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Ferumoxytol, which is originally intended for MRI and anemia
treatment, is currently the only inorganic nanodrug approved by
FDA for clinical application in vivo. Common ferumoxytol seems
incapable of meeting the requirements for diverse applications.
Thus, the development of a novel strategy based on co-precipi-
tation to produce ferumoxytol with high quality is an imminent
task. Herein, we proposed a physically assisted strategy, namely
hydrocooling and magnetically internal heating co-precipitation,
to optimize the properties of ferumoxytol and thus significantly
enhance its magnetic performance. Magnetization of the newly
developed ferumoxytol can reach 104-105 emu g~! Fe, which is
the highest value among the reported results. It has been found
that the crystalline structures of the newly developed ferumoxytol
have been greatly improved on the basis of pharmaceutical quality
criteria.

Alternating magnetic field plays a critical role during the pro-
duction process, which, on the one hand, results in thermo-
genesis of magnetic nanoparticles to self-ripen nanocrystal
growth and, on the other hand, drives magnetic moments of
seeds to unanimously align to enhance the crystallization and
magnetism. By modification with hydrocooling, the impor-
tance of magnetically internal heating is highlighted. Our
study reveals the significance of field assistance in the
production of clinical inorganic nanodrugs, which will greatly
enrich the clinical translation of magnetic inorganic
nanodrugs.
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Ferumoxytol of ultrahigh magnetization produced
by hydrocooling and magnetically internal heating
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During the clinical translation of inorganic nanomaterials,
one significant progress made in the past few decades is that
certain iron oxide nanomaterials have been approved by FDA
as nanodrugs to be used in human body.® The latest in-
organic nanodrug approved by FDA is ferumoxytol, which is
composed of an iron oxide core (7 nm in diameter) and a
dextran (PSC) shell (20 nm in thickness), that acts as an MRI
contrast agent and is used in the treatment of anemia.’
However, as the translation of nanomedicine into the clinical
trials is expanding,®® ferumoxytol is facing increasing quality
requirements for diverse applications; for instance, as an MRI
contrast agent, ferumoxytol will cause a transition from the
short-term enhancement of imaging signals in a specific
organ to the long-term tracking of stem cellular fates in vivo.®™®
Moreover, a novel magnetic particle imaging mode has been
developed for iron oxide nanoparticle-specific tracking in deep
tissues, which can realize the imaging for quantification with
high sensitivity and high resolution and for quick-scan
depending upon the high quality of magnetic
nanoparticles.'®™* These emerging applications require feru-
moxytol to have good crystallinity, stable dispersivity, high
magnetization, and preferably ordered spin orientation.
However, ferumoxytol produced by a common production tech-
nique is incapable of meeting these demands. To boost the
translation of this commercial nanodrug into diverse clinical
applications, it is impending to develop an innovative strategy
to effectively improve the properties of Ferumoxytol.

A common synthesis of ferumoxytol is based on the co-pre-
cipitation method because of the good controllability in term
of biosafety. On account of the administrative regulation of
clinical drugs, the alteration of the chemical recipe is imper-
missible. Generally, the co-precipitation preparation process
can be divided into three parts: nucleation, growth, and ripen-
ing. Heating is the significant operation in the nanocrystal
growth and ripening stages, which offers adequate energy to
these two stages. If insufficient heat is supplied, particle
growth will not proceed and the particles will have an inhomo-
geneous size distribution and poor crystallinity; this would
result in an extremely low product quality. On the contrary,
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heat is not necessary for the nucleation stage. After ammonia
is added, the alkaline environment makes Fe*'/Fe®" react with
OH- to form Fe(OH);/Fe(OH), and then Fe;0,; Fe;0, continues
to generate in the solution until saturation, and Fe;O, nano-
crystals precipitate rapidly. This process is associated closely
with pH and saturation degree regulation. Environmental
temperature can influence various ferrite saturation degrees
and further impact the nucleation. However, both low and
high environmental temperature can lead to the completion of
the nucleation stage. Thus, we resort to the physical method.
Based on the growth mechanism of iron oxide nanoparticles
synthesized by the co-precipitation method, the nanomaterials
undergo a fast nucleation stage and an isotropic growth
stage.">'® During the process, the presence of an external mag-
netic field has been proven to be propitious to the crystalliza-
tion and magnetism of the products."”” However, the direct
imposition of a magnetostatic field on the reaction system
often leads to the formation of chain-like or ring-like assem-
blies to minimize the systematic energy.'”>* This case should
obviously be avoided for the production of the nanodrug
ferumoxytol.

Recently, alternating magnetic field (AMF) has been first
employed to control the assembly of iron oxide nanoparticles
by our group.>® It has been discovered that the alternating
magnetic field can even make the nanoparticles disperse more
uniformly by controlling the frequency of the external field
such that the magnetic moments of nanoparticles are kept par-
allel all the time within a period of AMF.>**** More impor-
tantly, magnetic nanoparticles can yield heat in the presence
of AMF such that the generated seeds will heat up themselves.
This thermogenesis can be employed for self-ripening during
the growth stage of colloidal formation. To maximize the effect
induced by the magnetically internal heating, low ambient
temperature should be favorable. Actually, this operation has
been applied for enhancing the crystallization of microscale
crystals and nanocomposites.>>*” Thus, if prolonged external
hydrocooling can build an annealing environment, the AMF-
assisted synthesis of ferumoxytol is speculated to be a positive
feedback process, which will be favorable to obtain a ferumoxy-
tol product with better crystallinity and magnetic property.

Herein, a novel strategy is reported to produce ferumoxytol
with good crystallinity and higher magnetization, which
involves magnetically internal heating during the co-precipi-
tation process by imposing AMF, namely HMIHC (i.e., hydro-
cooling and magnetically internal heating co-precipitation).
We modified the common experimental setup of ferumoxytol
production by reducing the ambient temperature with hydro-
cooling such that the nucleation and the growth stages of the
formation of colloidal nanoparticles were separated. In the
nucleation stage, a batch of seeds was formed and sub-
sequently used in the growth stage. At this time, low ambient
temperature inhibited the growth of the newly formed seeds.
Moreover, the thermogenesis of nanoparticles activated the
specific growth on the surfaces of these nanoparticles. This
strategy somewhat resembles molecular beam epitaxy in
mechanism.**° The formation of colloidal nanoparticles now
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is controlled by a kinetics process rather than a thermo-
dynamics process in the common co-precipitation method;
this will push the equilibrium of colloidal formation to shift
towards the product direction. As a result, ferumoxytol with a
better crystalline phase and higher magnetization can be
obtained on the basis of pharmaceutical quality criteria. The
results have confirmed our hypothesis and will open a new
route to control the quality of magnetic nanocrystals with the
co-precipitation method.

Experimental scheme is illustrated in Fig. 1. A reaction vial
that was controllably cooled by an external hydrocooling bath
was subjected to AMF of 790 kHz (Fig. 1). In our experiments,
the ferumoxytol sample synthesized by the ordinary co-precipi-
tation method and that synthesized by magnetically internal
heat coprecipitation method without external hydrocooling
(MIHC) were also prepared for comparison. In our experi-
ments, Sample A denoted the ferumoxytol synthesized using
the common co-precipitation method with 60 min for nuclea-
tion and ripeness. Sample B denotes ferumoxytol synthesized
by the AMF-assisted co-precipitation method undergoing a fast
temperature rising period of 60 min for nucleation and ripe-
ness without external hydrocooling operation (MIHC). Sample
C denotes ferumoxytol synthesized by the HMIHC method
undergoing a slow temperature rising period of 180 min for
nucleation and ripeness with an external hydrocooling
operation.

The three synthesized samples were characterized to deter-
mine their composition. The results are shown in Fig. 2a, from
which it can be seen that they are nearly identical in terms of
iron-core size (about 7 nm) as basic pharmaceutical standards.
{ potential measurements showed that the three samples
owned a similar surface electrical property in the suspension
(Fig. S11). The imposition of AMF was unable to cause the
aggregation of magnetic nanoparticles. On the contrary, the
size distribution of colloidal nanoparticles seemed to become
increasingly uniform from Sample A to Sample C (Fig. S27).
Moreover, it was found the same amount of original reactants
for the sample C yielded the maximal number of nanoparticles
at the same Fe concentration (Fig. S3t). This result partly
proved the abovementioned hypothesis that the magnetically
internal heating combined with hydrocooling can boost the
balance of colloidal formation to shift towards the products
direction. Furthermore, the crystalline boundary and the
arrangement of crystal lattice of Sample C seemed more dis-
tinct and regular than those of Sample A (Fig. 2a); this
reflected that the crystallization of ferumoxytol was signifi-
cantly improved. This result is in accordance with that hypoth-
esized by the HMIHC method. Based on the explicit HRTEM
image, the lattice parameter of ferumoxytol produced by
HMIHC was 2.512 A, matching well with the value of y-Fe,Oj
nanoparticles synthesized by the thermal decomposition
method.*'™** Moreover, the XRD, IR, and TGA results demon-
strated that the three samples were extremely close to each
other in term of their structural composition (Fig. 2b, ¢, and
d). Concretely, X-ray diffraction patterns (Fig. 2¢) demonstrated
the same distinct characteristic diffraction 26 angles of these
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Fig. 1 Experimental schematic for the fabrication of (a) Sample A (by ordinary co-precipitation), (b) Sample B (by MIHC), and (c) Sample C (by
HMIHC).
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Fig. 2 Structural characterization of ferumoxytol: (a) TEM and HRTEM images of the ordinary coprecipitated Sample (A), MIHC Sample (B), and
HMIHC Sample (C); (b) XRD profiles of Sample A—C and D (standard XRD pattern of y-Fe,Os3 crystal, JCPDS: 39-1346), (c) IR spectra of Sample A—C
marked with the characteristic peaks, and (d) TGA analysis of Sample A—C.
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particle crystals. Herein, 30.3°, 35.6°, 43.6°, 53.4°, 57.4°, and
63.0° are assigned to the (220), (311), (400), (422), (511), and
(440) phases of the y-Fe,O; crystal (JCPDS: 39-1346),
respectively.

Specifically, the band in the Fourier transform infrared
spectrum (Fig. 2¢) from 3200 ecm™" to 3400 cm ™" corresponds
to the OH stretching vibration. The sharp COO™ specific
stretching vibration peak is presented at 1610 cm™, and the
multiple peaks around 1500 cm™" shift to around 1440 cm™,
manifesting that COO™ chelates with Fe ion. Furthermore, the
absorption peak at 580 cm™" is attributed to Fe,0;. According
to the thermogravimetric curves (Fig. 2d), it was easy to specu-
late that crystallized water volatilized gradually below 300 °C;
then, the coating material PSC began to decompose until
around 550 °C, in the end, only iron oxide was left, and the
particle weight remained unchanged. The results featured that
the three sample owned an extremely similar structure with
one third iron oxide in their weight. Some other necessary
tests related to pharmaceutical quality have also verified that
the newly developed ferumoxytol can meet the pharmaceutical
standards (Table S171) such that HMIHC will slightly affect the
property of ferumoxytol as a nanodrug.

However, the alteration of magnetic property was signifi-
cant. The measurements conducted via vibrating sample
magnetometry demonstrated that the three samples were
superparamagnetic (Fig. 3a). Surprisingly, the saturation mag-
netization of ferumoxytol produced by HMIHC can even reach
104-105 emu g~ Fe (72-73 emu g~ Fe,03), much higher than
that of ordinary ferumoxytol. The field cooling (FC) and zero
field cooling (ZFC) curves of Sample A and Sample C are
shown in Fig. 3b. The range of the testing temperature was
from 10 K to 300 K, and the intensity of the applied magnetic
field was 200 Oe. The FC and ZFC curves demonstrated a
typical A-shaped plot of superparamagnetic nanoparticles. As
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seen from the FC curves, with a magnetic field of 200 Oe and
temperature of 300 K, the magnetization of Sample C was
almost quadruple than that of the Sample A; this confirmed
the results obtained by VSM and the magnetic susceptibility
detection in Fig. 3c. Since ferumoxytol produced by HMIHC
owned a fairly good magnetostatic property, the alternating
current magnetothermal performance was also expected to be
good. Time-dependent thermogenic curves and two-dimen-
sional thermal mapping for the three samples in the presence
of a 380 kHz AMF are depicted in Fig. 3d, exhibiting that the
magnetothermal performance is gradually enhanced from
Sample A to C. Sample C can be heated up to 70 °C in 12 min,
much higher than the case of the other two samples. Based on
the thermogenic data, Sample C was calculated to also own
highest specific absorption rate (SAR); this meant that feru-
moxytol produced by HMIHC could greatly improve the capa-
bility of magnetothermal conversion.

We believe that the enhancement of magnetic property
resulted from the improved crystallization and colloidal uni-
formity. Frequency-resolved electron spin resonance (ESR) was
used to investigate the coupling of magnetic moments, and
the results are shown in Fig. 4a. It can be seen that the ESR
curve of Sample C is significantly broadened as compared to
that of Sample A; this indicates the presence of a strong spin-
spin coupling inside the nanoparticles.**** Herein, it was
thought that the spins should form a ring-like coupling rather
than a head-to-tail coupling because the dipolar interaction
between magnetic moments can narrow the ESR curve.’® We
utilized an OOMMF software to simulate the transition of mag-
netic moment arrangement in the presence of AMF from a
random state to an ordered state (Fig. 4b). It was inferred that
the ring-like electric field would lead to the vortex-like arrange-
ment of the spins. Furthermore, X-ray magnetic circular
dichroism (XMCD) technique was employed to detect the
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Fig. 3 Magnetization and magnetocaloric properties of Sample A—-C: (a) field-dependent hysteresis loops (M—H) at room temperature, (b) ZFC and
FC curves of Sample A and C (H = 200 Oe), (c) magnetic susceptibility values (N = 3), (d) time-dependent temperature curves and three-dimensional
infrared images when the samples were located in AMF for 12 min at 380 kHz and 12 A at 10 mg mL™* Fe.
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Fig. 4 Electromagnetic properties and magnetic imaging performance of Sample A-C: (a) frequency-dependent electron paramagnetic resonance
intensity curves, (b) micromagnetic simulation for particle magnetic induction circular electric current formation in AMF at frequency of 790 kHz, (c)
X-ray magnetic circular dichroism absorption intensity comparison of Sample A and Sample C (“Right” denotes the right-rotation light absorption
and “Left” denotes the left-rotation light absorption), (d) Fe concentration-dependent reciprocal of transverse relaxation time plot, T, relaxivity cal-
culation, and T,-weighted magnetic resonance images in a 1.5 T MR scanner.

arrangement of magnetic moments.>’° It was found that
Sample C showed an obvious difference when it was treated by
left-handed rotation light and right-handed rotation light,
whereas Sample A showed a little alteration (Fig. 4c). This
result indicated that the magnetic moments of ferumoxytol
produced by HMIHC were chiral-arranged, whereas the mag-
netic moments of common ferumoxytol were disordered. Due
to the emergence of magnetic chirality, the coupling between
the spins of Sample C should be vortex-like. The result was in
accordance with the hypothesis that the spins formed the
vortex-like pattern. The possibility for the formation of vortex-
like spin coupling rooted in the ring-like induction electric
field from the AMF. On the one hand, the electric field has
been proven to be able to control the spin above the room
temperature.’”** On the other hand, the induction electric
field of AMF was shown to be capable of driving the nano-
particles into the formation of the vortex-like assemblies.** It
was inferred that the small crystal seeds formed in the nuclea-
tion stage can aggregate into the vortex-like micro-structures
under the treatment of the induction electric field. Then, in
the growth stage, this micro-structure will play a role as a tem-
plate to restrict the spins into the same arrangement and
finally evolving into a nanoparticle.

Since ferumoxytol produced by HMIHC showed a better
crystalline structure and magnetic property, the performance
of the nanodrug in the magnetism-based applications was
expected to be more promising. T,-Weight MRI images with
the three samples exhibited that Sample C could realize the
same T, signal intensity/grey level and imaging contrast effect
with the minimal amount of ferumoxytol (Fe concentration of
0.26 mM). By comparison, a double dose of the common feru-
moxytol was needed to achieve the same result. The results are
shown in Fig. 4d. Better crystallinity makes the structure more
stable, and few iron ions leak from the particle. Therefore, the

This journal is © The Royal Society of Chemistry 2018

nanoparticle may present favorable impacts as a whole entity
without an influence from free iron ions. Based on these ana-
lyses, we infer that ferumoxytol obtained by the HMIHC
method may be more facile for uptake and longer clearance
in vivo due to its good crystallinity and stable structure. For the
further contrast effect observation, an experiment with the
microinjection of ferumoxytol into a rat brain has been carried
out. Distinctly, Sample C demonstrated a stronger 7, signal
intensity in the local brain area than Sample A (Fig. S47). The
abovementioned results proved that a lower dosage of feru-
moxytol produced by HMIHC can play the same role as the
common ferumoxytol; this is obviously favorable for the safety
of a nanodrug in clinical application and the long-term track-
ing of the imaging signals.

Moreover, the microwave absorption performance was
tested, and the results are shown in Fig. S5.1 Sample C showed
strong microwave absorption in the low-frequency range from
6 to 12 GHz, and a broad band around the maximal absorption
frequency. However, the effective absorption of Sample A occurred
in the high-frequency range from 15 to 18 GHz. The variation also
resembled the alteration trend of alternating current resistance
(Fig. S51). The impedance intensity from Sample A to Sample C
decreased gradually. This result indicated that the electromag-
netic property of ferumoxytol produced by HMIHC in the high-fre-
quency range could also be tuned more flexibly than that of the
common ferumoxytol, which will be favorable to the electromag-
netic property-based applications.

The monitored temperature curve during the synthesis
process is shown in Fig. 5a. It can be seen that the temperature
quickly rose up to over 80 °C in the absence of hydrocooling.
Herein, the reaction system quickly reached the thermo-
dynamic equilibrium. Then, the growth stage was a thermo-
dynamically controlled process. However, in the presence of
hydrocooling, the whole reaction system was at about 0 °C for

Nanoscale, 2018, 10, 7369-7376 | 7373
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Fig. 5 (a) Temperature changing curve during the synthesis process of Sample B and Sample C. (b) Field-dependent hysteresis loops (M—H) at room
temperature of the samples extracted at 10 min, 60 min, 120 min, and the end stage in the Sample C synthesis process. (c) TEM and HRTEM images
of the samples extracted at 10 min, 60 min, 120 min, and the end stage in the Sample C synthesis process.

nearly 60 min and then rose up to 80 °C. During the beginning
period, the major event was nucleation, which resulted in the
formation of a number of small crystal nucleus. Herein, the
magnetism of small crystal nucleus was relatively weak such
that the major effect from the alternating magnetic field was
the magnetic effect rather than the thermal effect. With the
slow growth of small crystal nucleus, the magnetism was
enhanced, and the thermogenesis in the presence of alternat-
ing magnetic field was increasingly augmented. Then, the
crystal nucleus grew into colloidal nanoparticles in a gradually
rapid manner. Therefore, this was a kinetically controlled
process, which was more suitable to achieve crystalloids of
higher quality. The analysis of intermediate products at each
step of the synthesis process of Sample C confirmed this
point. The TEM observation and HRTEM characterization of
the products extracted at 10 min, 60 min, 120 min, and the
end of the reaction process are shown in Fig. 5c. Moreover,
selected area electron diffraction (SAED) patterns for these pro-
ducts are presented in Fig. S7.f The lattice spacings corres-
ponding to the (220) and (311) crystal facets were measured as
2.981 and 2.512 A, which were consistent with the XRD charac-
teristic peaks at 30.3° and 35.6° (JCPDS: 39-1346), respectively.
Based on the TEM observation, at the beginning stage, the size
of iron oxide crystal seeds was merely 2 nm, and these seeds
were highly uniform bathed via hydrocooling (10 min). At this
time, the AMF prevented them from aggregation by inducing a
repulsive interaction between parallel magnetic moments. As

7374 | Nanoscale, 2018, 10, 7369-7376

the temperature slowly increased to 20 °C (60 min), the tiny
crystal seeds grew into spherical nanoparticles with a diameter
of 5 nm, which seemed still uniform. In this stage, the induc-
tion electric field began to induce the magnetic moments to
arrange into a vortex-like pattern. Herein, with an increase in
size, the thermogenesis of nanoparticles in the presence of
AMF was also augmented; this would boost the ripening of
nanoparticles (120 min). At the late growth stage, the size of
nanoparticles reached 6-7 nm. When the aging process ended,
the final size of the nanoparticles was about 8 nm, and the
iron oxide nanoparticles were increasingly yielded. The growth
of ferumoxytol produced by HMIHC was a positive feedback
process, continuously impelling the balance to shift towards
the direction of yielding the products because of the more and
more thermogenesis with an increase in colloidal size. Herein,
if hydrocooling is absent, too high ambient temperature will
shield the reaction system from the influence of autologous
heating of nanoparticles such that the growth process of feru-
moxytol will be a thermodynamics process rather than a
kinetic process. The VSM measurements also confirmed that
the magnetism of nanoparticles became increasingly strong as
the reaction proceeded (Fig. 5b). Additionally, we synthesized
ferumoxytol via HMIHC in the presence of an AMF of 380 kHz.
The sample also had advantages over the common ferumoxytol
in terms of crystallinity and magnetism. However, the sample
was inferior to Sample C; this indicated that the high fre-
quency of AMF was favorable to the HMIHC method (Fig. S87).

This journal is © The Royal Society of Chemistry 2018
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Conclusions

In summary, a novel strategy is proposed to produce an iron
oxide inorganic nanodrug, ferumoxytol, by modifying the
common co-precipitation method with a combination of the
hydrocooling and the magnetically internal heating in the
presence of an alternating magnetic field, namely HMIHC.
With this strategy, ferumoxytol with highest magnetization as
compared to the current reports was obtained. Ferumoxytol
produced by HMIHC showed significantly improved colloidal
crystallization and magnetic performance. The mechanism
may lie in the role of AMF. On the one hand, the AMF was
favorable to the crystallization and could prevent the nano-
particles from aggregation. Its induction electric field possibly
induced the spins to form the vortex-like coupling rather than
the head-to-tail coupling such that the stability and the mag-
netism were greatly enhanced. On the other hand, our strategy
felicitously took advantage of the thermogenesis of iron oxide
nanoparticles in the presence of an AMF. The autologous
heating of nanoparticles rather than ambient heating may
alter the colloidal growth stage from a thermodynamics
process to a kinetic process such that the reaction can be more
thorough and the produced ferumoxytol is of better crystalliza-
tion and more yielding efficiency. Thus, the idea to exploit the
autologous thermogenesis of nanoparticles to regulate the
quality of materials is highly innovative (Fig. 6). We believe
that this strategy is favorable to develop the novel nanodrug
ferumoxytol with flexible magnetism and will boost the clinical
translation of inorganic nanodrugs (Table 1).
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Fig. 6 (a) Mechanism illustration of hydrocooling and magnetically
internal heating co-precipitation synthesis for magneto-enhancing feru-
moxytol. (b) Common ferumoxytol growth and ripening mechanism for
the classical co-precipitation method. (c) Magneto-enhancing ferumox-
ytol growth and ripening mechanism for HMIHC.
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Table 1 Magnetization comparisons of several marketed magnetic
nanodrugs for clinical applications

Magnetization Magnetization

(emu g™ Fe) (emu g™ Fe)
Product name at 0.1 Tesla at 5 Tesla
Ferumoxytol obtained by HMIHC 61.0 £ 0.7 105.0 £ 0.7
Commercial ferumoxytol*® 51 94
Ferumoxides™® 37.0 + 0.6 93.6 + 1.6
Ferumoxtran-10*® 53.6 + 0.4 94.8 + 0.7
Ferumoxsil*® 49.4 + 0.1 91.1+ 0.2
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