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Quantitative Recovery of Magnetic Nanoparticles
from Flowing Blood: Trace Analysis and the Role of

Magnetization

Christoph M. Schumacher, Inge K. Herrmann, Stephanie B. Bubenhofer,
Sabrina Gschwind, Ann-Marie Hirt, Beatrice Beck-Schimmer, Detlef Giinther,

and Wendelin J. Stark*

Magnetic nanomaterials find increasing application as separation agents to
rapidly isolate target compounds from complex biological media (i.e., blood
purification). The responsiveness of the used materials to external magnetic
fields (i.e., their saturation magnetization) is one of the most critical param-
eters for a fast and thorough separation. In the present study, magnetite
(Fe30,) and non-oxidic cementite (Fe3C) based carbon-coated nanomagnets
are characterized in detail and compared regarding their separation behavior
from human whole blood. A quantification approach for iron-based nanoma-
terials in biological samples with strong matrix effects (here, salts in blood)
based on platinum spiking is shown. Both materials are functionalized with
polyethyleneglycol (PEG) to improve cytocompatibility (confirmed by cell
toxicity tests) and dispersability. The separation performance is tested in
two setups, namely under stationary and different flow-conditions using
fresh human blood. The results reveal a superior separation behavior of the
cementite based nanomagnets and strongly suggest the use of nanomaterials
with high saturation magnetizations for magnetic retention under common

magnetic labeling®®! and blood or tissue
purification.*8l The ease to provoke a
physical movement of a desired constituent
through applications of an external mag-
netic field in a tissue pervading manner
is most attractive. Movement is essentially
controlled by the magnetic characteris-
tics and volume of a particle next to the
magnetic field’s properties (strength and
gradient). Decreasing the particle size in
favor of a high-surface to volume ratio and
mobility weakens the magnetic responsive-
ness.’l Consequently, targeting of deep
tissue sites and re-collection of magnetic
particles under flow conditions (magnetic
dialysis) requires particles with high mag-
netic moments. The size constraints imply
that efficient magnetic targeting solely
relies on the magnetic properties of the
core material. Among the ferromagnetic
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blood flow conditions such as in veins.

1. Introduction

Magnetic nanomaterials allow fascinating perspectives for bio-
medical applications.l') Particularly in targeted drug delivery, as
contrast agents,®l magnetic hyperthermia in cancer-treatment,*!
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elements iron, cobalt and nickel, the last

two have been associated with adverse

side effects at relatively low plasma con-
centrations (e.g., metal-on-metal hip implants).'” Physiologi-
cally well-accepted iron in the form of polymer or silica coated
magnetite exhibits a pronounced saturation magnetization (typi-
cally <60 emu g!) and can easily be obtained as nano-sized and
even superparamagnetic (i.e., no remaining magnetic moment
without external field) particles by wet phase chemistry.ll!
Carbon-encapsulated non-oxidic cementite (Fe;C) nanoparticles
with a chemically stable C-coating have recently become avail-
able through reducing flame spray synthesis.'”! Cementite has
an even higher saturation magnetization (up to 140 emu g})
than magnetite. The well-structured few-layer carbon surface
coating furthermore offers a platform for stable covalent chem-
ical functionalizations.!"*!

Here, we report the synthesis and detailed physical and mag-
netic characterization of both magnetite and cementite particles
with platinum doping (0.1 wt%) to establish an analytical tool
for quantification of magnetic particles in biological samples
with strong matrix effects (iron, salts in blood or tissue). A
low detection limit for the nanoparticles was achieved through
quantitative platinum analysis by inductively coupled plasma
mass spectrometry. Platinum is chemically inert, not abun-
dant in living organisms and therefore well-suited for analytical
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purposes. Both materials were functionalized with polyethylene
glycol (PEG) surface groups to enhance dispersibility.!41¢l
Recently, the detoxification of contaminated human whole
blood using cementite nanoparticles was reported.’! Due to its
viscosity, the thorough separation of a magnetic nanomaterial
from blood within a reasonable time-frame is challenging. We
compared a stationary separation (no liquid movement) of the
magnetic particles from fresh human whole blood. Secondly,
we analyzed the effectiveness of separation under continuous
blood flow representing in vivo conditions in small (venules,
tissue level) or even larger human veins (e.g., vena cubitalis,
brachialis). Non-oxidic magnetic cementite nanoparticles could
be quantitatively recollected even from flowing blood while less
magnetic oxide-based nanoparticles stayed in the blood stream.
The capability to reliably inject and remove a magnetic particle
from flowing blood offers attractive perspectives for the devel-
opment of novel treatment concepts such as in vivo extraction
of toxins or infectious agents.

2. Experimental Section
2.1. Nanomaterial Synthesis

Precursor Synthesis: Platinum acetylacetonate (0.435 g, > 98%,
ABCR-Chemicals) was dissolved in a mixture of 2-ethylhexa-
noic acid (2 99%, Sigma-Aldrich) and tetrahydrofuran (THF)
(= 99%, Fisher Scientific) (60 mL, weight:weight ratio 1:1) to
give a brownish precursor solution.

An aqueous 25% NHj solution (688 g, Merck) was added
stepwise to 2-ethylhexanoic acid (1442 g, technical grade,
Soctech) using external cooling by an ice-water bath. Hereafter,
FeNO;-9H,0 (1820 g, > 98%, ABCR-Chemicals) was added suc-
cessively under vigorous stirring. A brown, very viscous mixture
resulted. Pentane (= 98%, Sigma-Aldrich) was added at discre-
tion to obtain a reasonable viscosity to separate and reject the
aqueous phase. Thereafter, the organic phase was dried using
anhydrous MgSO, (= 99.5%, Sigma-Aldrich) and filtrated. The
pentane was removed by distillation, resulting in a highly vis-
cous brown liquid.

The metal content of the platinum precursor was calcu-
lated from the initial weights of all used substances (0.4 wt%
Pt). The iron-content of the Fe-precursor was determined by
adding small amounts of precursor into Erlenmeyer-flasks and
burning of the organic contents by heating to 600 °C for 2 h.
Hereafter, the composition of the residues was determined
using X-ray diffraction (XRD). By measuring the mass of the
residues (pure Fe,0;) and knowing the initial amounts of
precursor which was burnt, the metal content was calculated
(11.4 wt% Fe).

Platinum Spiked Magnetite Nanoparticles: The platinum and
the iron precursor were mixed at a ratio to target 0.1 wt% plat-
inum in magnetite (Fe30,). This mixture was further diluted
with THF (weight-ratio precursor:THF 2:1) and then used in
a partially reducing flame-spray synthesis unit as previously
described.l'”] The oxygen content of the environment during the
production was kept at a concentration of around 200-500 ppm
(confirmed by online mass-spectroscopy). The resulting black
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powder was characterized by XRD, element microanalysis, mag-
netic hysteresis and first-order reversal curve (FORC) analysis.

Carbon-Coated Platinum Spiked Cementite Nanoparticles: The
platinum and the iron precursor were mixed to target 0.1 wt%
platinum in cementite (Fe;C) and then diluted with THF
(weight-ratio precursor:THF 2:1). Carbon-coated platinum-
spiked cementite particles were produced in a reducing flame-
spray synthesis unit with an entering acetylene stream above
the flame.l'2!3 The oxygen content in the atmosphere was kept
below 40 ppm during the synthesis. The resulting platinum-
spiked carbon-coated cementite particles were thoroughly
washed in HCI (24%) for 1 week in total (acid exchange every
day) to remove material which was improperly coated with
carbon. By this procedure around 40 wt% of the material is lost,
yielding a chemically very stable fraction of particles.l'¥! The
resulting black powder was characterized by XRD, elemental
microanalysis, hysteresis and FORC analysis.

2.2. Chemical Functionalization

PEG-Functionalization of Platinum Spiked Magnetite Nano®
particles:  As-prepared platinum-spiked magnetite particles
(100 mg), consecutively termed as Pt/Fe;0,, were added to
DMF (50 mL, > 99%, Sigma-Aldrich) and dispersed by ultra-
sonication. Thereafter, methoxy-polyethyleneglycol-nitrodo-
pamine (10 mg, molecular weight 5000 Da, SuSoS Surface
Technology) was added. The dispersion was stirred for 24 h at
50 °C following previously established protocols.'®! After this,
the particles were separated magnetically, washed with dimeth-
ylformamide (DMF) (2x), H,O (1x), 2-propanol (2x) and then
dried under vacuum. The surface functionality was confirmed
by diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) and element microanalysis. The functionalized parti-
cles are subsequently termed as PEG-Pt/Fe;0,.

PEG-Functionalization of Carbon-Coated Platinum Spiked
Cementite Nanoparticles: Following pre-established protocols,!
thiophenol groups were grafted covalently to the carbon-surface
of as-prepared platinum-spiked carbon-coated cementite parti-
cles, consecutively termed as Pt/C/Fe;C, using aqueous diazo-
nium chemistry. The functional attachment was verified by
DRIFTS and quantified by element microanalysis. Pt/C/Fe;C
(500 mg) was dispersed in phosphate-buffered saline (PBS)
solution (50 mL, pH 7.2, 10 mm EDTA) by ultrasonication.
Methoxy-polyethyleneglycol-maleimide (100 mg, molecular
weight 5000 Da, NanoCS) was dissolved in dimethylacetamide
(25 mL, > 99.5%, Acros).l'") Both solutions were mixed and then
stirred for 6 h at room temperature. After this, the particles
were washed with H,0 (3x), ethanol (3x), dried under vacuum
and again characterized by DRIFTS and elemental microanal-
ysis. The particles are subsequently termed as PEG-Pt/C/Fe;C.

Stationary Magnetic Separation from Human Whole Blood:
PEG-Pt/Fe;0, (25 mg), respectively PEG-Pt/C/Fe;C particles
(25 mg) were dispersed in PBS (5 mL, pH 7.4) by ultrasonica-
tion. Portions (200 uL) of these dispersions were added to cit-
rated human whole blood samples (800 pLL) in glass vials (diam-
eter 28 mm) to achieve initial particle concentrations of 1 mg
particles per mL of fresh human blood. Every donor had signed
a written consent approved by the ethical commission of Zurich

wileyonlinelibrary.com 4889

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

4890 wileyonlinelibrary.com

www.afm-journal.de

a) b)
Blood sample Blood sample
with nanomagnets with separated
nanomagnets

In-flow separation

Dispersed

nanomagnets

in PBS
Nd,Fe, B - magnet

Stationary separation

Mk

www.MaterialsViews.com

Peristaltic pump

Nd,Fe, B - magnet

Peristaltic pump

Blood sample
reservoir

Blood sample
reservoir

Figure 1. a) A stationary magnetic separation setup was used to monitor the performance to remove magnetic materials from human whole blood
using an ultra-strong permanent magnet which was placed at the side of a glass vial for different times. b) Well-dispersed nanomagnets in PBS were
pumped into a flowing blood-stream and were later removed with a strong magnet which was placed at the side-wall of the silicone tubing. The flow-
rate of both the nanomagnet-dispersion and the blood stream can be adjusted and results in different separation performances.

(No. KEK-ZH 2012-0274) prior to the donation. In volun-
teers, after having obtained written informed consent, 5 tubes
(4.5 mL, 0.129 M sodium citrate, Vacutainer) were withdrawn.
After brief shaking an ultra-strong magnet (Nd,Fe;,B 12 X 12 x
12 mm, =0.5 Tesla) was placed near the samples for distinct
times (10's, 30 s, 1 min, 3 min, 30 min and 60 min) to separate
the magnetic material as shown in Figure 1a. The particle con-
tent of the extracted blood samples was analyzed by the use of
inductively coupled plasma mass spectrometry (ICP-MS).

In-Flow Magnetic Separation from Human Whole Blood: A
setup, depicted in Figure 1b, was established to remove the dif-
ferent nanomaterials from flowing heparinized blood/particle-
streams at a high and a low flow-rate (1 mL min~! and 12.5 mL
min~!, respectively 2.4 mm s™! and 30 mm s™! average blood
flow rate). Therefore, PEG-Pt/Fe;0,4 (25 mg) or PEG-Pt/C/Fe;C
particles (25 mg) were dispersed in buffer (5 mL, PBS, pH 7.4)
using 30 mL glass vials to give a particle concentration of 5 mg
mLL. This dispersion was pumped into blood streams at rates
of 0.2 mL min, respectively 2.5 mL min!, using a peristaltic
pump. The blood was pumped at 1 or 12.5 mL min™' using a
second peristaltic pump approved for hemodialysis. After this
pump the nanomaterial was re-collected using an ultra-strong
permanent magnet (Nd,Fe;,B 12 x 12 x 12 mm, =0.5 Tesla)
which was placed at the side of the silicone-tube (3 mm inner
diameter, 0.5 mm wall thickness).

2.3. Particle Quantification in Blood Samples

Blood samples (typical amount of 1 g) spiked with known
amounts of particles as well as the extracted blood samples were
given into poly(tetrafluoroethylene) digestion tubes. Then HNO;
(65%), HCI (37%) and H,0, (35%) at typical amounts of 1 g
each were added. An additional rhodium spike of 0.25 mg kg!
acted as a recovery-standard for the digestion. The samples

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were treated at 200 °C and 40 bar in a microwave based diges-
tion system (ultaCLAVE II, Milestone Inc.). After this treatment
the samples were diluted to 1:50 with respect to the initial blood
sample amount using an acidic mixture containing HCI (1%,
v/v) and HNO; (1%, v/v). Thereafter the samples were further
diluted 1:20 and spiked with iridium as an internal standard
(2.5 ug kg™). Suitable salt and acid concentrations for a meas-
urement by ICP-MS were achieved using this treatment. The
corresponding calibration standards containing Rh (blank-7 ug
kg™), Pt (blank-3.5 pg kg™!) and Ir (2.5 pg g!) were prepared
from blank blood samples to obtain the same blood matrix levels
compared to the samples. Platinum concentrations and rhodium
recoveries were quantified using a sector-field ICP-MS suitable
for ultra-trace element analysis (Element 2, Thermo Fisher Sci-
entific) by measuring the isotopes 'Rh, %I, 1*Pt and 1°Pt.

2.4. Particle Degradation and Leaching

Due to their high specific surface area and depending on their
chemical resistivity, material leaching into surrounding solu-
tions is a frequently observed phenomenon for numerous
nanomaterials. In order to test the leaching liability under phys-
iological conditions, small amounts of both PEG functionalized
particles (1 mg) were given into PBS (3 mL) and then stirred
vigorously for 1 h. For a comparison under harsher, but not bio-
logically relevant conditions, the same experiment was carried
out in HCI (3 mL, 0.1 m). After the nanomaterials were with-
drawn magnetically from the supernatant and a drop of con-
centrated HCI was added to the PBS samples, a small amount
of potassium thiocyanate was added to form the orange iron-
thiocyanate complex. Solutions with known iron concentrations
acted as calibration standards for an iron concentration deter-
mination by UV-VIS spectroscopy at 467 nm. The strong color
of the iron-thiocyanate complex allows a simple quantification

Adv. Funct. Mater. 2013, 23, 4888-4896
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Figure 2. a) TEM showing spherical platinum-spiked cementite particles in the size-range of 10-50 nm. The insertion in the upper right depicts the
multi-layer graphene-like stacked structure of the carbon-coating, which is responsible for an extraordinary chemical stability. c) Transmission electron
micrograph of platinum-spiked magnetite particles in the size-range of 5-25 nm. b) The cementite and d) the magnetite structure were both confirmed
by X-ray powder diffraction. No indications for a segregated platinum phase were found.

of iron (limit of detection =0.2 mg kg?). This allowed the calcu-
lation of the percentage of degraded particles.

2.5. Cell Compatibility Tests

Human microvascular endothelial cells (HMVEC, Lonza, Basel,
Switzerland) were cultured as described elsewhere.%l Cells were
seeded in 96-well culture dishes (100 000 cells mL™, 0.1 mL
per well). Both PEG-Pt/Fe;O, and PEG-Pt/C/Fe;C were pre-
dispersed in PBS. The cells were then incubated with mag-
netic nanoparticles dispersed in cell culture medium (10 and
100 mg kg!). Lipopolysaccharide (LPS from Escherichia coli,
serotype 055:B5 (2 g mL™}, Sigma-Aldrich, Buchs, Switzerland)
was used as positive control. After incubation for 20 h, super-
natants were collected and centrifuged. For cytotoxicity assays,
some wells were incubated with lysing solution (from the assay
kit, Promega, Madison, WI, USA) for 1 h (100% lysis, maximum
lactate dehydrogenase (LDH) release). Cytotoxicity was meas-
ured following the manufacturer's protocol and values were
calculated relative to the positive control (100% lysis). ELISAs
for human interleukin-6 were performed following the manu-
facturer's protocol (R&D Systems Europe Ltd, Abingdon, UK).

Adv. Funct. Mater. 2013, 23, 4888-4896
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3. Results and Discussion

In a flame spray pyrolysis process under reducing atmos-
phere, iron-based magnetic nanoparticles with either mag-
netite (Fe;0,) or cementite (Fe;C) cores were synthesized.
As with growing applications of magnetic nanoparticles their
detection in complex samples becomes increasingly impor-
tant, the nanoparticles were spiked in situ with a tiny amount
of platinum which serves as a tracer for particle detection in
iron-rich biological sample matrices. The physicochemical
characteristics of the nanoparticles including the shape, the
size distribution, the magnetic properties and cytocompat-
ibility were compared before the performance of the magnetic
beads was assessed in a stationary and an in-flow magnetic
separation process.

3.1. Material Characterization—Physicochemical Properties

The transmission electron microscopy (TEM) in Figure 2a
shows spherical carbon-coated cementite nanoparticles with a
size distribution between 10 and 50 nm. The carbon-coating
appears as a few-layer graphene-like stacked structure, with

wileyonlinelibrary.com
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Figure 3. Vibrating sample magnetometry hysteresis curves of platinum-
spiked cementite (Pt/C/Fe;C) and magnetite (Pt/Fe;O,) particles. The
almost superparamagnetic magnetite particles show a substantially lower
saturation magnetization than the cementite particles.

thicknesses of 1-2 nm. This well-structured and very thin
coating ensures high chemical resistivity!!®! of the core mate-
rial and furthermore allows a chemical functionalization by
forming stable carbon-carbon bonds to the graphene-like sur-
face.3] The magnetite nanoparticles in Figure 2c appear as
close to spherical crystallites with a size distribution between 5
and 25 nm. Corresponding X-ray diffracto-
grams (Figure 2b,d) confirm a cementite,
respectively magnetite phase. Due to the
low platinum content of both particle
types, indications for larger platinum crys-
tals, if present, would be hardly observ-
able in the diffraction patterns. Ideally, a
platinum doping within the magnetite and
the cementite crystal lattice occurs, which
is not visible in XRD. As TEM images did
not show any separate crystallites (high
contrast) which can be addressed to plat-
inum and the harsh pretreatment of Pt/C/
Fe;C with 24% HCI did not result in any
shift of the platinum concentration due to
different dissolution characteristics (veri-
fied by ICP-MS measurements), it can be
concluded that platinum is well-dispersed
within both materials and not present as a
separate phase.

Vibrating sample magnetometry was used
to determine both the saturation magneti-
zation and the magnetic remanence of the
materials. The cementite particles reveal a

H, (Oe)

H, (Oe)

s
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Table 1. C, H, N contents of the different materials determined by ele-
mental microanalysis as well as platinum contents determined using
ICP-MS.

Material C [wt%)] H [wt%] N [wt%)] Pt [wt%)]

Pt/Fe;0, 2.01 0.53 0.07 0.090 £ 0.001
Pt/C/Fe;C 9.87 0.04 0.01 0.105 +0.001
PEG-Pt/Fe;0, 3.46 0.75 0.18 0.088 £ 0.001
PEG-Pt/C/Fe;C 13.04 0.24 0.14 0.101 +£0.001

behavior (remanence 2.4 emu g!) as shown in Figure 3. The
magnetic characteristics changed only slightly after the chem-
ical modification with PEG groups as the functional loading
only accounts for around 3 wt% of the material according to
elemental microanalysis in Table 1.

Magnetic first order reversal curve (FORC) analysis is able
to identify different magnetic phases which are present in a
sample and therefore, in contrast to vibrating sample mag-
netometry (VSM), not only provides averaged information
about the magnetic properties of a sample. Interactions
between magnetic domains as well as size effects become
apparent with this technique. The obtained FORC diagrams
depicted in Figure 4a,b reveal a single phase for both materials
(i-e., absence of multiple spots), which is in good agreement
with the obtained XRD diffractograms. Furthermore, both
profiles are almost narrow and almost symmetric in Hy direc-
tion (distribution of interaction fields), which suggests that
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significantly higher saturation magnetization
(123.0 emu g!) compared to the magnetite
particles (58.7 emu g!). The remanence
of the cementite particles was found to be
27.6 emu g !, whereas the magnetite parti-
cles revealed an (almost) superparamagnetic

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. a) FORC diagram of Pt/Fe;O, revealing a single magnetic phase with magnetically
independent domains (i.e., symmetrical in Hy direction). b) FORC diagram of Pt/C/Fe;C
showing magnetically independent domains. c) Centered coercivity distribution of Pt/Fe;O,
revealing a large fraction of superparamagnetic particles and a smaller fraction of particles
(larger) with a magnetic coercivity. d) Centered coercivity distribution of Pt/C/Fe;C. The mate-
rial shows a broad coercivity distribution compared to the magnetite material, superparamag-
netic particles are absent.

Adv. Funct. Mater. 2013, 23, 4888-4896
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3.2. Surface Functionalization

PEG surface functionalizations are well-
known to enhance the biocompatibility of
nanomagnets in a major extent?!l and fur-
thermore strongly enhance their aqueous
dispersibility.'!) The PEG surface func-
tionalization of both materials was con-
firmed by DRIFTS as shown in Figure 5.
The obtained spectra were compared to the
spectra of the corresponding pure surfactants
and show a good agreement. Moreover, a
strong stretching vibration absorption band

a) . D b) ‘ o
| | I |
I I | |
| | NitroDopa- || |
I I [ |
[ I | |
[ [
’:T.
8
>
‘@
c
Q
£
Fe-O
4000 3000 2000 1000 4000 3000 2000 1000

wavenumber (cm-')

at around 560 cm™, characteristic for mag-
netite,? can be observed.

Figure 5. Diffuse reflectance infrared Fourier transform spectra (DRIFTS) of the chemically

functionalized cementite a) and magnetite b) nanomagnets and structure confirmation by
comparison to the pure surfactant compounds. Peak shifts and intensity changes are a result

3.3 Particle Degradation and Leaching

of binding to the surface and changes in molecular symmetry. The magnetite particles show a

Fe-O stretching vibration at around 560 cm™".

the particles appear as magnetically independent domains.
The centered coercivity plot of Pt/Fe;O,4 in Figure 4c reveals
that a large fraction of the magnetite nanomagnets shows a
superparamagnetic behavior, whereas a smaller particle frac-
tion (larger in size) is responsible for the residual magnetic
remanence of the material which was quantified by VSM. The
centered coercivity plot of Pt/C/Fe;C in Figure 4d shows a
broad coercivity profile and superparamagnetic particles are
absent.

Figure 6. Magnetically separated PEG-Pt/C/Fe;C (left) and PEG-Pt/Fe;O, (right) in 0.1 m HCI
after 1 h of vigorous stirring. The presence of potassium thiocyanate in the supernatant leads
to the formation of an orange complex when ionic iron is present in the solution. The magnetite
based material shows a strong leaching compared to the cementite based material.

Adv. Funct. Mater. 2013, 23, 4888-4896
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Measuring the nanoparticle concentration

in a biological media is not straight forward

and is hindered by the complexity of the
matrix. In addition, potential particle disintegration, gener-
ally labeled as leaching could lead to misinterpretations con-
cerning the remaining particle amount in biological samples
as dissolved material will not be magnetically removed, but
would be considered as remaining particles in a sample
from an analytical point of view. Therefore, knowledge about
the particle stability is pivotal for a reliable quantification
in biological samples. Iron-oxide based magnetic nanoma-
terials are considerably less stable against dissolution than
carbon-coated metal nanomagnets.!?)l Thus, it must be clari-
fied whether leaching could occur under
the examined conditions and time frames.
Small amounts of material were stirred in
PBS and in a second experimental run in
0.1 m HCl as explained in the experimental
section (to simulate chemically harsh, but
biologically irrelevant conditions). The
iron-concentration in the PBS solutions
remained below the limit of detection after
1 h (approx. 0.2 mg kg™! iron or 0.06 wt%
particle loss), which is a typical duration
for a proposed magnetic dialysis?*. Under
the relatively harsh acidic conditions (0.1 m
HCI) 1.90 wt% of PEG-Pt/Fe;0, dissolved,
whereas only 0.14 wt% of PEG-Pt/C/Fe;C
disintegrated. The significantly higher
leaching of the magnetite based material
is illustrated in Figure 6, where the iron
release into the surrounding medium is
visualized by the formation of the orange
thiocyanate complex. These results clearly
highlight the significantly higher chemical
stability of the carbon-coated nanomag-
nets and the eligibility of the here applied
protocols to quantify particles by platinum
spiking under physiological conditions.

wileyonlinelibrary.com
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Figure 7. a) LDH release of human microvascular endothelial cells which were exposed to

polyethylene coated magnetite and cementite particles. There are no significant differences in
protein release compared to the control. b) h-IL6 concentrations in the cell media after 20 h of
incubation showing no increased inflammatory responses compared to the control.

3.4. Platinum Quantification in the Nanomagnets (and in Blood
Samples)

By quantification with ICP-MS the platinum concentrations of
the PEG-functionalized nanomagnets were determined. For this
purpose several blank blood samples were spiked with small
amounts of particles. The results listed in Table 1 confirm a
good agreement between the added amount of platinum in the
precursor solution and the concentration found in the particles.

3.5. Cytocompatibility of Platinum-Doped Nanomagnets

The surface functionalization of particles is the key parameter
for biocompatibility. Polyethyleneglycol coatings are known
as good dispersion agents and are frequently used to enhance
the biological compatibility.l'®l Cytocompatibility of the syn-
thesized nanoparticles was measured by exposing human
microvascular endothelial cells, which line the blood vessels,
to nanoparticles for a time period of 20 h. The release of lac-
tate dehydrogenase (LDH, a protein which is released upon
break down of the cellular membrane) was then quantified
as a measure for cytotoxicity. Human interleukin 6 (hIL-6)
was quantified as a measure for potential inflammatory reac-
tions in response to particles exposure. There were no sig-
nificant differences in the h-IL6 concentration as well as LDH
release for the different particle types and concentrations com-
pared to the controls after 20 h of incubation (Figure 7). There-
fore it can be concluded that the nanomagnets do not reveal
any obvious adverse effects on the used tissue cultures under
the examined conditions.

3.5.1. Nanoparticle Detection in Biosamples by Means of Platinum
Content Measurements

Blood, on average, contains around close to 0.9 wt% (i.e.,
9000 mg kg™!) dissolved salts.”) ICP-MS used for trace
element analysis is sensitive to high salt loadings. After
the digestion procedure the samples were diluted in two
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subsequent steps to obtain an acceptable salt
load of around 100 mg kg™! (1:1000). There-
fore, an initial concentration of 1 mg parti-
cles with 0.1 wt% platinum per mL of blood
results in a platinum content of around
1 pg kg! after dilution. The limit of detec-
tion in the here used protocols was in the
range of 5 ng kg™! platinum, or 5 mg kg™
particles in blood respectively. The quantifi-
cation of even lower platinum concentrations
with mass spectrometry is cumbersome
and therefore discloses the limits of the
here used quantification technique. Higher
platinum doping of the particles to enhance
(lower) the detection capabilities could alter
the material properties in a considerable
extent and moreover leads to platinum phase
segregation (i.e., no doping any more). This
could lead to misinterpretations of the par-
ticle concentration after a magnetic separation as platinum
crystals could not be properly conjoined to the nanomagnets.

3.6. Magnetic Separation from Human Whole Blood

3.6.1. Stationary Extraction Experiments

Unlike to dispersions in pure water the magnetic separation
occurs comparatively rapid in ion-rich buffers or blood. The
effectiveness of stabilizing agents such as polyethylene glycols
is limited in media with high salt concentrations. Thus, parti-
cles can aggregate easier, which strongly influences the magnetic
separation velocity enhancement factor.®! These effects manifest
in the results of the stationary separation experiments depicted
in Figure 8 where a particle contaminated blood volume of
1 mL was cleaned. In a rapid initial extraction phase within
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Figure 8. Remaining magnetic particle concentrations in blood sam-
ples after stationary magnetic extraction. After a rapid initial separation
period, the progress is slowed down as the proximity to the magnet is not
sufficient at all sections of the vial. In contrast to the cementite particles,
the magnetite particles which were too distant from the magnet could
not be collected even after prolonged exposition to the magnetic field.
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Table 2. Nanomagnet separation efficiency under different flow

conditions

Material Low flow [2.4 mm s71] High flow [30 mm s7']
PEG-Pt/Fe;0, >99.5% 56.0%
PEG-Pt/C/Fe;C >99.5% >99.5%

the first seconds the concentrations of both particle types were
strongly depressed, whereas the separation of the cementite
particles occurred slightly more rapidly. Thereafter, the
cementite concentration further decreased, whereas the mag-
netite concentration got only slightly lower and finally stag-
nated. The used vials for the separation had a diameter of
28 mm. A close proximity to the strong magnet becomes critical
for a complete and rapid separation. A higher saturation magneti-
zation of the extracted particles not only enhances their separa-
tion rate, but also the separation reach within a stagnant medium.

3.6.2. In-Flow Extraction Experiments

Different flow velocities within various blood vessels are going
along with different shear stress levels. A higher blood flow
velocity therefore increasingly complicates a reliable and efficient
nanomagnet separation by an external magnetic field. In a first
in-flow separation experiment a moderate blood flow velocity
(2.4 mm s7') was chosen. This flow is comparable to the flow
conditions that can be found in small venules (<20 pm inner
diameter), whereas a higher flow (30 mm s7!) was chosen to sim-
ulate the flow in a larger, therapeutically relevant vein (<5 mm
inner diameter).?%! Table 2 shows the relative particle concentra-
tion levels of both PEGylated magnetic nanomaterials in con-
taminated human blood before and after a simple magnetic
separator under low- and high-flow conditions. In the low-flow
scenario both materials were separated to such an extent, that
the platinum content of the blood samples was below the limit of
detection. Under high-flow conditions however, only 56% of the
magnetite material was removed, whereas the cementite level in
the samples still remained below the limit of detection. In this
context, it must be highlighted that the here used magnetite
particles still reveal a high saturation magnetization after their
chemical functionalization with PEG surface groups (around
3 wt% carbon increase for both materials following elemental
microanalysis results in Table 1). In most reported works!!427]
PEGylated magnetite particles, mostly due to high functional
loadings, reveal significantly lower saturation magnetizations
(a few emu g!). The separation performance of these materials
suffers strongly when being extracted from biological samples,
resulting in prolonged separation durations and incomplete sep-
aration. Under flow-conditions, where the residence time at the
separation point is usually system-inherently limited, this can
result in serious disadvantages of such kinds of materials.

4. Conclusion

The viscosity of biological fluids makes rapid movement of mag-
netic particles challenging. A high magnetization is required
to provide sufficient force for targeted particle movement,
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particularly in a flow situation. Disadvantageous agglomera-
tion effects can be suppressed by chemical modification (e.g.,
PEG[*). This study shows that the commonly cited necessity for
superparamagnetic behavior in magnetic particles is of limited
validity.”®! While the chemical stability of carbon-encapsulated
metal nanoparticles offers significant technological advantages,
it may have its downside in terms of safety when applied in vivo,
and biomedical treatments will have to account for the fate of
traces of particles that remain in a patient for a prolonged time.
The here proposed platinum doping allows quantitative analysis
of tissue sections or blood when using iron-based nanoparti-
cles, even though biological background iron as well as salt con-
centrations are high (matrix effects). The capability to reliably
remove magnetic nanoparticles from flowing blood now per-
mits development of magnetic blood extraction, where a noxious
compound is mechanically removed out of a living organism.
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