate availability for
© 2024 The Author(s). Published by the Royal Society of Chemistry
interaction. To determine whether secreted or cell-bound
structures caused the rapid A5/A3 increase, we repeated the
measurement with conditioned PBS, containing only molecules
secreted from the same number of cells within 10 min. The A5/
A3 ratio only elevated by D2.72% (SD: ±3.32%) aer 11 s and
increased to D3.77% (SD: ±4.43%) aer 667 s in the presence of
conditioned PBS.

Nanoscale Adv., 2024, 6, 3825–3837 | 3827
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conditioned PBS. We concluded that the steep A5/A3 increase in
the presence of cells was mainly caused by contact with cell-
bound structures and only marginally through interaction
with molecules secreted during the 10 minutes measurement.
The underlying processes causing the A5/A3 ratio to increase
could be a cooperative character of induced dipolar interactions
between the moments of aggregated nanoparticles at the cell
surface.42,44–48 Taken together, we observed a rapid alteration of
SynC's magnetic behavior upon contact with cellular structures.
We hypothesized that the binding of SynC to the extracellular
glycocalyx caused the rapid A5/A3 increase.
2.3. Fluorescent glycosaminoglycan labeling revealed no
binding of SynC to GAGs

To test the hypothesis that interactions with molecules of the
glycocalyx trigger the magnetic behavior change of SynC, we
aspired to visualize potential interactions between SynC and the
glycocalyx in living cells. To label glycosaminoglycans under
physiological conditions, we used copper-free click chemistry.
This technique provides a powerful tool for labeling the glyco-
calyx in real time by attaching a uorescent probe to a previ-
ously incorporated sugar mimic.49–52 We introducedmodied N-
acetylglucosamine (GlcNAz), a component of heparan sulfate,
keratan sulfate, hyaluronic acid, and N-glycans into the cells.
Alternatively, we incorporated N-acetylgalactosamine (GalNAz),
a component of chondroitin sulfate, dermatan sulfate, and O-
glycans (Fig. 3A).30,53 Upon incorporation, we performed click-
chemistry-based labeling of the modied sugars.50,54 When
omitting the addition of modied sugars, background staining
was located intracellularly (Fig. 3B). Aer staining cells incu-
bated with modied GlcNAz, we only observed enhanced
intracellular uorescence and no extracellular uorescent,
indicating that the glycocalyx of THP-1 cells contains minor
Fig. 3 Fluorescent labeling of GalNAz or GlcNAz in THP-1 cells using co
azide-modified GalNAz or GlcNAz into the glycocalyx of THP-1 cells. C
sulfate (HS), keratan sulfate (KS), and hyaluronic acid (HA) contain GlcNA
fluorescent molecule was added for 1 h at 37 °C. The fluorescently coup
fluorescently labeling GalNAz and GlcNAz. (B) Intracellular background
sugars. (C) THP-1 cells labeled with 50 mM GlcNAz show enhanced in
incubation with 50 mM GalNAz, fluorescent staining is present intracel
Labeling of extracellular structures indicates that GalNAz-containing mol
Representative images are shown.

3828 | Nanoscale Adv., 2024, 6, 3825–3837
levels of GlcNAz-containing structures (Fig. 3C). In agreement
with our observation, prior HPLCmeasurements suggested that
THP-1 cells contain negligible levels of GlcNAz-containing
heparan sulfate.55,56 Upon uorescently labeling GalNAz-
containing cells, we observed an enhanced intracellular uo-
rescence, a bright membrane labeling, and uorescent struc-
tures expanding from the membrane, implying that GalNAz-
containing molecules are abundant in the THP-1 glycocalyx
(Fig. 3D). Labeling of GalNAz-containing structures in the gly-
cocalyx veries previously conducted HPLC analyses, suggesting
that Gal-NAz-containing chondroitin sulfate is the predominant
glycosaminoglycan in THP-1 cells.55–57

Having identied signicant expression of GalNAz-
containing molecules in THP-1 cells, we next aimed to exploit
this method to investigate interactions between GalNAz-
containing glycocalyx structures and SynC (Fig. 4A). First, we
conrmed the stability of uorescently labeled GAGs in PBS. We
imaged labeled cells 5 or 20min aer adding SynC and included
a control for each time point to control for uorescent reduction
due to photobleaching or turnover of labeled glycosaminogly-
cans. As shown in Fig. 4B, we could not observe the disruption
of uorescently labeled glycocalyx components upon incuba-
tion with SynC for up to 20 min, indicating that glycocalyx
disruption is not associated with SynC uptake. It was previously
proposed that nanoparticles bind to glycosaminoglycans,
facilitating their uptake.27,58,59 To test this hypothesis, we
quantied the intracellular uorescence upon adding SynC. If
SynC binding to labeled GalNAz structures accelerates the
turnover rate of GalNAz-containing molecules, we would expect
to see an increase in uorescently labeled endosomes (Fig. 4A).
We could not observe a signicant enhancement of the intra-
cellular uorescence per cytosol area upon adding SynC (two-
tailed unpaired Student's t-test; pctrl short vs. SynC 5 min = 0.14,
pper-free click-chemistry. (A) Scheme depicting the incorporation of
hondroitin (CS) and dermatan sulfate (DS) contain GalNAz. Heparan
z. After azide-modified sugars were incorporated, an alkyne-coupled
led alkyne group reacts with the modified sugars' azido group, thereby
fluorescence of THP-1 cells previously not incubated with modified
tracellular fluorescence compared to control THP-1 cells (D). Upon
lularly and in extracellular structures attached to the cell membrane.
ecules, such as CS and DS, are present in the glycocalyx of THP-1 cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00277f


Fig. 4 Interaction of SynC with THP-1 cells upon fluorescent labeling of GalNAz. (A) Scheme showing potential hypotheses of SynC interacting
with the glycocalyx of THP-1 monocytes either by binding or disrupting the glycocalyx. (B) THP-1 cells labeled with 50 mMGalNAz for three days
and stained with 3 mMDIBO488 for 1 h. (B1 and B3) GalNAz labeled THP-1 cells without the addition of SynC imaged (B1) directly after washing (n
= 72 cells) or (B3) or upon incubation for 20min at 37 °C (n= 67 cells). (B2 and B4) GalNAz labeled THP-1 cells incubated with cFe= 0.5mM SynC
for (B2) 5min (n= 83 cells), (B4) or 20min (n= 62 cells) in PBS at 37 °C. SynC nanoparticles do not disrupt fluorescently labeled GalNAz structures
(arrows). Representative images are shown. (C) Quantification of the cytosolic fluorescent intensity as corrected total cytoplasmic fluorescent
(CTCF)/cytosol area (a.u). Control short: 56.49, SynC 5 min: 62.89, control long: 56.75, SynC 20 min: 52.70. We determined no significant
difference in the cytosolic fluorescent intensity upon the addition of SynC (two-tailed unpaired Student's t-test; pctrl short vs. SynC 5 min = 0.14, pctrl
long vs. SynC 20 min = 0.35). We conclude that SynC does not cause enhanced uptake of GalNAz-containing structures upon SynC addition.
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pctrl long vs. SynC 20 min= 0.35) (Fig. 4C). We determined a cytosolic
uorescent intensity/cytosol area of 56.49 (a.u.) for short control
cells and 62.89 (a.u.) for THP-1 cells incubated with SynC for
5 min. For longer control cells, we measured a cytosolic uo-
rescent intensity/cytosol area of 56.75 (a.u.) and 52.70 (a.u.) for
cells incubated with SynC for 20 min. These observations
suggest that SynC nanoparticles do not bind to GalNAz-
containing structures before their uptake. Alternatively, cells
could take up GAG-bound nanoparticles at the same rate as
membrane-bound GAGs. A further possibility is that SynC
nanoparticles do not bind to uorescently labeled GAGs prior to
their uptake. The interaction of SynC with GalNAz-containing
molecules could be hindered by incorporating biorthogonal
GalNAz and attaching a uorescent label. In summary, upon
labeling GalNAz-containing structures, we could show no
disruption of uorescently labeled glycocalyx components upon
adding SynC. We could not detect an accelerated uptake of
uorescently labeled glycocalyx components in the presence of
SynC nanoparticles. With further methods, we aimed to
distinguish whether SynC nanoparticles do not bind to GalNAz-
© 2024 The Author(s). Published by the Royal Society of Chemistry
containing glycocalyx structures before cellular uptake or
whether SynC binds to GalNAz-containing structures but is
taken up at the regular turnover rate of GalNAz structures.

2.4. Rapid SynC uptake by THP-1 cells independent of cell-
surface GAGs

To determine whether SynC uptake is facilitated by binding to
chondroitin sulfate, themain glycosaminoglycan in THP-1 cells,
we treated cells with chondroitinase ABC (ChABC). The enzyme
breaks down chondroitin sulfate and dermatan sulfate. We
initially veried that a concentration of 10 mU ChABC for 1 h
was sufficient to break down 5 mg of puried CS (Fig. 5B) and CS
in the glycocalyx of THP-1 cells using stains-all for differentially
glycosaminoglycans staining (Fig. S4†). Upon treatment with
ChABC, we performed real-time MPS measurements to test
whether chondroitin sulfate triggers the A5/A3 increase of SynC
upon cell contact (Fig. 5C). We could not measure any signi-
cant differences in the A5/A3 ratio change between cells pre-
treated with ChABC and untreated THP-1 cells. ChABC-treated
cells caused an increase of D10.40% (SD: ±0.39%) compared to
Nanoscale Adv., 2024, 6, 3825–3837 | 3829
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Fig. 5 Interaction of SynC with ChABC-treated THP-1 cells. (A)
Scheme showing the experimental setup. (B) Stains-all gel showing 5
mg chondroitin sulfate (CS) digested with 1 U or 10 mU chondroitinase
ABC for 2 h or 1 h at 37 °C. 10mUChABC for 1 h was sufficient to digest
5 mg CS. Standard range of 5–0.25 mg CS. (C) Magnetic particle
spectroscopy of SynC in the presence of untreated THP-1 cells or
THP-1 cells pretreated with 10 mU ChABC for 1 h. Measurements at 12
mT, boff = 0.05 mT at 37 °C. N = 4 mean with error bars showing SD.
The measurements were normalized to the A5/A3 baseline in PBS.
ChABC-treated THP-1 cells caused an A5/A3 increase within 11 s by
D10.40% ± 0.39% compared to an increase of D10.19% ± 0.30% in the
presence of untreated THP-1 cells (two-tailed unpaired Student's t-
test; p11 s = 0.41). (D and E) Prussian blue iron staining after incubation
with cFe = 0.5 mM SynC for 10 min of (D) control THP-1 cells or (E)
THP1 cell pretreated with 10mUChABC for 1 h. Representative images
shown. (F) Uptake quantification of SynC with Prussian blue iron
staining by untreated and THP-1 cells treated with 10 mU ChABC for
1 h. An average of 91 cells per condition were quantified. No significant
differences in the uptake of SynC were measured between untreated
THP-1 (9.14% ± 8.36%) and ChABC-treated THP-1 cells (8.30% ±
6.06%) (two-tailed unpaired Student's t-test; p= 0.88). Mean± SD (n=

4).

3830 | Nanoscale Adv., 2024, 6, 3825–3837
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an increase of D10.19% (SD: ±0.30%) triggered by untreated
THP-1 cells within 11 s of cell contact (two-tailed unpaired
Student's t-test; p11 s = 0.41). These results imply that interac-
tion with chondroitin sulfate on the cell surface does not solely
cause the rapid magnetic behavior change of SynC. To test
whether chondroitin sulfate alone affects the A5/A3 ratio of
SynC, we repeated the measurement with puried chondroitin
sulfate dissolved in dH2O (Fig. S2A†). While puried CS does
not resemble the cellular chondroitin sulfate organization, the
general composition remains. During the incubating of SynC
with puried chondroitin sulfate, the A5/A3 ratio remained
consistent with the baseline in dH2O, with an A5/A3 difference of
+0.02% (SD: ±0.11%). Based on that, we concluded that inter-
action with chondroitin sulfate does not trigger the rapid
magnetic behavior increase of SynC we observed upon cell
contact. We tested whether the MPS results also translate into
similar SynC uptake efficiency upon chondroitin sulfate
removal. We incubated ChABC-treated and untreated cells with
cFe = 0.5 mmol L−1 SynC for 10 min and quantied intracellular
iron per cell using Prussian blue iron staining (Fig. 5D and E).
As shown in Fig. 5F, we did not measure any signicant
differences in the uptake of SynC between untreated and
ChABC-treated THP-1 cells (two-tailed unpaired Student's t-test;
p = 0.88). Untreated THP-1 cells had a mean Prussian blue
stained area per cell of 9.14% (SD: ±8.36%) compared to 8.30%
(SD: ±6.06%) in ChABC-treated THP-1 cells. In conclusion,
digesting chondroitin sulfate did not inuence the uptake
efficiency of SynC, indicating that chondroitin sulfate does not
act as an essential binding partner facilitating SynC uptake nor
provides a signicant barrier for SynC.

Previously, Zhang et al. proposed that citrate-coated gold
nanoparticles bind to puried hyaluronic acid.60 We could not
conclusively eliminate the potential presence of hyaluronic acid
at low levels in the THP-1 glycocalyx with differential labeling of
glycosaminoglycans (Fig. S3†). Therefore, we decided to inves-
tigate the role of hyaluronic acid during the uptake of SynC
(Fig. 6A). We initially veried that 2 U hyaluronidase (HyA) was
sufficient to break down 10 mg of hyaluronic acid with differ-
ential glycosaminoglycan labeling (Fig. 6B). To guarantee
a breakdown of smaller HA fragments, we increased the
concentration of HyA to 10 U. With real-time MPS, we measured
no signicant differences between untreated and HyA-treated
cells regarding their ability to affect the A5/A3 ratio of SynC
during the initial seconds of cell contact (two-tailed unpaired
Student's t-test; p11 s = 0.83). Untreated THP-1 cells enhanced
the A5/A3 ratio by D9.45% (SD: ±0.62%) during the rst 11 s,
compared to an increase of D9.26% (SD: ±1.6%) triggered by
HyA-treated cells (Fig. 6C). We concluded that the rapid A5/A3
increase of SynC upon cell contact was not exclusively caused by
hyaluronic acid. We repeated the measurement with puried
high and low-molecular-weight hyaluronic acid. In the presence
of low-molecular-weight HA, the A5/A3 increased by D0.11% (SD:
±0.10%) compared to SynC in dH2O. High molecular weight HA
caused a decrease in the A5/A3 ratio by D−0.09% (SD: ±0.34%)
(Fig. S2C and D†). Based on these measurements, we propose
that hyaluronic acid does not cause the steep increase of the A5/
A3 ratio of SynC upon cell contact. Next, we quantied SynC
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Interaction of SynC with HyA-treated THP-1 cells. (A) Scheme
showing the experimental setup. (B) Stains-all gel showing 10 mg of
high molecular weight hyaluronic acid (HA) (control) or digested with
0.3 U, 1 U, 2 U, or 4 U HyA at 37 °C for 1 h. 2 U HyA were sufficient to
break down 10 mg of high weight hyaluronic acid. (C) Magnetic particle
spectroscopy of SynC in the presence of untreated THP-1 cells or
pretreated with 10 U HyA for 1 h at 37 °C. Measurements were per-
formed at 12 mT, boff = 0.05 mT at 37 °C. N = 4, mean ± SD.
Measurements normalized to stable A5/A3 baseline of SynC in PBS.
Contact with untreated THP-1 cells for 11 s caused an A5/A3 increase of
D9.45% (SD: ±0.62%) compared to D9.26% (SD: ±1.6%) caused by
HyA-treated cells (two-tailed unpaired Student's t-test; p11 s= 0.83). (D
and E) Representative images showing Prussian blue iron staining after
incubation with cFe = 0.5 mM SynC for 10 min of (D) control THP-1
cells or (E) THP1 cell pretreated with 10 U HyA for 1 h. (F) Uptake
quantification with Prussian blue iron staining of untreated THP-1 cells
compared to THP-1 cells pretreated with 10 U HyA for 1 h at 37 °C. On
average 90 cells were quantified per condition. Untreated THP-1 cells
had a mean Prussian blue stained area per cell of 3.75% ± 1.00%
compared to a mean of 3.26%± 1.49% in HyA-treated cells (two-tailed
unpaired Student's t-test; p = 0.60. Mean ± SD (n = 4)).
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uptake by THP-1 cells upon HyA treatment using Prussian blue
iron staining (Fig. 6D–F). Our quantication revealed no
signicant differences between HyA-treated and untreated cells
© 2024 The Author(s). Published by the Royal Society of Chemistry
(two-tailed unpaired Student's t-test; p= 0.60). Untreated THP-1
cells showed amean stained area per cell of 3.75% (SD:±1.00%)
compared to 3.26% (SD: ±1.49%) in THP-1 cells pretreated with
HyA (Fig. 6C). We concluded that hyaluronic acid is not essen-
tial for SynC uptake by THP-1 cells.

In summary, removing chondroitin sulfate and hyaluronic
acid did not enhance or reduce the uptake of SynC, suggesting
that CS and HA do not form a signicant barrier for SynC nor
demonstrate an essential binding partner for SynC uptake. The
involvement of other glycosaminoglycans during the uptake of
SynC by THP-1 cells is unlikely due to minor levels of Gal-NAz
containing heparan sulfate and keratan sulfate (Fig. 3C). Note
that THP-1 cells could have resynthesized chondroitin sulfate or
hyaluronic acid during the incubation with SynC due to absence
of the digesting enzymes.
2.5. Xylosyltransferase-decient CHO mutants efficiently
take up SynC

To exclude GAG resynthesize as a confounding factor, we
investigated SynC uptake of an established GAG-decient cell
line. We compared two Chinese hamster ovarian carcinoma cell
lines (CHO): wild type CHO-K1 cells and psgA-745 mutants,
lacking xylosyltransferase (Fig. 7A).61 The enzyme facilitates the
rate-limiting step of attaching xylose to the proteoglycan core
protein during glycosaminoglycan synthesis. Thus,
xylosyltransferase-decient mutants lack chondroitin and hep-
aran sulfate.27,62,63 Using the CHO cell models, Olivieri et al.
observed a signicantly reduced uptake of positively charged
polystyrene nanoparticles (+59 mV) in psgA-745 mutants, indi-
cating that CS and HS binding facilitates their uptake. The
uptake of negative polystyrene nanoparticles (−58.9 mV)
increased in psgA-745 mutants compared to wild type cells,
indicating that CS and HS repelled these nanoparticles.27 We
aimed to investigate whether CS and HS also regulate the
uptake of SynC in CHO cells by incubating adherently grown
cells with SynC nanoparticles for 3 h. We quantied the intra-
cellular uptake of SynC with Prussian blue iron staining
(Fig. 7B). Mutant psgA-745 cells showed a trend towards
a slightly increased uptake of SynC compared to wildtype CHO-
K1 cells (mean stained area 47.60% (SD: ±16.90%) vs. 31.05%
(SD: ±9.58%), two-tailed unpaired Student's t-test; p = 0.06).
These results indicate that CS and HS are not essential for SynC
uptake, as shown by efficient SynC uptake in GAG-decient
psgA-745 cells. Additionally, HS and CS did not form
a substantial barrier for SynC uptake in adherently grown CHO
cells.

Due to our prior focus on suspension cells and the restriction
of the MPS setup requiring cells in solution, we investigated
CHO cells grown in suspension for at least 24 h. Initially, we
measured the effect of xylosyltransferase deciency on the A5/A3
ratio of SynC upon cell contact. With real-time MPS measure-
ments, we could not measure signicant differences in the
ability to induce a steep A5/A3 increase of SynC upon cell contact
(two-tailed unpaired Student's t-test; p11 s = 0.43) (Fig. 7C).
CHO-K1 cells caused an increase of D12.50% (SD: ±1.06%)
compared to D11.92% (SD: ±0.98%) in psgA-745 cells within
Nanoscale Adv., 2024, 6, 3825–3837 | 3831
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Fig. 7 SynC uptake and cell-surface interaction with xylosyltransferase-deficient CHO cells. (A) Scheme of wild type CHO-K1 cells and xylo-
syltransferase-deficient psgA-745 cells. (B) Prussian blue iron staining of wild type and mutant CHO cells grown adherent upon incubation with
SynC for 3 h (n = 6). On average 36 cells were analyzed per condition for each experiment. CHO-K1 had a mean Prussian blue stained area per
cell of 31.05% ± 9.58%. PsgA-745 cells had a stained area of 47.60% ± 16.90% per cell (two-tailed unpaired Student's t-test; p = 0.06). (C)
Magnetic particle spectroscopy of SynC in the presence of CHO-K1 or psgA-745 cells grown in suspension. Measurements were performed at 12
mT and Boff= 0.05mT at 37 °C for 667 s.N= 4mean with SD. Measurements normalized to the A5/A3 baseline of SynC in PBS. Wild type CHO-K1
cells caused an A5/A3 increase of D12.50% ± 1.06% after 11 s of cell contact. PsgA-745 cells caused an A5/A3 increase of D11.92% ± 0.98% within
11 s (two-tailed unpaired Student's t-test; p11 s= 0.43). (D) Prussian blue iron staining of CHO cells after growth in suspension. Incubation with cFe
= 0.5 mM SynC for 10 min or 60 min. We quantified on average 38 cells per condition for each experiment. No significant differences were
determined in SynC uptake by CHO-K1 and psgA-745 cells after growth in suspension (two-tailed unpaired Student's t-test; p10 min = 0.76; p60
min = 0.93) (n = 4). CHO-K1 cells had a mean Prussian blue stained area per cell of 20.45% ± 8.84% after 10 min and 39.62% ± 14.18% after
60 min. Compared to psgA-745 cells 18.30% ± 10.34% (10 min) and 38.55% ± 17.21% (60 min).
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11 s. Subsequently, the A5/A3 ratio approached a plateau of
D15.32% (SD: ±0.64%) in the presence of wild type CHO-K1
cells and D16.08% (SD: ±0.48%) upon incubation with psgA-
745 cells. We concluded that lack of chondroitin and heparan
sulfate does not alter the A5/A3 ratio of SynC upon cell contact.
Accordingly, the A5/A3 ratio remained stable during the incu-
bation with puried chondroitin sulfate and heparin, which
caused A5/A3 ratio changes of D0.02% (SD: ±0.11%) or
a decrease by D−0.11% (SD: ±0.07%) aer 667 s, compared to
SynC in dH2O (Fig. S2A and B†). Subsequently, we quantied
the uptake of SynC by wild type and mutant CHO cells aer
growth in suspension. Here, we could investigate nanoparticle
uptake aer SynC incubation for 10- and 60 min. Quantication
of SynC uptake by CHO-K1 and mutant psgA-745 cells with
Prussian blue staining showed no signicant differences
between the two cell lines aer growth in suspension (Fig. 7D).
CHO-K1 cells showed a mean stained area per cell of 20.45%
(SD: ±8.84%) aer 10 min compared to 18.30% (SD: ±10.34%)
3832 | Nanoscale Adv., 2024, 6, 3825–3837
in psgA-745 cells (two-tailed unpaired Student's t-test; p10 min =

0.76). Upon a 60 minutes incubation with SynC CHO-K1, cells
showed a mean Prussian blue stained area of 39.62% (SD:
±14.18%), and psgA-745 cells had a mean stained area of
38.55% (SD: ±17.21%) (two-tailed unpaired Student's t-test; p60
min = 0.93). In summary, our results show no signicant
differences in the uptake of SynC by CHO-K1 and chondroitin
and heparan sulfate decient psgA-745 cells. With CHO cells
grown in suspension, we could not verify the trend towards
slightly increased uptake of SynC as observed in adherently
grown psgA-745 cells compared to CHO-K1 cells. This further
supports the conclusions that CS and HS are not essential for
efficient SynC uptake and do not form a substantial barrier for
SynC in CHO cells. SynC uptake could be facilitated by binding
to other components in the glycocalyx, such as glycoproteins
associated with N-glycans or O-glycans, glycolipids, or proteins.
In wild type and mutant CHO cells, we could not determine the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Proposed model for the glycocalyx as a charged-based bandpass for magnetic nanoparticles. (A) Repulsion of strongly negative
nanoparticles with a surface charge below −30 mV. (green). Binding of positive nanoparticles to negatively charged glycosaminoglycans
(orange). (B) Permeable bandpass for nanoparticles within a charge range between −30 mV and +10 mV.
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presence of hyaluronic acid upon differential glycosamino-
glycan staining with stains-all (Fig. S3†).

Upon reaching the cell membrane, SynC nanoparticles
undergo endocytosis. The mechanism by which nanoparticles
initiate endocytosis remains to be fully elucidated. Rees et al.
suggested that nanoparticles arrive into currently forming
endosomes by chance and are internalized as additional
cargo.21 Variability in the cellular endocytic capacity might
inuence the uptake efficiency of nanoparticles. Wild type and
mutant CHO cells exhibited different endocytic capacities for
dextran, potentially affecting the uptake efficiency of SynC
quantied here.64 However, our prior digestion experiments
quantied SynC uptake in THP-1 cells with identical endocytic
baseline capacities.

3. Conclusion

Magnetic nanoparticles need to pass the extracellular glycocalyx
to undergo cellular uptake. Our study focused on the role of
glycosaminoglycans during the uptake of citrate-coated iron
oxide nanoparticles (SynC) with a surface charge of −13.82 mV.
Herein, we show that THP-1 monocytes and CHO cells inter-
nalize SynC independent of chondroitin sulfate, heparan
sulfate, and hyaluronic acid on the cell surface, indicating that
glycosaminoglycans are not essential binding partners that
facilitate SynC uptake nor present a signicant barrier for SynC
uptake. We propose that SynC nanoparticles reach the cell
membrane without experiencing signicant repulsion by
extracellular glycosaminoglycans due to their minor negative
surface charge. The absence of SynC repulsion by cell surface
GAGs could explain the efficient uptake of SynC within 10
minutes. Prior research showed that the uptake efficiency of
strongly negatively or positively charged nanoparticles is
affected by cell surface glycosaminoglycans.27 Based on our
results, we conclude that glycosaminoglycans do not have the
© 2024 The Author(s). Published by the Royal Society of Chemistry
same effect on weakly-negative particles such as SynC. Our
concluding model summarizes the role of cell-surface glycos-
aminoglycans as a barrier, binding partner, and permeable
bandpass dependent on the charge of the nanoparticles in
Fig. 8.25,65

By understanding the relationship between the glycocalyx
and nanoparticle uptake, we may better use citrate-coated iron
oxide nanoparticles as tools in diagnosis and therapy. The here-
reported efficient uptake of SynC unaffected by cell-surface
glycosaminoglycans in THP-1 monocytes further underscores
the potential of SynC as MPI tracers. Moving forward, it will be
crucial to investigate whether the rapid uptake of SynC is cell-
type specic and inuenced by different extracellular matrix
compositions. Such cell-type specic uptake, for instance, by
immune cells or cancer cells, could be exploited in MPI-based
cell tracking of distinct cell types that lack signicant SynC
repulsion by cell-surface glycosaminoglycans.

4. Methods
4.1. Cell culture and treatments

We used the human acute monocytic THP-1 cell line (ACC 16,
DSMZ) cultivated in suspension at 37 °C with 5% CO2 in 75 cm2

asks (Sigma-Aldrich) in RPMI 1640 media (Gibco) supple-
mented with 10% FCS (Biochrom), 100 U mL−1 penicillin
(Invitrogen) and 100 mg mL−1 streptomycin (cRPMI) (Invi-
trogen). The cell number was determined with a Fuchs-
Rosenthal counting chamber. Conditioned medium was
prepared from 1 × 106 THP-1 cells incubated in PBS for 10 min
at 37 °C in a 5% CO2 incubator. The supernatant was collected
upon centrifugation for 2 min at 800g. For GAG digestion
experiments, 1 × 106 THP-1 cells were centrifuged at 1000g for
5 min. The pellet was resuspended in a total volume of 100 mL
Dulbecco's phosphate-buffered saline (PBS) (Gibco) supple-
mented with 10mU chondroitinase ABC (Sigma-Aldrich) or 10 U
Nanoscale Adv., 2024, 6, 3825–3837 | 3833

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00277f


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 5
:5

2:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
hyaluronidase (Sigma-Aldrich). Digestion was performed in PBS
for 1 h in a 5% CO2 incubator at 37 °C. Additionally, we used two
Chinese hamster epithelial-like ovary cell lines (CHO): wild type
CHO-K1 cells (CCL-61, ATCC) and psgA-745 cells, a xylosyl-
transferase I/II decient mutant (CRL2242, ATCC). CHO cells
were cultivated in T-75 cm2

asks (Sigma-Aldrich) with F-12K
medium (Gibco), 10% FCS (Biochrom), 100 U mL−1 penicillin
(Invitrogen) and 100 mg mL−1 streptomycin (Invitrogen) in
a 5% CO2 incubator at 37 °C. Upon trypsin treatment (Gibco),
cells grew at least 24 h, either adherent or in suspension, in
50 mL Falcon tubes (Thermo Fisher Scientic).

4.2. Magnetic nanoparticles

We used citrate-coated multicore iron oxide nanoparticles
called Synomag®-COOH (SynC) (article no. 103-02-301m,
Micromod), with an iron concentration of 130.9 mmol L−1. The
incubation of cells with SynC was performed in PBS at 37 °C
with 5% CO2. We used a concentration of cFe = 0.5 mmol L−1

SynC unless stated otherwise. The SynC particles used had
a zeta potential of−13.8±2.1 mV at pH 7.0 and a hydrodynamic
diameter of 23.4 ±6.2 nm, as previously determined.11

4.3. Transmission electron microscopy

1 × 106 THP-1 cells were centrifuged for 3 min at 1000g and
washed with 1mL PBS. The pellet was resuspended in 20 mL PBS
or 19 mL PBS supplemented with 1 mL SynC (nal conc.
6.5 mmol L−1). The particle incubation was performed for
10 min. 7 mL of the cell suspension was placed in the 200 mM
indented side of a type A aluminum carrier (Ø 0.3 × 0.5 mm
type A, Nr. 16770141, Leica). Cells were enclosed between the
carriers by placing the at side of a type B aluminum carrier on
top (Ø 3.0 × 0.5 mm, Nr. 16770142, Leica). The cells underwent
high-pressure freezing (HPF) (EM HPM 100 High Pressure
Freezer, Leica) at 2100 bar in liquid nitrogen. Aerwards, the
samples were freeze-substituted (FS) (EM AFS2, Leica) in
a cocktail containing acetone with 1% methanol (Carl Roth),
0.5% osmium tetroxide (Electron Microscopy Science), and 5%
dH2O. Freeze substitution began at −90 °C, followed by
a temperature increase of 5 °C per hour until reaching 0 °C. In
between, the samples were kept at−50 °C for 2 h. (T1:−90 °C for
2 h, T2: −50 °C for 2 h, T3: 0 °C). The samples were washed with
acetone (J. T. Baker) four times for 5 min, followed by two 10
minutes washing steps. To avoid cellular disruption, we waited
for sedimentation instead of using centrifugation in between
washing steps. The samples were embedded in Epon (Serva),
which solidied at 60 °C for 48 h. Ultra-thin sections (60 nm)
were cut with an ultramicrotome (Ultracut E, Reicht-Jung)
equipped with a diamond knife (Diatome) and placed on
copper grids (3.05 mm with a slot of 2 mm × 1 mm, Plano). We
used a Zeiss Leo 906 electron microscope at 80 kV acceleration
voltage equipped with a Proscan slow scan 2K CCD camera (Carl
Zeiss) and the ImageSP soware for imaging.

4.4. Differential staining of glycosaminoglycans

We used stains-all (1-ethyl-2-[3-(1-ethylnaphtho[1,2-d]thiazolin-
2-ylidene)-2-methylpropenyl]naphtho[1,2-d]thiazolium
3834 | Nanoscale Adv., 2024, 6, 3825–3837
bromide) (Sigma-Aldrich), a cationic carbocyanine dye to
differentially stain glycosaminoglycans.59 As glycosaminoglycan
standards, we used 5 mg chondroitin sulfate (BioSYNTH),
heparin (Sigma-Aldrich), hyaluronic acid with a high molecular
weight of 750–1000 kD (Sigma-Aldrich), or a low molecular
weight between 130 kD and 150 kD (Sigma-Aldrich). The GAG
prole of our cell models was visualized upon glycosamino-
glycan isolation from 15 × 106 cells. We visualized the GAG
prole of equally treated duplicates to verify the successful
digestion of chondroitin sulfate in the following uptake exper-
iments. We pooled THP-1 cells from four independent experi-
ments with 1 × 106 cells per condition. We initially performed
protein digestion with 2 U papain (Sigma-Aldrich) in PBS sup-
plemented with 24 mg mL−1

L-cysteine (Sigma-Aldrich) for 41 h
at 65 °C. The enzymes were inactivated the next day by
increasing the temperature to 95 °C for 15 min. The samples
were centrifuged for 5 min at 16 000g. Upon transferring the
supernatant into a new tube, we added 100 mL 1 M NaBH4

(Thermo Fisher Scientic) in 0.5 M NaOH (Merck) and incu-
bated the samples for 2 h at 37 °C. Subsequently, the samples
were placed on ice, and 16 mL 25% HCl (Merck) was added in 2
mL steps. We added 15% TCA (Carl Roth) and stored the
samples at 4 °C for 20 h. The samples were centrifuged for
10 min at 19 000g the next day. The supernatant was kept and
underwent precipitation at −20 °C overnight using 5× the
volume of 100% ethanol (Carl Roth) supplemented with 5%
potassium acetate (Roth). The samples were centrifuged for
30 min at 21 000g. The pellets were washed twice with 2 mL 80%
ethanol and centrifuged for 30 min at 21 000g between washing
steps. We resuspended the pellet in dH2O, added the suspen-
sion to a 30 kDa Amicon® Ultra Centrifugal Filter (Millipore),
and centrifuged for 20 min at 5000g. Aerward, the samples
were washed 10 times using 500 mL dH2O and centrifugation at
5000g for 15 min. In the last washing step centrifugation was
performed for 16 min. Glycosaminoglycans were eluted at
a speed of 1000 g for 2 min. 12 mL of the sample were evaporated
at 65 °C.We used stains-all to verify the digestion of chondroitin
sulfate and hyaluronic acid. We digested 5 mg of chondroitin
sulfate in 10 mL PBS for 1 h or 2 h with 10 mU or 1 U ChABC
under the previously described conditions. We digested 10 mg of
high molecular weight hyaluronic acid as an additional control
with 0.3 U, 1 U, 2 U, or 4 U hyaluronidase for 1 h under the
previously described conditions.

Glycosaminoglycans isolated from cells and control samples
were analyzed with a 10% polyacrylamide gel (Rotiphorese® Gel
40 (29 : 1), Carl Roth) that underwent a pre-run for 30 min at
100 V. We used 50% glycerol in 60 mmol L−1 tris (pH 8.7) as
loading buffer. Upon sample application, the gel was run for 1 h
at 100 V using 60 mmol L−1 tris (pH 8.7) as a buffer. The gel was
stained with 3 mg stains-all dissolved in 3 mL chloroform
(Merck) in 60 mL 50% ethanol. The staining was performed for
15 min at RT. To remove background staining, the gel was
rinsed twice with dH2O, washed twice for 15 min with dH2O,
and kept overnight in a dH2O bath.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.5. Continuous magnetic particle spectroscopy

With magnetic particle spectroscopy (MPS), the interaction of
magnetic nanoparticles with cells was measured. MPS is a fast
and sensitive measurement technique applying an oscillatory
magnetic eld to magnetic nanoparticles at a standard
frequency of 25 kHz and amplitudes up to 25 mT. MPS detects
the non-linear magnetic response of the nanoparticle's
magnetic moment. For the measurement, 1 × 106 cells in
suspension were used. Before the measurement, the cells were
centrifuged at 800g for 2 min. The pellet was washed once with
1 mL PBS and resuspended in 100 mL PBS. The interaction with
the previously described puried glycosaminoglycans (GAGs)
was investigated using 100 mL of GAGs (1 mg mL−1) dissolved in
dH2O. For each measurement, 100 mL of sample was transferred
into an NMR glass tube (Bruker 180 NMS PC). MPS measure-
ments were performed at 37 °C with an excitation eld ampli-
tude of 12 mT (MPS-3, Bruker). We measured at 12 mT to
achieve a balance between a strong magnetic response and
a low potential magnetic inuence to prevent chain formation
of nanoparticles. Therefore, the eld was reduced to 0.05 mT
between the measurements. Immediately aer starting the
measurement, 100 mL of 1 mmol L−1 SynC in PBS or dH2O was
added to the sample (nal iron concentration cFe = 0.5 mmol
L−1). The MPS spectrum was measured for 667 s. We measured
continuously aer 1 s, 5 s, 11 s, 27 s, 44 s, 80 s, 147 s, 254 s, 441 s,
and 667 s. The data were analyzed and visualized using Micro-
so Excel (Microso) and Prism version 8 (GraphPad).
4.6. Click-chemistry-based labeling of THP-1 cells

Based on copper-free click chemistry, we stained THP-1 cells
uorescently.50 We added 50 mM azido-modied sugars to 1 ×

106 THP-1 cells for 72 h under the previously described cell
culture conditions. We used Click-iT™ GalNAz (N-azidoace-
tylgalactosamine tetraacetylated) (Thermo Fisher Scientic) or
Click-iT™ GlcNAz (N-azidoacetylglucosamine tetraacetylated)
(Thermo Fisher Scientic). Aer three days, the cells were
centrifuged at 800g for 2 min. The pellet was washed twice with
cRPMI medium. Fluorescent staining was performed with 3 mM
Click-iT™ sDIBO-Alexa Fluor 488 (Thermo Fisher Scientic) for
1 h at 37 °C with 5% CO2. The cells were washed four times with
cRPMI medium and centrifuged for 3 min at 800g between
washing steps. For imaging, the cells were resuspended in PBS
and transferred into a m-slide 4-well ibi-Treat (ibidi). Microscopy
(BZX-810, Keyence) was performed at 60× magnication. To
investigate the interaction of cells with cFe = 0.5 mmol L−1

SynC, we added the nanoparticles and repeated imaging 5 or
20 min aer addition. We imaged a control for the short and
long incubation with SynC to control for photobleaching and
turnover of uorescently labeled structures. Imaging was per-
formed with a confocal laser scanning microscope (Spinning
Disk Confocal CSU-X, Nikon) with a 60× water immersion
objective (Plan Apo IR 60× WI DIC N2, numerical aperture of
1.27, Nikon). The intracellular uorescence was determined
with ImageJ according to Ansari et al.66 We set a threshold to the
green channel and measured the cytosolic area and integrated
density of the cytosol for each cell. We calculated the corrected
© 2024 The Author(s). Published by the Royal Society of Chemistry
total cytoplasmic uorescence (CTCF) for each cell using the
formula: CTCF = integrated density cytoplasm − (area cyto-
plasm × mean uorescence of background readings). We
measured three backgroundmeasurements for each image. The
calculated CTCF was divided by the cytosolic area. The data is
shown as mean ± SD. With Prism version 8 (GraphPad) we
performed a two-tailed unpaired Student's t-test to compare the
control cells with cells incubated with SynC. Statistical signi-
cance was dened as p < 0.05.
4.7. Quantication of SynC uptake

We quantied the cellular uptake of SynC with Prussian blue
iron staining. We used 1 × 106 suspension cells. Adherent cells
were seeded at a density of 1 × 104 per well for 24 h in m-slides
with multi-cell m-pattern (ibidi). Medium changes were per-
formed by tilting over the slide. Prior to SynC incubation, cells
were washed once with PBS. SynC incubation was performed for
10 min, 60 min, or 3 h in PBS. Aerwards, suspension cells were
washed once with PBS, and adherent cells three times. We xed
the cells with 0.05% glutaraldehyde (Merck) for 45 min at RT.
Suspension cells were transferred into an uncoated m-slide 4-
well (ibidi). Subsequently, 2% potassium ferricyanide (Sigma-
Aldrich) and 1% HCl (Merck) were added for 30 min (suspen-
sion) or 20 min (adherent) at RT. Imaging was performed in
dH2O with a light microscope (BZX-810 microscope, Keyence) at
100× magnication. To minimize the inuence of the time
related increase in staining intensity we imaged the cells
quickly and alternated between the two groups during image
acquisition. SynC uptake was quantied as Prussian blue
stained area per cell upon background reduction and threshold
setting with ImageJ. We excluded dead cells from subsequent
analysis. Cells with a destroyed membrane did not show the
characteristic distribution pattern of endosomal iron accumu-
lation but rather a homogeneous strong staining. The data is
shown as mean ± SD. Prism version 8 (GraphPad) was used for
statistical analysis and visualization. We performed a two-tailed
unpaired Student's t-test to determine the differences in SynC
uptake in treated vs. untreated THP-1 cells and between CHO-
K1 cells and psgA-745 cells. Statistical signicance was
dened as p < 0.05.
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