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ABSTRACT: Superparamagnetic iron oxide nanoparticles (SPION) have a great potential in
both diagnostic and therapeutic applications as they provide contrast in magnetic resonance
imaging techniques and allow magnetic hyperthermia and drug delivery. Though various types

of SPION are commercially available, efforts to improve the quality of SPION are highly in SPION
demand. Here, we describe a strategy for optimization of SPION synthesis under microfluidics &
using the coprecipitation approach. Synthesis parameters such as temperature, pH, iron salt

concentration, and coating materials were investigated in continuous and segmented flows. cup  p70

Continuous flow allowed synthesizing particles of a smaller size and higher stability than
segmented flow, while both conditions improved the quality of particles compared to batch
synthesis. The most stable particles were obtained at a synthesis condition of 6.5 M NH,OH
base, iron salt (Fe?*/Fe®") concentration ratio of 4.3/8.6, carboxymethyl dextran coating of 20
mg/mL, and temperature of 70 °C. The synthesized SPION exhibited a good efficiency in
labeling of human platelets and did not impair cells. Our study under flow conditions provides
an optimal protocol for the synthesis of better and biocompatible SPION that contributes to
the development of nanoparticles for medical applications.
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B INTRODUCTION

For decades, superparamagnetic iron oxide nanoparticles
(SPION) have been used in both diagnostic and theragnostic
applications such as cell labeling for imaging techniques or
drug delivery.' In particular, SPION are used in various forms

hydrogel films."" The resulting nanocomposite gels inhibited
platelet activation, suggesting a promising particle-mixed-
material for the development of the platelet storage bag
which carries both anti-adhesion and anti-bacterial proper-
ties."!

including contrast agents, tissue repair materials, immuno-
assays, detoxification of biological fluids, hyperthermia, drug
delivery, and cell separation.” The SPION exhibit multiple
advantages such as safe, nontoxic, and biocompatible proper-
ties. In diagnostics, SPION have an ability to label various
types of cells, including human mesenchymal stem cells,
human embryonic kidney 293 cells, or induced pluripotent
stem cells,” allowing analysis of tissue structures and tracking
diseases utilizing magnetic resonance imaging (MRI)4 or
magnetic particle imaging (MPI).” The labeled cells can be
visualized at a high-resolution level using a fluorescent dye or
via magnetic properties of the bound particles on cells.’
Besides, SPION can be used as a heat source in magnetic
hyperthermia (MHT), an upcoming new cutting-edge
therapy,” or as a drug-binding vehicle for cancer treatment.®
In particular, the combination of SPION with encapsulated
polymers that are labeled with the vaccine or a hollow core—
shell structure of SPION with gold seeded nanoparticles offers
other theranostic approaches.”'’ As SPION also exhibit anti-
bacterial property, we have successfully integrated them into

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

Recently, wet chemical processes like sol—gel, pyrolysis,
solvothermal, hydrothermal, precipitation, and thermal decom-
position have been applied for the synthesis of SPION."” The
traditional way to produce SPION is the synthesis in batches.
This method is limited in terms of reproducibility and
specificity because there is less control over parameters during
synthesis.'*~"> Microfluidics overcomes these limitations as it
enables the synthesis of SPION with narrower size
distributions, better reproducibility, and higher drug-loading
capacities due to their greater surface-area-to-volume ratios
and increased mass and heat transfer.'®'” Additionally, short
diffusion pathways in continuous flow, different forces (shear
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Figure 1. Schematic illustration of the synthesis of SPION under various conditions. (A) Syntheses by (left) batch, (middle) continuous, and
(right) segmented flows were investigated. While the process by batch mixes via vigorous stirring, the continuous flow mixes by diffusion in a
laminar stream, whereas for the segmented flow, a carrier stream with non-immiscible oil transports the generated nL droplet through the main
channel. For synthesis under flow, the iron salt (orange: 1 and 4) and base (blue-gray: 2 and 8) were mixed from different channels (black: 3 and
8). The closed side channels S, 6, and 7 (black cross) are used to increase the distance between the droplets to prevent droplet coalescence. The red
arrows indicate the flow direction of the liquid. (B) Cartoons demonstrate synthesis conditions for the development of biocompatible particles
coated with dextran 70 (D70) or carboxymethyl dextran (CMD) which have a similar dextran-based structure, except that for D70 R=H, whereas

for CMD, R=CH,COONa.

forces and interfacial tension), and effects (a pinch-off
mechanism) in droplet-based regimes with the crossflow as
well as flow-focusing setup influence the reaction time and
efficiency of the synthesis process."*™*° Microfluidics is an
efficient tool to adjust and control these parameters. The
synthesis can be controlled in nanoliter-scale microreactors
due to the high level of automation. Typical microfluidic setups
are capillary tubing or chips where the channels with a
diameter between 100 and 1000 um are housed in glass,
silicon, stainless steel, ceramic, or plastic.21 These character-
istics allow for producing particles with optimized magnetic
properties and uniform size/shape. The laminar stream in
continuous flow mode allows spatial and temporal control of
reactant concentration via molecular diffusion, whereas in a
segmented flow regime, the rapid mixing is obtained by chaotic
advection.”” In comparison to the traditional synthesis by
batch, microfluidics enables a higher production rate with the
continuous flow depending on the flow rate.*® In the
meanwhile, the segmented flow setup provides better quality
control by employing in situ analysis of every droplet within a
tube.”* This facilitates a scale-up of product yield in
combination with better control of the production process.
To gain maximal efficiency for medical applications, synthetic
SPION must meet several criteria, such as superparamagnetic
properties and optimal biocompatibility. Even though many
efforts have been made to develop SPION under micro-

fluidics,” a systematic evaluation with the relevant parameters
and more detailed response of SPION to synthetic conditions
remains unclear.

Here, we synthesize superparamagnetic iron oxide (Fe;0,)
nanoparticles under continuous and segmented flow regimes
using the coprecipitation procedure. To identify an optimal
protocol that allows the synthesis of SPION with high quality,
we investigated the effect of different parameters during
synthesis on the quality of particles such as temperature,
reaction time, pH, iron salt concentration, and polymer coating
including carboxymethyl dextran (CMD) and Dextran70
(D70).

The hydrodynamic size distribution and surface { potential
of the synthesized SPION were characterized using dynamic
light scattering (DLS), while iron core diameters were
determined by transmission electron microscopy (TEM).
The composition of the crystal structure and the crystalline
size of the particles were determined using X-ray diffraction
(XRD). Thermal stability, polymerization time, thickness of
polymer coating, and content of the bound polymer were
characterized with thermogravimetric analysis (TGA). The
magnetic property was measured using a superconducting
quantum interference device (SQUID) magnetometer.

Besides the chemical aspects, we investigated the capacity of
particles in the labeling of human blood platelets. Human
platelets are developed from the cytoplasm of bone marrow

https://doi.org/10.1021/acsami.2c13156
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Figure 2. Characteristics of SPION synthesized by batch and under flow. TEM micrographs showed spherical particles synthesized by batch (A,
D), under continuous flow (B, E), and segmented flow (C, F) with an iron salt concentration ratio of 4.3/8.65 mM, 6.5 M NH,OH, and 20 mg/mL
CMD (A—C) or D70 (D—F) coating. Histograms below TEM micrographs showed size distributions of corresponding samples. TEM (G) and
DLS (H) measurements showed a larger iron oxide core and hydrodynamic diameter (dy;) for particles synthesed by batch as compared with those

under flow (I).

megakaryocytes.26 Platelets are discoid-shaped, anuclear
cytoplasmic fragments with a size of 1—2 ym. To prevent or
treat bleeding in patients with severe thrombocytopenia or
platelet dysfunction, the platelets are transfused. By labeling
the transfused platelets with SPION, these cells can be

48013

distinguished from the patient’s platelets. However, platelets
are the most sensitive blood cells that tend to activate
immediately after a short contact with artificial’’ and
unfavorable surfaces of metals including nanoparticles. This
limits many medical applications as activated platelets expose
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proteins”®*’ and release prothrombotic substances’’ that

together with plasma clotting factors cross-link and activate
the surrounding platelets, forming hemostatic plugs at the site
of endothelial damage, which eventually results in blood vessel
closure. Labeling platelets with radioactive tracers for studies in
humans is no longer accepted in many countries.”’ The most
promising nonradioactive labeling methodology is the use of
magnetic nanoparticles conju§ated with proteins such as
human serum albumin (HSA).”* Particle uptake pathway and
detailed characterization have been thoroughly understood.*
Although coating SPION with proteins improved platelet
labeling, the process is complex, and HSA coated on particles
may result in an excess of albumin in the blood. Fortunately,
platelets can endocytose SPION but with lower efficiency.””””
This indicates an opportunity for the development of better
particles for labeling platelets without involving protein
coating. Here, we test the labeling efficiency of platelets with
our synthesized SPION to confirm their biocompatible
property for medicinal applications via the evaluation of
morphological changes in platelets using different imaging
techniques including confocal laser scanning microscopy
(CLMS), white light interferometry (WLI), and scanning
electron microscopy (SEM). To determine the content of
particles that were uptaken in platelets, atomic absorption
spectroscopy (AAS) was utilized. By evaluating the labeled
platelets, we were able to identify the synthesis conditions that
allow us to generate biocompatible SPION.

B RESULTS

Synthesis of Superparamagnetic Nanoparticles
under Flow. The magnetic nanoparticles were synthesized
under continuous and segmented flows and compared with the
ones obtained with the traditional batch synthesis (Figure 1A).
In batch (Figure 1A, left), the mixing efficiency of the reactants
needs to be enhanced through vigorous stirring. At the
beginning of the batch reaction, gradients of different
parameters like temperature, pH, or concentration generate
due to the nonuniformity of mixing. These changes in local
reaction conditions have a strong influence on the nucleation
and growth kinetics of the particles and can increase the size
distribution of the synthetized particles.">** On the contrary,
laminar flow conditions in continuous flow microreactors
(Figure 1A, middle), where the mixing efficiency is diffusion-
based, induced a spatial and temporal control of reactant
parameters.

Due to the chaotic advection inside the droplets or plugs of
the segmented flow regime (Figure 1A, right), the diffusion
during reaction could not be controlled. The segmented flow
microreactors are generated with immiscible liquids, in which
the nonpolar medium (oil) as a continuous stream cuts the
polar medium, which is the discontinuous stream, by viscous
and shear forces. The nonpolar liquid (carrier medium)
transports the generated droplets through the main channel.
This allows a fast and efficient homogenization of the reaction
medium and increases the speed of the reaction.”” To enhance
the biocompatibility of particles, polymers including dextran of
70 kDa (D70) or carboxymethyl dextran of 10 kDa (CMD)
which were coated on the surfaces of particles (Figure 1B).
This long-chain hydrophilic polymer is composed of glucose
with mostly a-1,6 glycoside linkages (Figure 1B).>> The strong
physisorption to magnetic particles occurs in alkaline solution
via noncovalent interactions of the abundant hydroxyl groups,
resulting in enmeshed nanoparticle cores.”* D70 and CMD

have a similar dextran-based structure, except that for D70 R—
H, whereas for CMD, R=CH,COONa (Figure 1B). The
hydroxyl groups of D70 can be easily cross-linked and
functionalized with primary amines to attach various targeting
ligands, peptides, or metal probes. The coprecipitation method
employs an alkaline solution such as hard Lewis base
(NH,OH) to precipitate Fe*" and Fe®" ions in an aqueous
solution. Magnetite nanoparticles were produced via hydrolysis
of iron salts to hydroxides as intermediates (reaction 1),
followed by dehydration (reaction 2).”” We applied this well-
established coprecipitation method to produce magnetite
(Fe;0,).

2FeCl, + FeCl, + 8NH,OH
— 2Fe(OH), + Fe(OH), + 8NH,CI (1)

Fe(OH), + 2Fe(OH); — Fe;0, + 4H,0 (2)

To characterize the synthetic magnetic particles, we utilized
DLS and TEM as previously described.'”'¥*%** We first
compared the size of particles synthesized by batch and
produced under continuous and segmented flows (Figure 2).
The synthesis by batch was performed using 4.3 (FeCl,)/8.65
(FeCl;) mM as iron (2+/3+) chloride concentration, 6.5 M
NH,OH at 90 °C, 1 h reaction time under an argon
atmosphere, and CMD or D70 as coating as previously
described.” To avoid liquid evaporation, the temperature and
reaction time in the continuous and segmented flow regime
(70 °C, 30 min) were lower than synthesis by batch (90 °C, 60
min). TEM micrographs showed that the core size of particles
in spherical crystalline shape varied between 4 and 7 nm
(Figure 2A—F). The size, size distribution, and shape of
particles were comparable with the ones reported previ-
ously."”*' The Resovist as control showed a hydrodynamic
diameter (dy) of 43.4 nm and a core size of around 5—6 nm.
CMD coating resulted in narrower size distribution as
compared with D70 coating (Figure 2A—F, lower panels).
Averages and standard deviations obtained from different
experiments showed that the synthesis by batch produced
particles of larger size than the synthesis under flow (Figure
2G—H). The hydrodynamic diameter (dy), which measured
the size distribution of not only the polymer-coated particle
but also the hydration shell, showed about 70 nm difference
between batch and flow synthesis, whereas a small variance of
only a few nm in core diameter was obtained. CMD-coated
particles under flow synthesis showed a smallest hydrodynamic
size, indicating their highest stability of the dispersion.
However, low CMD concentrations (<5 mg/mL) caused a
strong aggregation of particles, while stable particles as
indicated by homogeneous samples could be obtained at
concentrations >10 mg/mL (Figure S1). As particles with
small size together with high stability are highly demanded in
medical applications, especially, for platelet labeling, we
focused in the next experiments only on the synthesis under
continuous and segmented flows using 20 mg/mL dextran
coating.

To determine the purity of the synthesized particles, we
performed an X-ray powder diffraction (XRD) analysis. XRD
showed typical patterns for magnetite particles (Figure 3) that
confirm the cubic inverse spinel crystal lattice as previously
described."”"> Consistent with the characteristics of pure
Fe;O, from the International Center for Diffraction Data
(ICDD file, No. 98-015-8745), our CMD-coated particles
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Figure 3. Plotted XRD patterns with signal intensities (I) at different
Bragg angles (20) for bare (black) and CMD-coated SPIONs (red)
together with the diffraction spectrum of pure magnetite from the
ICDD database (lower panel).

exhibited magnetite diffraction peaks at (200), (311), (400),
(422), (511), and (440) that indicate the high purity of
magnetite Fe;O, particles. The magnetite nanoparticle size (D)
was calculated via the Scherrer formula,'>**

b= KA
B cos 0 (3)

With the X-ray wavelength (4 = 0.15406 nm), the full width at
half-maximum (B) with observed values at 1.036 for bare and
1.760 for CMD-coated SPIONSs, the corresponding Bragg
angle 6, and the shape parameter (K = 0.89), the crystalline
size of the particles was 8.3 nm for bare and 4.8 nm for CMD-
coated SPIONs. The obtained sizes are in good agreement
with the TEM data (Figure 2) and are comparable with that of
Resovist particles described elsewhere.*

We next confirmed the successful polymer coating using
thermogravimetric analysis (TGA). This technique allows for

determining the weight loss of the dried samples according to
the melting temperature (Ty;). For the CMD-coated SPION,
three different steps of weight loss were observed (red, Figure
4A), whereas bare SPION showed only minor weight loss due
to physically absorbed water between 70 and 150 °C (black,
Figure 4A). In comparison, the first decomposition step was
observed at 3—5% weight loss for both particle species due to
the loss of physically absorbed water from the particle surface.
Two distinct thermal decomposition steps ranging between
250—350 °C and 450—600 °C represent the coated CMD
polymer on particle surfaces. The decomposition of the
polymer CMD was in total ~40% with two steps at 10 and
30% weight loss. The higher Ty, in comparison to the absorbed
water is a typical characteristic of covalent bonds between
CMD and particle as described previously.*”** The third peak
appearing at ~700 °C indicates the oxidation of magnetite to
maghemite (y-Fe,0;). Due to the complete weight loss, the
amount of pure magnetite is 55%, meaning that 1 g contains
550 mg of pure magnetite particles.

To determine the magnetization strength of the particles, a
superconducting quantum interference device (SQUID)
magnetometer was used. Magnetization (M) as a function of
magnetic field strength (H) was compared between Resovist
and the synthesized particles including bare and CMD-coated
SPION (Figure 4B). The mass magnetization curves at the
positive field were presented to compare the maximal
magnetization values obtained at the saturation parts (10°—
10" A/m). The steeper the slope of the curve, the higher the
magnetization generated by the particles. Resovist showed a
lower level of magnetization than bare SPION but comparable
strength as compared with that of CMD-coated SPION. The
Resovist is known to have a superparamagnetic property, while
our measured magnetization Resovist was consistent with the
literature, * suggesting that the synthetic particles under flow
also exhibit the superparamagnetic property.

We next investigated the effects of different parameters on
the quality of synthesized particles under flow, including iron
precursor (the iron salt: Fe**/Fe®*), pH (base concentration),
temperature, reaction time, and coating material.
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Figure 4. Confirmation of CMD-coated particles and determination of magnetic strength of SPION synthesized under continuous flow. (A)
Weight loss curve [%] obtained for bare SPION (black) and CMD-coated SPION (red) by TGA at a temperature of up to 800 °C. Several steps of
weight loss were seen ranging from the release of absorbed water and the first/second CMD decompositions to the oxidation of magnetite to
maghemite. The first and second decomposition steps indicate that CMD was splitted from the particle surfaces. (B) Magnetization (M) trend as a
function of magnetic field strength (H) measured using a SQUID magnetometer showed highest M-value for bare SPION (black), followed by
Resovist (orange), and lowest for CMD-coated SPION (green). Note: magnetization curves were not normalized to magnetic material.
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Effect of Iron Salt (Fe’*/Fe**) Concentration. As iron
concentration, pH, and the ratio of ferrous and ferric ions
directly affect the generation of magnetite (Fe;O,) or
maghemite (y-Fe,O5) in synthesis by batch,"’ we investigated
their effect on the quality of particles synthesized under both
continuous and segmented flow conditions. The most suitable
conditions including pH 10.2 (6.5 M NH,OH), 20 mg/mL
CMD coating, and a temperature of 70 °C were first selected.
Synthesized particles at three different iron salt concentrations
including 4.3/8.6, 6.0/12.0, and 8.6/17.3 mM ratios were then
compared. It is known that synthesis at an iron salt ratio <0.5
(ie, 4.3/8.6 mM) results in different intermediate iron oxide
products such as FeO or Fe,Oj; that cause magnetite impurities
(goethite), while at iron salt ratio >0.5, the product quality
reduces.””

Thus, too low and too high iron salt ratios were not
investigated in this study. We found that the size of particles
increased with increasing iron salt concentration, while their
negative surface { potential reduced under both continuous
and segmented flows (Figure S). However, continuous flow
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Figure S. Effect of iron salt ratio on the synthesis of SPION
characterized by DLS. Under continuous (black) and segmented
(red) flows, the iron salt concentration caused changes in the size
(top) and surface { potential (bottom) of SPION (reaction time: 30
min, temperature: 70 °C, and base concentration: 6.5 M NH,OH).
The iron salt ratio of 4.3/8.6 mM provided particles of the smallest
size and highest negative { potential (green).

allows us to synthesize particles with smaller hydrodynamic
size and higher negative { potential than the segmented flow
(Figure 5). The best particles were obtained at the iron salt
ratio of 4.3/8.6 mM at which the size d; was around 100 nm
and the { potential was approximately —42 mV.

Effect of Base Concentration. Next, the iron salt ratio of
4.3/8.6 mM was kept constant, while other parameters such as

temperature, base (NH,OH) concentration, and polymer
coating were varied. We synthesized SPION under three
base concentrations of 3.9, 6.5, and 12.9 M NH,OH, which
correspond to pH 9.5, 10.2, and 10.8. At this pH range, the size
of the colloidal suspension of magnetite is smaller than that in
the lower pH range, which guarantees a regular nucleation and
growth process for the desired magnetite (Fe;0,)."”

The hydrodynamic size and surface { potential of the
particles determined by DLS at the particle concentration of
0.8 mM showed that the base concentration governed the size
of the SPION (Figure 6). The largest sizes were found when
the SPION were synthesized at either low (3.9 M NH,OH) or
high (12.9 M NH,OH) base concentration, and much smaller
sizes were obtained at the intermediate base concentration (6.5
M NH,OH) (Figure 6A). The segmented flow induced larger
particles than the continuous flow at >6.5 M NH,OH, whereas
no significant difference was found at 3.9 M NH,OH. All
SPION showed a high negative surface { potential ranging
between —48 and —65 mV (Figure 6B). Overall, the
continuous flow allowed the synthesis of particles of the
smallest size and high negative surface { potential that can
enhance the stability of the SPION.

Effect of Reaction Time and Temperature on Synthesized
Particles. Based on previous studies showing that the complete
growth process for magnetite nanoparticles is fast (~8 min)
and the digestion time is until 60 min,"> we screened the
reaction time between 30 and 60 min. With the appropriate
synthesis conditions (pH, iron salt concentration, temper-
ature), we did not observe significant differences in particle size
within this reaction time (data not shown). At temperatures
higher than 80 °C, evaporation effects of the base (NH,OH)
during the reaction process occur that alter the 1/2
stoichiometric relation of (Fe®*/Fe®"), which can result in a
strong agglomeration of the generated SPION. At temper-
atures lower than 60 °C, pH needs to be increased to 10.8 to
maintain the iron salt concentration ratio."” Higher temper-
atures cause decreases in oxygen solubility in an aqueous
solution. This favors the degree of crystallinity for generating
magnetite.14 Therefore, we focused on the most suitable
temperature range between 60 and 70 °C under continuous
flow at intermediate pH (6.5 M NH,OH). SPION synthesized
at 60 °C exhibited a larger size (Figure 7A) and slightly higher
negative surface { potential (Figure 7B) than those produced
at 70 °C. The results indicated that better quality of particles
could be produced at 70 °C, and therefore, this temperature
was chosen for the next experiments.

The stability particles stored at 6 °C were tracked over time
within 19 months using DLS. High stability for polymer-coated
SPION in both batch and microfluidics was observed (Figure
S2). The only difference among microfluidic regimes was the
slightly higher hydrodynamic diameter for segmented flow
conditions.

Effect of Polymer Type and Their Concentration. For the
enhancement of the biocompatibility and stability of the
SPION, we compared the hydrodynamic size and stability of
the dispersion of particles via surface { potential when particles
were coated with S, 10, and 20 mg/mL CMD or D70. A strong
aggregation in the sample when particles were coated with <§
mg/mL was observed (Figure S1), and therefore, dextran of
lower than this concentration was excluded from further
investigation.

Comparison of Characteristics of Synthesized Particles
under Various Conditions. To identify the stability of the
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Figure 7. Effect of temperature on synthesized SPION coated with CMD. (A) The synthesized particles at 60 °C (black) exhibited a larger size and
(B) higher negative surface { potential than those at 70 °C (red) at the base concentration of 6.5 M NH,OH.

dispersion of particles, we titrated SPION of different
concentrations up to 1.0 mM into water and compared their
size and surface { potential (Figure 8). All particles synthesized
at various base concentrations (3.9, 6.5, and 12.9 M) and
coated with either CMD or D70 under continuous and
segmented flow were plotted for comparison. Both investigated
parameters varied depending on the synthesized condition.
Within the range of 1 mM iron concentration, the size of
particles did not significantly change for all conditions under
continuous flow (Figure 8A), but a strong variation was
observed at iron concentrations <0.35 for particles synthesized
at low base (3.9 M NH,OH) or <0.16 mM for ones produced
at the high base with CMD coating (12.9 M NH,OH) (blue,
Figure 8B). The results indicated lower stability of the
dispersion of particles at these low and high pH conditions.
Interestingly, the size of D70-coated SPION was comparable
with CMD-coated particles at different base concentrations in
both flow regimes (Figure 8A,B). The CMD-coated SPION
showed higher negative surface ¢ potential (i.c., between —40
and —70 mV) than that of D70 (i.e,, ranging between +10 and
—20 mV). Most probably, D70 coating induced aggregation of
particles. High negative { potential indicates a higher repulsive
effect that leads to more stability of the dispersion among
particles. The CMD coating particles showed higher stability of

the dispersion than the D70 (Figure 8C,D). Continuous flow
did not but the segmented flow clearly showed an exponential
dependence of { potential as a function of iron concentration
(Figure 8C,D). Except D70 coating at high pH, synthetic
particles exhibited { potential values around —40 mV,
indicating the high stability of the particle dispersion. At pH
10.8 (12.9 M NH,OH), the segmented flow also caused a
strong effect on the stability of the dispersion of the SPION.
The particles synthesized at high base concentrations were less
stable than the ones produced at the lower base condition,
especially for D70 coating (Figure 8D).

Overall, the condition to produce the most stable SPION
was determined at (i) 6.5 M NH,OH, (ii) CMD coating with a
concentration of 20 mg/mL, (iii) 70 °C, (iv) an iron salt
concentration ratio with 4.3 mM (Fe®")/8.6 mM (Fe*"), and
(vi) under both continuous and segmented flow conditions.
However, the continuous flow allowed the synthesis of SPION
of a smaller size than the segmented flow. To simplify, we
named SPION (SP) samples as SP1, SP2, SP3, and SP4 for
those synthesized under continuous flow at different
conditions (Table 1).

Ability of Synthesized SPION in Labeling Platelets.
Many efforts for labeling platelets with SPION have been
recently made to distinguish between transfused platelets and
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Figure 8. Comparison of the stability of SPION dispersion among particles synthesized at different conditions. (A) Continuous flow provided a
smaller SPION size than (B) segmented flow, especially at low (3.9 M) and high (12.9 M) NH,OH concentrations (guided by blue line). (C)
Continuous flow did not show an exponential decay of surface { potential, whereas (D) segmented flow did, indicating is lower than —40 mV

(guided by blue line).

Table 1. Overview of the Best Conditions for SPION Synthesis under Continuous Flow

SPION (SP)/characteristics

base condition

polymer (mg/mL)

Name dy (nm) ¢ potential (mV) NH,OH [M]
SP1 135.5 + 329 —(40 to 62) 3.9
SP2 90.5 + 262 —(40 to 62) 6.5
SP3 155.1 + 352 —(40 to 62) 129
SP4 152.7 + 126.6 —21 to +10 129

pH CMD D70 Fe**/Fe** (mM)

9.5 20 4.3/8.6 (molar ratio = 0.5)
10.2 20 4.3/8.6 (molar ratio = 0.5)
10.8 20 4.3/8.6 (molar ratio = 0.5)
10.8 20 4.3/8.6 (molar ratio = 0.5)

patient’s own platelets.””*® Therefore, testing ability of the
newly developed SPION in labeling platelets to identify
particles that do not impair cell’s function is highly demanded.
We selected this most sensitive cell type to identify the
reactivity of our synthesized particles as a hint for future in vivo
studies (Table 1).

We labeled platelets with particles and stained them with
anti-CD42a conjugated antibody for visualization by confocal
laser scanning microscopy (CLSM) (Figure 9). The resulting
images showed different morphologies of platelets (red dots)
depending on the characteristics of added agents (Figure 9).
The nonlabeled platelets showed round shapes and are
separated from each other (Figure 9A), which were
comparable to the shape of platelets labeled with carboxy
dextran particles (Resovist) (Figure 9B). When the platelets
were activated by thrombin receptor-activating peptide
(TRAP) as a positive control, they changed their shapes and
formed aggregation (Figure 9C). The platelets manifest
themselves as small round shapes (Figure 94, red dots), but
they changed their shape which can be visualized as a
fluorescent shadow around the platelets. Interestingly, CMD-
coated particles (SP1—3) induced minimal changes in platelet

morphologies (Figure 9D—F), whereas D70 (SP4) caused
platelet activation and aggregation (Figure 9G). The distinct
effect might result from the surface property of the particles.
The SP4 with D70 coating exhibited a { potential close to zero,
whereas CMD-coated particles (SP1—3) exhibited a ¢
potential of approximately —40 mV. The suspension of SP4
was not sufficiently stable, resulting in an agglomeration that
led to platelet aggregation. Quantification of the size of single
platelets also showed the weakest change by SP2, followed by
SP3, and the strongest increase by SP1 (Figure 9H). The size
of single platelets in the presence of SP4 and TRAP was not
possible to quantify due to platelet aggregation. Thus, we dried
the samples and imaged them with scanning electron
microscopy (SEM) (Figure S3) and white light interferometry
(WLI) (Figure S4). The images showed changes in platelet
morphology in SEM and roughness (Sa) of labeled platelets in
WLI. Quantification of the roughness shows a similar value
among platelets alone, and SP3, higher for SP1 and SP4 but
highest for TRAP. This indicates that aggregation of platelets
was triggered by TRAP and some effects caused by SP1 as well
as SP4, but SP2 did not cause any damage. As fluorescent
labeled CD62P on the platelet membranes, while nanoparticles
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Figure 9. Characteristics of platelets labeled with different types of SPION by CLSM and AAS. Platelets (red) stained with anti-CD42 antibody
fluorescent for CLSM imaging showed no aggregation in the (A) absence of particles, whereas (B) Resovist showed strong aggregation/activation
induced by (C) TRAP, a positive control, and (D—G) variation of platelet sizes induced by SPION. (H) Quantification of the size of platelets after
labeling with SPION showed the largest size of platelets caused by SP1, followed by SP2 and SP3, and the smallest size by Resovist and platelet
alone. Strong activation of platelets by TRAP and SP4 did not allow quantification of platelet sizes, and they linked to each other. (I) The iron
concentration, which was uptaken inside the platelets determined by AAS showed the highest value for SP2, followed by Resovist, lower for SP1

and SP3, and lowest for platelets without particles added.

were located inside the platelets, we attributed that the
possibility of fluorescence quenching by particles during the
investigation was minimal.

To identify the efficiency of the synthesized SPIONs in
labeling platelets, platelets were incubated with particles at 37
°C. After removing unbound particles in the suspension, iron
content per labeled platelet was determined by atomic
absorption spectroscopy (AAS). The most effective labeling
was obtained with SP2, followed by Resovist, SP1, and lowest
for SP3, while the platelet alone as a control showed minimal
iron concentration as background (Figure 9I). The results
again confirmed that the synthesis condition for SP2 provides
the best quality.

B DISCUSSION

We have successfully optimized a protocol for the synthesis of
SPION under flow conditions. Synthesis under flow provided a
better quality of particles than by batch. The continuous flow
improved the quality of SPION compared to the segmented
flow. An optimal condition for the synthesis was identified at
70 °C, pH 10.2 (=6.5 M NH,OH), iron salt (FeCl,/FeCl,)
concentration of 4.3/8.6 mM, and coating carboxymethyl
dextran (CMD) of 20 mg/mL. At this optimized condition,
particles of small size, excellent stability, and biocompatibility
could be produced.

48019

The advantage of efficient mixing of the reactants was
obtained by small diffusion path length in continuous flow
within nL droplets by the segmented flow.”> This allowed
synthesizing SPION of accurate sizes and high quality that
could be proved by multiple methodologies such as TEM,
DLS, XRD, and TGA. Consistent with the previous synthesis
by batch,"® pH together with the ionic strength of the reactants
had the greatest influence on the size and size distribution,
followed by the iron precursor concentration, with a Fe*/Fe®*
molar ratio of 0.5. Furthermore, the operating temperature
varied the particle size, whereas the amount of polymer-coating
agent governed the stability of the particles during the
synthesis process, which is consistent with the previous report
on synthesis by batch.”’

A previous study reported that screening of the reaction time
between 30 and 60 min showed negligible effects.'’ Within the
sealed microfluidic setup, we could reduce the reaction time
and temperature applied in batch synthesis from 60 min and
90 °C to 30 min and 70 °C. The shorter reaction time and
lower temperature avoid evaporation and bubbling effects
generated from the educt NH,OH. The bubbling can disturb
the droplet generation during the synthesis process in the
segmented flow regime. The conventional reaction by batch
requires inert gas (N,, Ar) to prevent uncontrolled oxidation
processes that cause a change in the initial molar ratio of the
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iron precursors.”® Microfluidic setup with its small reaction
volume from uL till nL scale reduces the operating
temperature during the synthesis. Due to sealed chips and
tube modules, the continuous and segmented flows do not
need inert gas to prevent oxidation effects. Importantly, CMD-
coated particles synthesized under flow showed long time
stability of up to 19 months (Figure S2).

pH showed a significant effect on the size of particles
synthesized under both continuous and segmented flows. For
high (12.9 M NH,OH) and standard (6.5 M NH,OH) base
concentration, the continuous flow allowed to produce smaller
particles than the segmented flow, while at the low base
concentration (3.9 M NH,OH), a reversed trend occurred.
This can be interpreted with the differences in the mixing
mechanism of the reactants, nucleation, and growth kinetics of
particles. Based on the theory of colloidal formation by La Mer
et al,* the uniform particle generation needs an appropriate
reaction time until the saturation of the produced particles is
reached. To avoid precipitation, the reaction needs to be fast
enough, so that the saturation limit exceeds before the
precipitation begins.’’ In this supersaturation phase, initial
particles act as seeds or nucleation cores for the final products.
Additional particles developed on the surface of particles until
reaching the final SPION. The size and their distribution
depend on the number of particles developed on the
nucleation seeds. The more particle seeds are produced, the
smaller the particle size will be.”' Additionally, the charge
distribution in the medium is essential for the kinetics of the
nucleation and growth process. Due to the diffusion-based
mixing, in the continuous flow, the reaction time is reduced in
comparison to the segmented flow regime where the mixing is
chaotic. For the higher base concentration than 3.9 M
NH,OH, the enhanced ionic strength by the OH™ ions
reduced the saturation limit. Initial seeds can be produced
faster and a higher amount before the growth process begins.
For segmented flow, the particle growth begins before the
nucleation process is complete. The more or less uncontrolled
process needs to be limited with more exact dosing of the
relevant reactants. In contradiction to batch,'® the size
differences in microfluidics caused by temperature can be
described with the higher amount of particle seeds that can be
built at a higher temperature.

The dependency of the coating concentration for the
particle size indicates that the bigger the coated particle, the
fewer precipitation effects occur. These results follow the
theory of steric stabilization that builds barriers between the
particles.”® The long chain of the coated molecules has a high
affinity for the solvent. This makes it energetically unfavorable
that solvent will be eliminated among particles and from the
surrounding chains. Especially, the difference between CMD
and D70-coated SPION in size and size distribution can be
described with the higher negative charge (hydroxyl and
carboxyl groups)** and the lower molecular weight of CMD
(10 kDa) than D70 (70 kDa). Therefore, stronger electrostatic
repulsion effects due to the higher negative charge of CMD
between the adjacent coated SPION can be a reason.

The { potential trend for the continuous flow regime shows
a minimal variation of the negative charge with increasing
particle concentration until a stable plateau at around —50 mV.
At a low SPION concentration, a higher amount of small
nanoparticle seeds together with CMD and D70 generated the
total amount of charge. In this condition, a higher ratio of
negatively charged ligands like hydroxyl (OH™) and carboxyl

(COO™) groups dominated in the aqueous solution. With
higher SPION concentration, the nanoparticle seed concen-
tration decreased, while the growth process of the nano-
particles occurred and covalent binding events between the
carboxyl groups of CMD and -OH groups of D70 and the iron
precursor led to a constant charge quantity. The reason for
such an effect could be different in the charges between
unbound and particle-bound ligands. On the contrary, with the
segmented flow, the negative charge from particle-bounded
carboxyl groups of CMD increases with the increase of SPION
concentration until a constant value of —60 mV. The lesser
amount of charge at the lower SPION concentration is the
dilution effect of water. With the same parameters (iron
concentration, pH, and temperature), the continuous flow
regime has fewer bounded CMD particles (—S0 mV) than the
segmented flow. This implies that the binding and mixing
efficiency in these regimes differ. In summary, we found that
the { potential differed depending on the mixing mechanism at
each fluidic regime, i.e., faster mixing via the segmented flow
(chaotic mixing) in comparison with the continuous flow
(diffusion based on laminar flow) has some effect on the
binding mechanism of the CMD ligands to the SPION surface.
This effect has been confirmed in several studies of
nanoparticle synthesis in flow.”

In continuous flow, mixing occurs through diffusion. Due to
the parabolic flow profile in the microchannels, nonhomoge-
neous diffusion over the channel height and low mixing
efficiency can occur. To create a good mixing design, chaotic
mixers or 3-D chips that can be split and put back together
(split and recombine design) are necessary.” In segmented
flow, enhanced mixing via chaotic advection is obtained in
droplets. The mixing efficiency depends on parameters like
capillary numbers, the ratio of viscosities of the dispersed and
the continuous phase, the ratio of the drop diameter and the
channel width, and the meandering shape of the channel
design.”* After the generation of droplets with the iron salt
solution, the reaction starts immediately after the dosing with
the base inside the iron salt droplets. This fast and efficient
homogenization enhanced the reaction time in contrast to the
design in continuous flow. This explains the slightly smaller
size of the SPION obtained in continuous flow in comparison
to those in segmented flow which is an advantage in the
direction of minimization of particle size. The disadvantages of
such a homogenous synthesis that influences the size
distribution are the clogging effects of the channels, which
need to be overcome with a special glass capillary injection
design or reaction with ultrasound.*>*® The clogging problems
inside the channels have a strong impact on the magnetic
properties of the resulting nanoparticles. However, the
mechanism of the aggregation effect for iron oxide nano-
particles has not yet been well understood and needs to be
further investigated.

By measuring the hydrodynamic diameter (dy) by DLS, the
aggregation could be identified if two size distributions appear.
Besides colloid forming forces (electrostatic, van der Waals),
dipole—dipole or exchange interactions play a key role by
generating agglomeration processes as interparticle distance
decreases and dipolar interactions increase, while a collective
magnetic state is formed.”” Synthetized SPION exists in the
form of colloids, also termed as dispersions or solid—liquid
systems. Without surface coatings and in the absence of an
external field, SPION tend to gather forming groups of several
magnetic cores generally called aggregates. In an irreversible
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process, magnetic cores will remain together, whereas
formation of alterable agglomerates may occur in the reversible
process. Several processes lead to a mixture of isolated SPION
and their appropriate nanoclusters.’”® The water phase
stabilization is a necessary process to avoid nanoparticle
clustering in the aqueous phase. The colloid stability is
governed by a balance between attractive (dipolar and van der
Waals) and repulsive electrostatic and steric interactions and is
influenced by pH, ionic strength, or medium composition (e.g,,
salt concentration).”” As a result of aggregation processes,
interparticle distances decrease and dipole—dipole interactions
(long distance interactions), whose strength depends on the
distances, increase.”’ Depending on the orientation of the
particles forming the aggregate/agglomerate, either random
orientation or with alignment of the magnetic moments (e.g,
forming chains), these interactions may be significantly
different.”' Increasing dipole—dipole interactions during the
agglomeration mechanism have a significant influence on
magnetization measurements, resulting in a change of
hysteresis loop,”” a shift of the zero-field-cooled maximum
toward a higher temperature,”’ and a similar displacement of
the blocking temperature appears on alternating current
measurements of interacting nanoparticles.”* Exchange inter-
actions are especially relevant in the case of multicore particles
prepared directly with a controlled aggregation of the cores,
forming nanoflowers.®® The exchange interactions (short-range
interactions) involve the coupling of the magnetic moments
from two neighbor atoms. In nanoflowers, there is a crystal
continuity at the core interfaces that allows a cooperative
behavior due to exchange interactions between the cores,
resulting in an enhanced susceptibility while maintaining
superparamagnetic behavior.*®

Only a slight difference in the curve progression by a
SQUID magnetometer indicated that our synthetic particles by
flow provided an approximately equal level of superparamag-
netic strength as compared with Resovist. However, bare
SPION exhibited higher magnetization efficiency than CMD-
coated SPION and Resovist. The reason is the shielding effect
of the polymers during the magnetization process.”® Analysis
by TEM and DLS underlines the better SPION quality in size
and size distribution by the microfluidic synthesis in
comparison to batch. The XRD patterns showed a high purity
of the synthesized SPION with the crystalline size of 8.3 nm
(bare SPION) and 4.8 nm (CMD-coated SPION) in
accordance with the TEM data indicating that the synthesis
process for the generation of pure magnetite in the microfluidic
platforms was successful. In particular, the coprecipitation
synthesis method via Massart under continuous flow showed
better particle performance than in segmented flow. The
reason can be the passive dosing of the base into the droplet of
segmented flow where the reaction occurs immediately. Due to
the very small pressure differences in the microchannels, the
number of dosed reactants can vary. Hence, an automatized
active dosing should increase the precision of the mixed
reactants, which leads to a better quality of the resulting
particles. The TGA results confirmed the characteristic thermal
decomposition curve for CMD-coated SPION in comparison
to bare particles described elsewhere.” The curve showed
several steps of weight loss including the evaporation of
physically adsorbed water at 70—150 °C, the polymer
decompositions at 250—350 °C and 450—600 °C, and the
oxidation of magnetite at ~700 °C.*> As CMD has been firmly
coated to nanoparticle surfaces, high energy is required to

break down the covalent bonds before degradation of the
coating (first and second decompositions, Figure 4).57 After
CMD decomposes completely, the residue that remains is
composed mostly of bare SPION. An estimation of the
polymer content (CMD) was done. The weight loss (%) for
CMD-coated SPION was estimated to be in total approx-
imately 40%, whereas for bare SPION only 3—5% due to the
loss of physically absorbed water. The complete weight loss of
~45% means that SPIONs have an amount of ~55% pure
magnetite. Another interesting behavior of CMD coated with
SPION was observed with increasing CMD concentration that
their chains become more tangled on the surface of SPION.

Besides the chemical aspects, we investigated the biological
applicability of the synthesized particles in the labeling of
human blood platelets. Platelet labeling with a nonradioactive
tracer is highly demanded to distinguish between transfused
and patients’ own platelets according to ethical issues in many
countries.”’ Coating magnetic nanoparticles with albumin
enhanced platelet labeling efficiency.””*®> However, the
complex protein coating process and the release of albumin
in blood circulation can be a drawback. Thus, improvement of
the quality of particles for platelet labeling without involving
proteins becomes another interesting aspect. Our synthesized
SPION showed different capacities for labeling platelets
depending on particle characteristics. With a size of around
100 nm (the SP2), particles penetrate or absorb efficiently into
the platelets. The particles coated with CMD did not induce
platelet aggregation, whereas the ones coated with D70
strongly induced aggregation of platelets. The surface {
potential (around —60 mV) of CMD-coated SPION caused
strong particle repulsion, whereas the surface { potential (zero)
of D70-coated particles caused SPION aggregation. As
platelets are extremely sensitive and can be activated
immediately when contacting nonphysiological surfaces,”” %>’
the resulting large aggregated D70 particles together with their
zero surface { potential likely facilitated platelet aggregation
and activation.

The synthesized particles coated with CMD (20 mg/mL) at
different pH affected the platelets differently, depending on
their size and surface charge. Particle sizes were around 400,
100, and 230 nm at low (pH 9.5 or 3.9 M NH,OH), medium
(pH 10.2 or 6.5 M NH40OH), and high (pH 10.8 or 129 M
NH4OH) base concentrations, respectively. The particles of
the largest size (~400 nm) caused the strongest activation of
platelets, followed by the medium size (~230 nm), and the
weakest by the ones with the smallest size (~100 nm). The
yield of platelet labeling as determined by iron concentration
per platelet was highest by particles of the smallest size (SP2
~100 nm) (Figure 8I). These results indicate that the size of
particles plays an important role in platelet labeling. With
Resovist and albumin-coated particles, we have previously
described®® that the particles diffuse into open canalicular
system (OCS) channels of platelets as observed by TEM
imaging. By measuring binding forces between single particle
and platelets, we observed both strong and weak binding forces
that allowed us to conclude that the particle could travel inside
platelets, but some of them are also bound on the platelet
membranes. Due to the small size of platelet OCS, only small
particles can enter the OCS gates, while particles with a larger
size than the width of the OCS will not be able to diffuse into
platelets. This explains our results that the highest iron
concentration was obtained by labeling platelets with SP2 of dy
~100 nm.
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Figure 10. Segmented flow design of an eight-channel T-shaped FEP chip with C1, C2, and C3 as the inlet for the carrier medium TD (C1), iron
salt (C2), and base (C3) and C4 as the outlet (left). Three-dimensional cut of the chip design (right).

Both platelet morphology, obtained by imaging techniques,
and iron content determined by AAS allow understanding
characteristics of particles produced under different conditions.
These results underline the potential combination of imaging
techniques with an analytical method such as AAS to
characterize the newly developed nanoparticles.

Limitations and Future Perspective. Even though we
have identified a protocol for the better synthesis of qualified
SPION, further magnetic characterization with magnetic
particle spectroscopy (MPS) and magnetic resonance imaging
(MRI) of the obtained nanoparticles could be helpful to
further understand the properties of the particles before in vivo
studies. This analysis allows us to obtain the magnetization
efficiency and the tomographic quality of the particles.
Furthermore, it is possible to confirm the coating material
bound to the particles using Fourier transform infrared (FT-
IR) spectroscopy to further improve the quality of particles.
We have previously proved that human serum albumin (HSA)-
coated Ferucarbotran iron oxide particles (ie, the Resovit
without polymer coating) improved platelet labeling.> It is,
therefore, important to compare the capacity of our developed
particles (the SP2) with the HSA-coated particles in labeling
platelets. The equal or improved labeling ability indicates that
our synthesis particles have a high potential for medical
applications as HSA-coated particles can cause the release of
proteins.

B CONCLUSIONS

We have successfully optimized a protocol for the synthesis of
biocompatible SPION wvia a coprecipitation method under
continuous and segmented flows. Compared to the synthesis
by batch, microfluidic synthesis reduces the reaction time and
operating temperature and does not require an inert gas
atmosphere. Depending on the synthesis methods and reaction
conditions, the physicochemical and magnetic properties of the
particles differ. The best conditions for the synthesis of the
smallest particles with high stability were identified at an iron
salt concentration ratio of 4.3/8.6, pH 10.8 (6.5 mM
NH4OH), and 20 mg/mL CMD coating. Continuous flow
allowed for the production of particles of the smallest size
down to approximately 100 nm, followed by segmented flow,
while largest particles were obtained by batch synthesis.
Particles were successfully coated with CMD or D70. The
resulting CMD-coated particles showed higher stability of
dispersion than D70-coated particles. The CMD-coated
particles under a continuous flow exhibited superparamagnetic
behavior, which is comparable with that of Resovist. Platelets
uptake CMD-coated particles with higher efliciency than the
Resovist, while D70-coated particles impaired platelets. We

provide a helpful protocol for the synthesis of biocompatible
SPION for not only platelet labeling but also other medical
applications.

B MATERIALS AND METHODS

Chemicals and Materials. Iron salts FeCl,-4H,0O, FeCl;-6H,0,
and FeSO,7H,0; ammonia water (25%); sodium hydroxide
(NaOH); carboxymethyl dextran (CMD) of 10 kDa; dextran of 70
kDa (D70); tetradecane (TD) (Sigma-Aldrich, Holzkirchen,
Germany); Resovist (provided by nanoPET Pharma GmbH, Berlin,
Germany for research only); poly(tetrafluoroethylene) (PTFE) and
fluorethylenpropylen (FEP) tubes (Jasco GmbH, Pfungstadt,
Germany); ferrules and fittings (Besta Technik GmbH, Wilhelmsfeld,
Germany); dialysis kit (spectra red, molecular weight cut-off
(MWCO): 20 kDa) (Fisher Scientific GmbH, Osterode/Harz,
Germany, and Carl Roth GmbH, Karlsruhe, Germany); and four-
channel X-shaped micromixer and divider from polyether ether
ketone (PEEK) (VDS Optilab GmbH, Berlin, Germany) were used.
For the monitoring of the droplet generation, a reflex camera (Canon
EOS 2000D) was used.

Ethics. The use of human blood obtained from healthy volunteers
including the informed consent procedure was approved by the ethics
board of Thuringia, Germany.

Synthesis of SPION. The synthesis strategy is based on the
coprecipitation process from Massart.” For the microfluidic setup, an
external actuator as a modular high-precision syringe pump Nemesys
(Cetoni GmbH, Korbussen, Germany) was employed for accurate
dosing and control of inlet flow rates for both continuous and
segmented flow regimes. For the continuous flow, the inlet (C1-C3)
and outlet channels (C4) of the commercial X-shaped micromixer
have a diameter of 0.5 mm (Figure 12). For the segmented flow setup,
all inlet/outlet capillaries (d,, = 1 mm) were custom made from
Teflon-based polymer (FEP) to avert particle deposition and chip
fouling. The eight-channel T-shaped design has several inlets and one
outlet, while the screw thread was drilled from one FEP piece (Figure
10). The amount of different channels allows for varying the synthesis
conditions and the dosing steps between the reactants.

The heating module to reach the reaction temperature consisted of
a Peltier block in which the tube deposit was milled directly. To
prevent sticking of the droplets inside the tubes during the tempering,
the tube mounting within the thermoblock is cylindrical (Figure 11).
The temperature of the reaction process can be varied between 30
and 100 °C with a temperature variation of 0.1 °C (manual
instruction of the Peltier-based unit).

Continuous Flow. The setup consists of a commercial four-channel
X-shaped micromixer with a polyether ether ketone (PEEK) material
and an inner diameter of 0.5 mm, which was performed for the mixing
of iron chloride solutions (FeCl,-4H,0/FeCl;-6H,0) with ammonia
(12.9-3.9 M). To prevent clogging, water was dosed together with
the reactant mixture within the mixer (Figure 12).

The flow rate during the synthesis process was 300 yL/min for
every channel. First, the iron (II/III) chloride solution was mixed with
the coating polymer (CMD or D70) outside the fluidic setup. Then,
this solution was pumped via syringe 3 (S3) into the inlet of channel
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Figure 11. Heating module with the tube mounting for heat cartridge
for 1.6 mm as diameter (1), the tube mounting cap (2), the
thermocouple Pt-100 (3), and the thermostat with the power cable

(4).

C2 and mixed with ammonia (NH,OH), which was pumped via
syringe 2 (S2) into the inlet of channel C1 and water from syringe 1
(S1) into the inlet of channel C3. After the mixing of the educts, the
generated black solution was pumped from the outlet channel C4 and
was heated in the special heating module at 60—70 °C where the tube
was wound up directly on the fan convector for 30—60 min. After the
synthesis, the product was sampled in a collector and dialyzed for 3
days to wash and purify the product from the impurities of the educts
till the pH reached 7. The ready-to-use dialysis tubing (Spectra/Por
Float-A-Lyzer, Thermo Fisher Scientific Inc, Germany) with a
cellulose ester membrane of an MWCO of 20 kDa and a volume of 5
mL was used. Water (1 L) was used as the external solvent, while
dialysis and the buffer exchange were carried out every 4 h, four times.

Segmented Flow. Contrary to the continuous flow, the small
PEEK mixer setup was changed to a fluorethylenpropylen (FEP)
polymer-based chip within eight channels (Figure 13). This design
allows the addition of the reactants separately, and to form droplets
and prevent them from being mixed, tetradecane (TD) was used as
the carrier fluid. Also, a droplet distance control was integrated within
the chip design which avoids droplet coalescence during the reaction
process inside the heating unit. Before the droplet generation and the
synthesis start, the iron precursor (iron(II) and (III) chloride
mixture) was mixed with the coating agent as described in the
continuous flow synthesis. The flow rates were adjusted that first the
iron precursor (iron(II) and (III) chloride mixture) was pumped into
the inlet of channel 2 (C2) and was injected into the carrier stream of
TD, which was pumped into the inlet of channel 1 (C1) to produce a

volume of nanoliter droplets (800 nL). Second, the base from the
inlet channel 3 (C3) was dosed into the iron chloride droplets
passively.

The distance between the generated droplets was spread by
pumping of the carrier fluid TD into the inlet channel 7 (C7). For a
uniform division of the carrier medium, a commercial divider from
PEEK was integrated. The channels C3, CS, and C6 were closed. In
the end and due to its density (drp < dyy,0), TD was easily separated

from the nanoparticles suspension once collected in the sample
collector (Figure 13). The flow rate of each channel in continuous
and segmented flow regimes was 300 xL/min. The reaction occurs
immediately after the mixing of the reactants in the reaction chamber.
The magnetite (Fe;O,) particles were formed, and the conversion to
the product could be followed by a change in the solution color from
light brown to black. Fe;O, suspension was transported inside the
PTEFE tubes to the same stainless steel heaters that were used for the
synthesis with the continuous flow to heat up to 60 and 70 °C, taking
a reaction time of approximately 30—60 min and collected for
subsequent analysis.

Synthesis by Batch. In a 100 mL flask, a mixture of FeCl,-7H,0
and FeCl;-6H,0 at a ratio of 1:2 was dissolved into 25 mL of
deionized water, and 25 mL of a solution containing a dextran-based
coating agent (CMD or D70) was added and stirred together under
cooled conditions (4 °C). Another 25 mL basic solution of
ammonium hydroxide (NH,OH) was prepared in a different flask.
Then, ammonium hydroxide was added dropwise (1 mL/min) to the
cold iron salt and coating agent solution till the pH reached 10.8. The
solution was heated to 90 °C for 1 h under an argon atmosphere and
intensive stirring (500 rpm). Subsequently, the black solution was
dialyzed for 3 days to wash and purify the product from the impurities
of the educts till the pH was 7. Sample dialysis was performed as
described in the last section.

Characterization of Synthesized Magnetic Nanoparticles. X-
ray Diffraction (XRD). For the crystal structure, average particle size
and the concentration of impurity compounds present were
characterized. A MAC Science MXP18 X-ray diffractometer was
used for X-ray diffraction patterns of these samples. The 26 values
were taken from 20 to 110° with a step size of 0.04° using Cr Ka
radiation (4 value of 2.2897 A). The freeze-dried samples were dusted
onto plates with low background. A small quantity of 30 + 2 mg
spread over a S cm? area was used to minimize the error in the peak
location, and also the broadening of peaks due to the thickness of the
sample was reduced. This data illustrates the crystal structure of the
particles and also provides the interplanar space. The XRD patterns of
the nanoparticles were verified by comparison with the ICDD
database. The broadening of the peak was related to the average
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Figure 12. Schematic setup of the continuous flow. Flow regime for SPION synthesis with a three-channel syringe pump and with a four-channel
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the reactants inside the tubes, microfluidic tube connectors were used.
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Figure 13. Setup of the segmented flow regime for SPION synthesis with a three-channel syringe pump and eight-channel FEP chip and
tetradecane (TD) as a carrier fluid. Then, channels 3, S, and 6 (C3, CS, C6) were closed (black cross) and filled with TD to avoid air bubbles
during the synthesis process. To prevent a droplet break between the different modules during the transport, tube connectors were used. A droplet
coalescence was avoided with an integrated tool that uniformly divided the carrier medium TD stream. The process of SPION production began
with the droplet generation of the iron chloride mixture (red) pumped with syringe 2 (S2) from the inlet channel 2 (C2) into the main channel.
The carrier fluid (orange colored), which was pumped from the inlet channel 1 (C1) into the main channel as well, sheared the aqueous iron
chloride solution into droplets of 800 nL. The reaction began immediately after passive dosing of base (NH,OH; blue) to the iron chloride
droplets. The base was pumped with syringe 1 (S1) into the inlet channel 4 (C4). Additionally, the droplet spreading to prevent droplet
coalescence was done by pumping of carrier medium into the inlet channel 7 (C7).

diameter (L) of the particle according to Scherrer’s formula, i, L =
0.94/A cos 6, where A is X-ray wavelength, A is line broadening
measured at half-height, and 6 is Bragg angle of the particles. The
average particle size is obtained from the most intense peak,
corresponding to (311) reflection in magnetite using the Debye—
Scherrer formula.

Thermogravimetric Analysis (TGA). Thermogravimetric analysis of
the dried samples was performed using a Mettler-Toledo TGA 850
under a nitrogen atmosphere at a heating rate of 12.5 K/min from 25
to 800 °C to monitor the mass loss of 10 mg of polymer-coated
SPIONS.

Superconducting Quantum Interference Device (SQUID) Mag-
netometer. For static M/H magnetization measurements, an
MPMSXL S (QuantumDesign) was used. Magnetization values
were normalized to the volume fraction of magnetite. These
measurements were taken from 0.125 Oe to +125 kOe field (1 Oe
=79.577 A/m). From these field versus magnetization curve patterns,
saturation magnetization values of the samples were determined.

Transmission Electron Microscopy (TEM). The size and shape of
SPION were detected with FEI Tecnai G> 20 S-TWIN (FEI
Company, OR) with a LAB, cathode, an acceleration voltage of 200
kV, and a dot resolution of 0.24 nm. One drop of magnetite
dispersion was placed on a carbon-coated copper grid (0.3 cm in
diameter, mesh size of 200 holes/cm) and left to dry overnight at
room temperature (RT) (25 °C).

Dynamic Light Scattering (DLS). The sizes and surface { potential
of SPION were determined by dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, U.K.).
DLS measurement was continuously carried out at 25 °C for 30 min
in water using disposal cuvettes (Sigma-Aldrich, St. Louis). The
measured average hydrodynamic sizes and SD were analyzed.
Additionally, DLS was used to determine the { potential of the
different SPION. They were diluted in a concentration range of
0.0125—0.1 mM with water and measured in a folded capillary at 25
°C with six repetitions. Data analysis was performed with Origin
software (version 7.5). The one-way analysis of variance (ANOVA)
was used to determine any significant differences in sizes among
particles. To determine the stability of particles, the hydrodynamic
diameter was measured within 19 months. Samples including CMD-

coated particles under batch, continuous, and segmented flows were
stored at 6 °C before measurements.

Isolation of Human Platelets. Human blood from healthy
donors who were drug-free within the previous 10 days was collected
into a tube of ACD-A 1.5 mL BD-Vacutainer (Germany). The blood
tube was sealed with parafilm and rested at room temperature for 15
min. Platelet-rich plasma (PRP) was first obtained by centrifugation at
120g for 20 min at room temperature. To isolate platelets, PRP in the
presence of 15% acid citrate dextrose (ACD-A, Fresenius Kabi,
Germany) and 2.5 U/mL apyrase (grade IV SIGMA, Munich,
Germany) were centrifuged at 650g for 7 min. The platelet pellet was
resuspended in buffer pH 6.3 composed of 137 mM NaCl, 2.7 mM
KC], 11.9 mM NaHCO;, 0.4 mM Na,HPO,, and 2.5 U/mL hirudin
and incubated for 15 min at 37 °C before centrifuging at 650g for 7
min. Platelet pellets were again carefully resuspended in suspension
buffer and adjusted to a concentration of 300 X 10°/L using a blood
counter (pocH-100i, SYMEX, Germany) and then incubated for 45
min at 37 °C before use.

Platelet Labeling with Synthesized SPION. Isolated platelets
of 100 uL (300000 platelets/uL) were gently mixed with 100 uL
SPION suspensions (2 mM final) and incubated at 37 °C for 30 min.
After that, the suspensions were washed two times with an apyrase-
based washing buffer to eliminate the excess iron particles by
centrifugation at 650g for 7 min. After discarding the remaining
solution, platelet pellets were resuspended in 100 yL washing buffer.

Confocal Laser Scanning Microscopy (CLMS). A confocal
microscope (LSM 710 examiner z1) was used to track the changes in
the shape of platelets after they uptake SPION. The SPION-labeled
platelets were then fixed with PFA (4%) final for 30 min at RT. Then,
the samples were washed two times with the washed buffer to remove
the excess PFA. To stain platelets, the samples were incubated
overnight at 4 °C with Alexa Fluor 647 antihuman CD42a antibody
(Biolegend, San Diego) with a concentration of 1:1000 in phosphate-
buffered saline (PBS). Finally, the samples were washed with PBS,
covered with a thin glass slide, and imaged with Zeiss LSM 710 (Carl
Zeiss, Gottingen, Germany) at room temperature (RT) in the dark.
The filter of 638—75S5, a pixel dwell of 12.6 us, a laser power of 633
nm (2.0%), and a master gain of 1050 were used. We have now
integrated this into the CLSM method. The areas of single platelets
were quantified by Image]J software.
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Quantitative Cellular Iron Determination by Atomic
Absorption Spectroscopy (AAS). For cell labeling, isolated
platelets of 100 yL (30000 platelets/uL) were gently mixed with
100 uL SPION suspensions (4 mM) and incubated at 37 °C for 30
min. After that, the suspensions were washed two times at 650g for 7
min with an apyrase-based washing buffer to eliminate the excess iron
particles. After discarding the remaining solution, platelet pellets were
resuspended in 100 L washing buffer. The cellular iron content was
determined utilizing atomic absorption spectroscopy (AAS). SPION
suspensions of different concentrations, including 0 mg (control) and
3.58 mg, were incubated with washed platelets in SSP+ buffer using
the appropriate protocol. Second, the samples were centrifuged at
1400g for 5 min to discard the supernatants. Subsequently, S00 uL of
trypsin (0.5%) in PBS and 500 uL of SDS solution (0.2%) in water
were added to platelet pellets and incubated at 37 °C for 30 min. The
samples were then pooled with their respective supernatants and
transferred to the decontaminated 10 mL flasks containing 1 mL of
HNO; (12 N) and 500 uL of H,0, (30%) (Sigma-Aldrich) and
heated until reaching a boiling point. Finally, the samples were cooled
down and diluted to S mL with water before AAS measurements. Iron
content per platelet was measured in triplicate using an iron
calibration graph with a commercial iron standard ranging from 0
to 150 ug/L by a contrAA 700 atomic absorption spectrometer
(Analytik Jena, Jena, Germany).

White Light Interferometry (WLI). WLI was used to identify the
height changes of platelets after labeling with SPION. The same
protocol for sample preparation for SEM experiments was applied for
WLL The surface roughness of the samples was measured using a
Bruker contour GTK-3D optical microscope (Bruker Nano GmbH,
Berlin, Germany), vertical scanning option of $X magnification. A
measurement area of X = 12662 ym, Y = 949.6 um, and a lateral
sampling of 1.978 um with a resolution of 640 X 480 pixel* were
observed. The images were further analyzed with SPIP (version, 6.6.5,
Image Metrology, Kongens Lyngby, Denmark). A manual level tilt
compensation and a filter wavelength of ISO 16610 Gaussian L filter
1/7 of the lateral measurement dimensions were applied according to
ISO 25178-2 to remove form and waviness and to calculate the
arithmetical mean height (Sa). The roughness obtained was taken
from five points on the sample surface, while the average and standard
deviation were calculated using Microsoft Excel (version 16).

Scanning Electron Microscopy (SEM). Platelet morphology and
cell aggregation were screened by SEM (Carl Zeiss AG, Jena,
Germany). Images were taken with a magnification of 200X and
500x. Round glass coverslips (Plano GmbH, Wetzlar, Germany) of
24 mm were autoclaved and sonicated with 80% ethanol. The labeled
platelets were incubated on glass coverslips for 15 min at RT. Then,
the samples were washed with PBS and covered with 4%
paraformaldehyde for 3 h at RT. Subsequently, the samples were
washed twice with PBS, followed by an ascending isopropanol series
(30, 50, 70, 90, and 100%) for dewatering. Each incubation was
carried out for 10 min at RT. The samples were then incubated with
50% hexamethyldisilazane (HMDS) + 50% isopropanol for 10 min at
RT. The samples were then covered with 100% HMDS and allowed
to dry overnight. Finally, a thin Au layer was sputtered on the sample
surface.
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