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Introduction

Small iron oxide nanoparticles as MRI T; contrast
agent: scalable inexpensive water-based synthesis
using a flow reactort

Maximilian O. Besenhard, ©° Luca Panariello, @ Céline Kiefer,” Alec P. LaGrow, @ ¢
Liudmyla Storozhuk, @ ° Francis Perton,? Sylvie Begin, ©® Damien Mertz, ©°
Nguyen Thi Kim Thanh @ *%€ and Asterios Gavriilidis £ *2

Small iron oxide nanoparticles (IONPs) were synthesised in water via co-precipitation by quenching par-
ticle growth after the desired magnetic iron oxide phase formed. This was achieved in a millifluidic multi-
stage flow reactor by precisely timed addition of an acidic solution. IONPs (<5 nm), a suitable size for
positive T3 magnetic resonance imaging (MRI) contrast agents, were obtained and stabilised continuously.
This novel flow chemistry approach facilitates a reproducible and scalable production, which is a crucial
paradigm shift to utilise IONPs as contrast agents and replace currently used Gd complexes. Acid addition
had to be timed carefully, as the inverse spinel structure formed within seconds after initiating the co-pre-
cipitation. Late quenching allowed IONPs to grow larger than 5 nm, whereas premature acid addition
yielded undesired oxide phases. Use of a flow reactor was not only essential for scalability, but also to syn-
thesise monodisperse and non-agglomerated small IONPs as (i) co-precipitation and acid addition
occurred at homogenous environment due to accurate temperature control and rapid mixing and (ii)
quenching of particle growth was possible at the optimum time, i.e., a few seconds after initiating co-pre-
cipitation. In addition to the timing of growth quenching, the effect of temperature and dextran present
during co-precipitation on the final particle size was investigated. This approach differs from small IONP
syntheses in batch utilising either growth inhibitors (which likely leads to impurities) or high temperature
methods in organic solvents. Furthermore, this continuous synthesis enables the low-cost (<£10 per g)
and large-scale production of highly stable small IONPs without the use of toxic reagents. The flow-syn-
thesised small IONPs showed high T; contrast enhancement, with transversal relaxivity (r,) reduced to
20.5 mM™ s7* and longitudinal relaxivity (r;) higher than 10 mM~* s~ which is among the highest values
reported for water-based IONP synthesis.

substitute, as they are biocompatible with several FDA
approved products®™* and high T, values (i.e., long times till

The current interest for novel positive (7;) contrast agents for
magnetic resonance imaging (MRI) arises from the health
risks posed by the current clinical choices, ie., gadolinium
complexes.! Iron oxide nanoparticles (IONPs) are a potential
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the longitudinal magnetisation regrows to its maximum value
before an MRI pulse) have been observed for exceedingly small
particles.>™®

The promising 7, performance of small IONPs (<5 nm) is
due to their high surface-to-volume ratio increasing the exposure
of surface Fe ions to the surrounding water/hydrogen.®>'* In
contrast to IONPs used for T, contrast enhancement, their per-
formance is not dominated by the high magnetic moment. The
exact mechanism controlling T, performance is still not clear,
but may rely on the accessibility of water molecules to surface
iron ions similarly to Gd complexes. Despite their desirable
characteristics, the reproducible and scalable production of
biocompatible small IONPs remains challenging.®'"'?

Thermal decomposition syntheses, where organic iron pre-
cursors are heated above 200 °C in high boiling point organic
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solvents can provide highly monodisperse IONPs with
diameters significantly below 5 nm and excellent T,
performance.”*° When targeting biomedical applications,
however, the involved reagents, by-products, and organic sol-
vents present challenges. For example, labour and cost-inten-
sive post-processing are required, such as a time-consuming
ligand exchange step, to render the IONPs dispersible in
aqueous solution. For polyol methods, however, ligand exchange
has been achieved via simple experimental protocols."*

Water-based precipitation methods, such as co-precipi-
tation (CP) methods®' or the oxidation of initially precipitated
ferrous hydroxides®* are more desirable from a regulatory per-
spective, but provide limited control of particle formation
dynamics, hence, IONP size. Still, the synthesis of small IONPs
via aqueous precipitation methods was demonstrated recently,
as described below. The common method to synthesise small
IONPs is the addition of chelating ions*® or macromolecules
such as dextran (which likely yields agglomerates with a
reduced surface area),”** frequently in combination with the
initiation of CP, i.e., mixing of the precursor and base solution,
at high temperatures® followed by a controlled cooling.>®*”
Also, fast mixing has been shown to promote the synthesis of
small IONPs.”®° Alternatively, small IONPs for MRI can be
produced via rapid (microwave) heating of a FeCl; and triso-
dium citrate solution together with the reducing agent
hydrazine.?"3

The route for IONP T, contrast agents to reach market
maturity is long and brings challenges, not only for chemists,
but also engineers and entrepreneurs. It is well understood
that only synthetic protocols yielding high performance con-
trast agents without using scarce, expensive, or toxic reagents/
additives are worth considering. The scalability of a synthesis
is pivotal too.

Scale-up is commonly considered as the logical step follow-
ing the proof of principle, but up-scaling of lab procedures is
frequently very challenging. Hence scalability and pilot pro-
duction (at rates way below full-scale production) have been
identified as key issues in bringing research across the so
called “valley of Death” (the gap between research and com-
mercialisation) in high-cost, and high-risk areas such as
nanotechnology.?**

In this work, we present a novel synthesis of small IONPs
utilising flow chemistry. Flow reactors have been widely used
for nanoparticle synthesis®>® including IONPs**™** as they are
advantageous for fast mixing, precise temperature control, and
can operate continuously, providing opportunities for large-
scale production. We demonstrate how these advantages, in
conjunction with closely timed reagent addition to quench
particle growth just after the formation of the most magnetic
iron oxide phase (the inverse spinel structure of magnetite
Fe;0, and/or maghemite y-Fe,03), lead to small IONPs with
good T, performance at large scale using aqueous syntheses.

In the following, we show how the presence of dextran,
alteration of the quenching time and of the reaction tempera-
ture affect the flow synthesis, discuss the exact quenching
mechanism and the IONP T; contrast agent potential.
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Materials and methods
Solution preparation

Following our previous procedure,** a 0.1 M Fe precursor solu-
tion was prepared by dissolving ferrous and ferric chlorides in a
1:2 FeCl,-4H,0 : FeCl;-6H,0 molar ratio in deionised (DI) water
(resistivity > 15 MQ cm), yielding a pHprecursor Of 1.8. For studies
using dextran (M,, ~6000 g mol™'), the equivalent of one
H(CgH;00s5) unit per Fe was added to the precursor solution.
The precursor solution was prepared freshly for each experi-
ment. As base solution served a 0.57 M NaOH solution prepared
from 2 M NaOH stock solution and DI water. For growth
quenching and stabilisation (as discussed later) a 0.32 M citric
acid (CA) solution, with a pHg, of 1.8, was used. Details of all
chemicals used including product numbers are provided in the
electronic supplementary information (ESI), see Table S1.}

IONP flow synthesis

Step 1: Initiation of co-precipitation. Following previous flow
reactor designs®**® a syringe pump was used to pump the base
and precursor solution (after preheating to the reaction temp-
erature) through a first T-mixer. The flow rates used of 5 ml
min~" (each) allowed for fast mixing, i.e., mixing times <50 ms
for the standard reaction temperature of 60 °C.**

Step 2: Quenching and stabilisation. Previous studies
showed that feeding the right amount of an acidic solution
after IONP growth was completed (100 s after initiating CP)
can de-agglomerate the clustered structures formed during CP
and stabilise the IONPs.** This successful de-agglomeration
without any ultrasonication or washing steps was possible due
to the partial dissolution of the IONPs. The more CA solution
was added, the more IONPs dissolved, however, the IONP solu-
tion pH changed only marginally. Due to this buffering effect
of the IONPs, the pH of the synthesised IONP solution was
independent of the amount of CA fed and stayed constant at
ca. pHionp-sol = 7 (till complete IONP dissolution).

Independently of the CA quantity fed, the IONP diameter
changed only marginally and stayed around 7 nm (which
corresponds to about three times the volume of 5 nm par-
ticles). We envisioned that an earlier addition of the CA solu-
tion (before IONP growth is completed) could initiate the
partial dissolution of IONPs formed or possible intermediates,
hindering the particles from growing further. Therefore, a CA
solution was fed via a second T-mixer, just after initiating the
CP. In order to find the optimum time to quench IONP
growth, i.e., just after magnetite/maghemite formation (within
seconds after initiating CP),** the PTFE tube length between
the first and second T-mixer was adapted to quench after 0.5 s,
2's, 5 s, (see Fig. 1a) or 100 s. In the following, “magnetite” is
used to refer to magnetite/maghemite mixtures, since an accu-
rate differentiation between magnetite and maghemite is not
possible with the diffraction-based characterisation and
imaging methods used.

Step 3: Aging. After adding the CA solution, the solution
with the precipitates passed through a coiled flow inverter
(coiled PTFE tubing with flow inversions every four turns) with

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic of (a) precisely-timed quenching (Q) of particle growth after 0.5 s, 2 s and 5 s after initiation of co-precipitation (CP) and (b) multi-
stage flow reactor to initiate co-precipitation (step 1), quenching and stabilisation (step 2, here after 0.5 s) and aging (step 3).

a total residence time of 160 s before collection, as described
previously.**

The three steps could be performed at different but well
defined temperatures (30-90 °C) due to the modular reactor
design. The temperature was controlled by magnetically stirred
water baths, into which the reactor elements were immersed to
guarantee uniform conditions. For all flow syntheses 60 °C
was used for step 3. A schematic of the entire flow set-up is
shown in Fig. 1b. The details of the reactor components used
including geometries, materials, and part numbers/manufac-
turers are provided in Table S2.t

Characterisation

The hydrodynamic diameter D), was obtained at 22 °C via
dynamic light scattering (DelsaMax-Pro, Beckman Coulter).
Samples were diluted with DI water up to the point where the
Dy, plateaued (typically after a four-fold dilution). Transmission
electron microscope (TEM) images were captured with a JEOL
1200 EX microscope at a 120 kV acceleration voltage. High
resolution TEM (HRTEM) images were taken with a JEOL 2100
operating at 200 kV. TEM samples were prepared by dropping
20 pl of washed IONP solution onto carbon-coated copper
grids, which were then dried overnight. The washing pro-
cedure, repeated twice, included precipitation from solution
with isopropyl alcohol (IPA) (2:1 IPA,,: sample,,) and mag-
netic decantation. The particle diameter refers to a circle with
the same area as the polygon obtained by fitting the edges of a
particle. The average diameter Dygy Was obtained by manually
fitting polygons around at least 100 particles in Image] (errors
refer to the standard deviation).

The concentration of Fe in the form of particles (mgge-1onp
ml™") was measured via microwave plasma atomic emission

This journal is © The Royal Society of Chemistry 2021

spectroscopy (MP-AES) using a 4210 MP-AES (Agilent).
Samples for MP-AES were washed as described above and
dried before digestion in aqua regia (3:1 HCly,: HNO;3 o).
After digestion, the samples were diluted with DI water (1:9
aqua regia,,;: DI water,,). The percentage of Fe conversion
from precursor (concentration in mgpeso MI™') to IONPs
(which could be separated by the described washing pro-
cedure) was calculated as [(Mgreione MI™")/(MEge.so1 MI™)] 100.
X-ray diffraction (XRD) patterns of washed and dried samples
were recorded using a PANalytical X'Pert3 diffractometer
(Malvern Instruments) equipped with a Co Ka radiation source
(4 =0.179 nm) operated at 40 mA and 40 kV.

SAXS measurements were performed with a Ganesha
SAXSlab (Xenocs) equipped with a point focus X-ray source
and a 2D detector. All curves were recorded over 1 h measure-
ment time, within 24 h after synthesis. SAXS samples were pre-
pared by injecting the IONP solutions (as synthesised) into
1 mm borosilicate glass capillaries (Capillary Tube Supplies).

Magnetisation hysteresis cycles at 5 K and 300 K were
recorded using a superconducting quantum interference
device (SQUID) magnetometer (MPMS, Quantum Design). For
that, dialysed IONP solutions were dried and loaded in a
capsule adapted for SQUID measurements.

Thermogravimetric analysis (TGA) was performed on an
SDT 600 (TA instruments), heating the dried sample from 25
to 600 °C at 5 °C min~' under air. The TGA results were used
to normalise the magnetic hysteresis curves by the amount of
IONP (magnetite) and Fe per g sample (see ESI 57).

T, and T, relaxation times of IONPs were measured on a
Minispec 60 (Brucker) at 37 °C, a frequency of 60 MHz, and
using magnetic field strength of 1.41 T. The longitudinal (7,
[mM™ s7']) and transversal (r, [mM™" s7']) relaxivities were

Nanoscale, 2021,13, 8795-8805 | 8797
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obtained from a linear regression through the relaxivity and
iron concentration (Cp. [mM]) dependent relaxation rates R
(=1/T[s7*]): R = Ry + r-Cye, where Ry, is the relaxation rate of the
aqueous medium. The iron concentration of IONP sample
solutions (which were consecutively diluted for R measure-
ments) was quantified by T;-relaxometry using a calibration
curve for Fe*" as reported previously.*>*” To establish the cali-
bration curve, T, relaxation rates of standard solutions, i.e., Fe
(mr) nitrate (Fe(NOj3);) in 2%y, nitric acid (HNOj;), were traced
as a function of Fe**. The IONP sample solutions were digested
with concentrated nitric acid (i.e., a strong oxidising agent)
overnight to yield an Fe(m) solution, and subsequently diluted
with DI water to obtain a 2%,, HNOj; solution, ie., the same
HNO; concentration used for the calibration curve. T relax-
ation time measurements of the 2%,, HNO; sample solution
provided the iron concentration by comparison with the cali-
bration curve.

Results and discussion
IONP flow synthesis in the presence of dextran

Following a common method to synthesise small IONPs, a
macromolecule, i.e., dextran, was added to the precursor solu-
tion. When feeding the CA solution at 2.1 ml min~" using a
tube length corresponding to 100 s after initiating CP (all steps
carried out at the standard reaction temperature of 60 °C),
agglomerates of precipitates formed and grew on their way
through the reactor. This resulted in plugging after several
minutes of operation. Stable reactor operation, however, was
possible when adding the CA solution using a tube length
corresponding to 5 s after initiating CP. Since the precursor
solution is more acidic with dextran added, the feed rate of the
CA solution was reduced from 2.1 ml min™" (used to stabilise
particles in absence of dextran**) to 1.7 ml min™" in order to
avoid dissolving the particles completely. TEM analysis
showed a small fraction of particles >10 nm (Fig. 2a;) with
most of the particles being too small to determine their size
(Fig. 2a,). HRTEM showed that these particles had a diameter
around 2 nm (see Fig. 2b). The presence of such ultra-small
particles (<3 nm) at short process times (such as just after
initiating the CP) is in line with previous reports on CP syn-
thesis with macromolecules,*® including dextran.*®*°

The ultra-small particles were identified as crystalline and
of the inverse spinel structure (magnetite and/or maghemite)
by HRTEM analysis including electron diffraction and zone
axis analysis (see Fig. 2b and c). This agrees with the XRD
pattern showing only peaks characteristic for the inverse
spinel structure (see Fig. S1t). The low conversion obtained of
35% (0.85 mgrerone MI™') is anticipated as the CA solution
was shown to dissolve ~50% of the IONPs at this CA flow
rate.**

SAXS analysis indicated highly aggregated/agglomerated
structures, as the SAXS curve follows a power law function, (see
Fig. S11bt). The formation of agglomerated structures in the
presence of dextran is consistent with the measured hydrodyn-
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Fig. 2 Analysis of IONPs synthesised with dextran in the precursor
solution and quenching 5 s after initiating co-precipitation. (a) TEM
images of small fraction of particles >10 nm (a;) and ultra-small IONPs
(az). (b) HRTEM image of ultra-small IONPs with a higher magnification
image matching the [111] zone axes of magnetite with the two 2.5 A
(113) planes and one 2.9 A (220) plane. (c) Electron diffraction pattern (of
the area in Fig. 2b) and the radially averaged diffraction profile matching
the pattern of magnetite (PDF ref. 03-065-3107). (d) Schematic of flow
synthesis in the presence of dextran.

amic diameter D, = 60 nm (which is much larger than the
structures seen via TEM). The continuation of this agglomera-
tion when quenching after 100 s (instead of 5 s) is what caused
reactor plugging.

IONP flow synthesis with different quenching times

As explained for step 2 when describing the reactor operation,
the CP synthesis yields magnetite particles within seconds.
Hence, the CA solution was fed 0.5 s, 2 s and 5 s after initiating
CP (i.e., mixing the base and precursor solution without
dextran at the standard reaction temperature of 60 °C) to find
the optimum time to quench IONP growth. The synthesis with
the shortest quenching time (0.5 s) yielded a dilute brownish
solution when exiting the second T-mixer, as observed pre-
viously when excess CA was used for stabilisaiton.** Hence, the
CA solution flow rate was reduced to 1.9 ml min™". Still, the
sample appeared reddish and separation via magnetic decan-

This journal is © The Royal Society of Chemistry 2021
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tation (after precipitation out of solution with IPA) was challen-
ging. This suggested the presence of phases other than the
magnetic inverse spinel structure. The intermediate particles
reported for CP syntheses were shown to be amorphous and
significantly larger than the final IONPs (of the inverse spinel
structure).*>*® This is in agreement with the large hydrodyn-
amic diameter (D, = 90 nm) and the XRD pattern showing no
evidence of another crystalline phase (see green line in
Fig. 3a). The XRD pattern corresponding to a quenching time
of 0.5 s shows no clear indication for crystalline phases,
besides the broad peaks for magnetite.

For a quenching time of 2 s with the standard CA solution
feed rate of 2.1 ml min™, no problem in terms of excessive
particle dissolution was found. The collected solution had the
expected black colour and it was a highly stable colloid with a
conversion of 42% (0.98 mgpeione MI™'). The Dy, dropped to

View Article Online
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spinel IONPs (see red line in Fig. 3a). Still, TEM analysis
revealed, besides the expected particles in the range of 4-6 nm
(see Fig. 3c,), larger structures of a different appearance (see
Fig. 3¢,-3).

When quenching after 5 s with a feed of 2.1 ml min™" CA
solution, the conversion remained at 42% and peaks of the
XRD pattern became even more pronounced (see blue line in
Fig. 3a). TEM analysis showed only the expected small IONPs
(see Fig. 3e). The Dy, dropped further to 19 nm, which is in
good agreement with the particle dimensions determined by
SAXS analysis (Dgaxs = 10.3 nm, see Table S371). As the IONP
diameters obtained via TEM are similar, this proves that
agglomeration is marginal. HRTEM revealed that these IONPs
were single crystalline inverse spinel structure of magnetite
(see Fig. 3f).

The magnetisation hysteresis confirmed that the IONPs

29 nm and the XRD showed the peaks expected for inverse were superparamagnetic (see Fig. 3g) with coercivities
0:5 si~
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Fig. 3 Analysis of IONPs synthesised with quenching at 0.5, 2 and 5 s after initiating co-precipitation. (a) XRD pattern. The black bars at the bottom
reference the pattern of the inverse spinel structure (magnetite: PDF ref. 03-065-3107). Fig. S21 shows the overlaid patterns (including the one for
quenching at 100 s). (b) Schematic of flow synthesis with quenching at 0.5 s. (c;_3) TEM images of IONPs synthesised with quenching at 2 s, Dygm =
4.6 + 1.0 nm (analysing only particles that were assumed to be magnetite based on contrast, size and shape). Fig. S31 shows the particle size distri-
bution. (d) Schematic of flow synthesis with quenching at 2 s. (e;_,) TEM images (of different magnifications) of small IONPs synthesised with
quenching at 5 s, D1gm = 5.3 + 0.9 nm. Fig. S4} shows the particle size distribution. (f) HRTEM image of IONPs synthesised with quenching at 5 s.
The inset shows the FFT analysis confirming the inverse spinel structure viewed down the [443] zone axis. (g) Magnetisation hysteresis curves of
IONPs synthesised with quenching at 5 s. (h) Schematic of flow synthesis with quenching at 5 s.

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021,13, 8795-8805 | 8799


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr00877c

Open Access Article. Published on 24 March 2021. Downloaded on 4/4/2026 5:58:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

<0.3 kOe at 5 K and <0.04 kOe at 300 K. The saturation mass
magnetisations at 300 K of 30 emu per g dialysed and dried
IONPs was normalised by the IONP weight fraction of 70%
determined via TGA (see Fig. S127) yielding 58 emu gp. "
assuming IONPs were magnetite only (see eqn (S3)f). As
expected, these values are significantly below the bulk magne-
tisation (103 and 128 emu gg. ' for maghemite and magne-
tite)>" as surface effects cause a strong reduction in the magne-
tisation of such small IONPs. These surface effects cause
different spin-ordering at the surface layer reducing the
average magnetic moment.>>>?

The reproducibility of this small IONPs flow synthesis was
proven by repeating the synthesis with quenching after 5 s
feeding CA solution at 2.1 ml min™" (as used above) and at
1.9 ml min~' and quenching after 100 s (as used previously).
TEM analysis showed Drgy = 5.4 + 0.8 nm (see Fig. S7 and
S$107), Dy = 5.5 £ 1.0 nm (see Fig. S8 and S10%), and Dygy =
7.0 £ 1.0 nm (see Fig. S9 and S107%) respectively. In addition, a
batch study was performed for comparison (see ESI 67). It was
shown that a batch synthesis can also yield small IONPs when
using small volumes. The small IONPs obtained in batch,
however, were agglomerated and more polydisperse (see
Fig. S13 and S147). This was assigned to higher spatial inhom-
ogeneity of temperature, pH, and reagent concentrations,
hence, co-precipitation, quenching and stabilisation occurred
at less uniform conditions in batch. Also, scale-up in batch is
challenging, as the precisely timed quenching after seconds
and required mixing time can hardly be achieved for batch
volumes larger than 10 m1.>*>*

IONP flow synthesis at different temperatures

Although there is no universal correlation between the size of
co-precipitated IONPs and the reaction temperature, the temp-
erature is known to affect the size.”****” The temperature
dependence was studied by initiating CP and quenching after
5 s (i.e., synthesis steps 1 and 2) at 30 °C and 90 °C, but
keeping the standard reaction temperature of 60 °C for aging
(i.e., step 3). When performing step 1 and 2 at 30 °C, the CA
solution feed rate of 2.1 ml min~" caused significant dilution
of the formed precipitates. Reducing the CA solution flow rate
to 1.7 ml min~" led to a stable colloid, and the darker colour
suggested an increased particle concentration. The collected
solutions, however, appeared “reddish” and a significant frac-
tion of particles could not be separated via magnetic decanta-
tion after precipitation out of solution. The D}, of 55 nm indi-
cated different particle formation kinetics compared to oper-
ation at 60 °C, i.e., magnetite formation is not completed after
5 s (see Fig. 4a).

Operation of steps 1 and 2 at 90 °C yielded stable IONPs
solutions at the standard CA solution feed rate of 2.1 ml
min~'. The TEM images (see Fig. 4b), showed relatively mono-
disperse IONPs with a Drgy = 6.1 £ 0.9 nm. The obtained con-
version was 41% (0.96 mggejonp M1™') and the Dy, was 19 nm.

Although the flow reactor was operated in single phase
mode it was robust against plugging and fouling for all experi-
ments performed except the dextran studies. This was attribu-
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30 °C
D,=55nm

mostly unstable
intermediate phase(s)

Fig. 4 (a) Schematic of flow synthesis with co-precipitation performed
at 30 °C. (b;_,) TEM images of IONPs synthesised with co-precipitation
performed at 90 °C, D1gm = 6.1 + 0.9 nm. (c) Schematic of flow synthesis
with co-precipitation initiated at 90 °C. Fig. S5} shows the particle size
distribution. For both temperatures, quenching was performed at 5 s.

ted to the T-mixers’ geometry (no edges or grooves where
encrustation is likely), the shear forces due to relatively high
flow rates, as well as the highly negative zeta potential values
of the PTFE tubing and PTFE like T mixer (see Table S271) used
in alkaline solutions.’® The pH only dropped to neutral values
after CA addition, hence, after IONPs (or intermediates)
formed.

Discussion of quenching mechanism

The results of the quenching studies performed at different
times and temperatures strongly suggest the formation of
poorly crystalline intermediates after initiating CP. These inter-
mediates accompany the formation of the spinel phase (mag-
netite/maghemite) in the first seconds of the CP synthesis. The
presence of such intermediates (e.g., ferrihydrite or green
rusts) transforming into the inverse spinel phase is well docu-
mented for CP syntheses using a weak base or a strong base
which is added slowly.*>”%*>% Our results indicate that for
the CP synthesis used, where a strong base is added rapidly,
this transition occurs within ~3 s at 60 °C and progresses
slower at 30 °C. The solubility of intermediate phases at
neutral or acidic pH values is higher than that of
magnetite.’>®" Therefore, these intermediate phases (also
referred to as nanometre-sized primary particles of amorphous
iron-rich precursors)®® are more likely to dissolve, or dissolve
faster, when feeding the CA solution. The growth of the spinel
phase is understood to be a reaction-limited process, where
the primary particles supply ferrous and ferric iron.*>>%0¢3
Hence, stopping this supply would quench the growth of iron
oxide nanoparticles.

This journal is © The Royal Society of Chemistry 2021
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For CA, its chelating organic anions have been reported
to (i) prevent nucleation due to the chelation of iron ions®
and (ii) to inhibit growth due to the adsorption on IONP
nuclei, with the latter being dominant.”> For example, a
reduction of the IONP size to 6 nm and smaller was observed
when adding citric acid to the precursor solution.>*®
Chelating ligands certainly affect the IONP size,*® but using CA
solution is unlikely the only reason for the quenching, as it
was fed after the initiation of CP, and after the formation of
spinel iron oxide. Furthermore, quenching with a HCI instead
of a CA solution 5 s and 100 s after initiating CP reduced the
IONP size likewise, as indicated by XRD (see Fig. S67). CA,
however, was essential for the IONP stability at neutral pH.**°”
More generally, quenching nanoparticle growth by rapid pH
change can not only yield small IONPs via precipitation
methods, but also small noble metal nanoparticles (syn-
thesised in water). What these methods have in common is a
nucleation step followed by a pH sensitive growth step invol-
ving either intermediate phases,’®® colloidal growth,”®”" or
surface mediated growth (or combinations).”””’* Thermal
decomposition syntheses of IONPs and other nanomaterials
can be quenched by adding a coolant (such as the solvent
used) to stop the decomposition reaction or temperature
induced colloidal growth.”>””® Although these aqueous and
non-aqueous syntheses require minutes to hours for the nano-
particles to reach their final size, their formation can occur
within seconds®>”%®® or less.”"®! Other examples are poly-
meric particles formed via radical polymerization®” facilitating
size control by quencher addition. Therefore, the rapid
quenching facilitated by flow reactors is a unique tool to syn-
thesise small nanoparticles.

Evaluation of MRI contrast performance

The IONP solutions synthesised at 60 °C with quenching times
of 2, 5 and 100 s (i.e., the previous procedure®*), and the one
synthesised at 90 °C with quenching after 5 s (all quenched via
a 2.1 ml min™" citric acid solution feed) were evaluated for
MRI performance (see Fig. 5). IONPs synthesised in the pres-
ence of dextran were not considered (despite producing IONPs
of Drgm ~2 nm) due to the bimodal IONP size distribution
(indicating different particle formation mechanisms, which
are likely to cause scalability issues) and the larger hydrodyn-
amic diameter indicating agglomeration.

Unreacted iron precursor and other reagents were removed
from solution by dialysing against DI water using a 12-14 kDa
membrane (Medicell) over 4 d, while changing the water fre-
quently. The Fe concentrations (Cg,.) of the dialysed IONP solu-
tions were 7.7 mM, 7.9 mM, and 6.7 mM (CP at 60 °C, quench-
ing time 100 s, 5 s, and 2 s respectively), and 6.7 mM (precipi-
tated at 90 °C and quenched after 5 s). The relaxation rates
(1/T) dependence on the Fe concentration used to determine
the relaxivities are shown in Fig. 5b. Table 1 compares the
relaxivities of the four studied IONP samples and their sizes.

The transversal relaxivities (r,) scaled with the IONP size
from the lowest of 20.5 mM ™" s™" to the highest of 57.2 mM ™"
s~! for IONPs quenched 2-100 s after initiating CP. This is

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) IONP solutions synthesised with quenching times of 100, 5

and 2 s at 60 °C and 5 s at 90 °C (from left to right) selected for MRI
contrast performance evaluation. (b) Relaxation rates R, (transversal,
top) and R; (longitudinal, bottom) vs. iron concentration in the (con-
secutively diluted) dialysed samples (Cr.) to determine r; and r; (i.e., the
slope) for IONPs synthesised at co-precipitation temperatures and
quenching times as indicated.

expected as r, depends on the magnetic moment, which is
higher for larger particles, as the reduction of magnetisation
due to surface effects becomes less prominent with increasing
size.

Although the longitudinal relaxivities (r;) also correlated
with the IONP size, the highest values of 10.7, 12.4, and
11.7 mM~" s7" (for IONPs precipitated at 60 °C and quenched
after 5 s and 100 s, and precipitated at 90 °C and quenched

Nanoscale, 2021, 13, 8795-8805 | 8801
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Table 1 Nanoparticle diameters, Dtgm, D, and longitudinal (r;) and
transversal (r») relaxivities (measured at 37 °C, 60 MHz and 1.41 T) of
selected IONP samples (all quenched with 2.1 ml min~* CA solution)

Synthesised at:

Co-prec. Quenching Drgm/Dy, 11 s o1y
temperature  time [nm)] [mM7's™] [mM s [—]
60 °C 100 s 6.9/19 12.4 57.2 4.6
60 °C 5s 5.4/19 10.7 36.9 3.4
60 °C 2s 4.6/29 6.7 20.5 3.0
90 °C 5s 6.1/19 11.7 46.9 4.0

after 5 s respectively) are comparable. Longitudinal relaxivities
>10 mM™" s™" have been previously reported for IONPs pro-
duced using thermal decomposition methods.>***%> Qurs,
however, are among the highest values achieved via a water-
based IONP synthesis, hence, without organic solvents.®®
These high relaxivities are attributed to the large accessible
surface of the non-agglomerated, colloidally stable, and
small IONPs synthesised, maximising the water-Fe interfacial
area. Also, the stabilisation with CA, ie., a small molecule
with a molecular weight <200 g mol™", is expected to be
pivotal. Citric acid is not only biocompatible but also
allows the water molecules to approach the superparamagnetic
IONPs and was shown in the past to enable high
r, values. 3186

Besides a comparison with IONPs developed as T contrast
agents, it is relevant to compare the r; and r, values with
superparamagnetic IONPs developed as T, contrast agents in
the literature. Such IONPs usually have a magnetic core size in
the range of 10-20 nm, r, values in the range 80-300 mM s,
(depending on the design, the shape and the organic coating)
and r, values around 10 mM ™" s~*.3%%* Therefore, compared to
IONP T,-agents, the MRI features of the small IONP syn-
thesised in flow have several times lower r, value, while r;
remains similar, which allows to decrease the r,/r; ratio, a
favoured parameter for T;-MRL®® Especially the small IONPs
synthesised (quenched at 5 s, standard reaction temperature of
60 °C) exhibit a high r; value (10.7 mM™" s™') with a compara-
tively low r, value (r,/r; = 3.4).

These r; values are also significantly higher than those of
Gd complexes used commercially in 7}-MRI, e.g., macrocyclic
Gd complexes such as Dotarem® and Gadovist®, which have
r, values of 42 mM™"' s and 5.3 mM ' s (at 1.5 T and
37 °C) respectively.?”

Conclusions

We have showcased a flow synthesis of nanoparticles benefit-
ing from the efficient heat transfer and rapid mixing of flow
reactors, but most importantly, precisely timed reagent
addition. Such addition, feasible in flow reactors, enables
excellent control during the crucial particle formation stage
for nanoparticle syntheses with rapid kinetics (within
seconds).
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We have used this principle to quench the growth of IONPs
during a fast co-precipitation synthesis. A multistage flow
reactor was used to (i) initiate co-precipitation and (ii) feed an
acid solution after the formation of magnetite/maghemite
IONPs to stop their growth. Growth quenching was rational-
ised by the (at least partial) dissolution of intermediate phases
before their transition to the inverse spinel structure (magne-
tite/maghemite); hence, stopping the supply of ferrous and/or
ferric ions to form these intermediates. To synthesise small
IONPs (<5 nm) required for T; MRI contrast agents, particle
growth had to be quenched just after the formation of
magnetite.

The XRD patterns, TEM studies, hydrodynamic diameters
and SAXS curves of IONPs synthesised with quenching times
between 0.5 and 100 s show that formation of the inverse
spinel structure occurs between 0.5 and 2 s for the synthesis
used (NaOH solution added rapidly to a precursor solution of
ferric and ferrous chlorides at 60 °C). Quenching the growth
significantly later did allow particles to grow larger than 5 nm,
whereas premature acid addition yielded undesired oxide
phases. Furthermore, temperature affected the reaction kine-
tics, i.e., lower temperatures delayed the formation of magne-
tite/maghemite IONPs. When quenching 5 s after initiating
CP, the synthesis at 30 °C did not show a high magnetite yield,
whereas the synthesis at 60 °C and 90 °C resulted in 5.4 nm
and 6.1 nm magnetite particles respectively at precursor con-
versions of 41-42%.

This flow chemistry protocol facilitated the reproducible
production of stable and only marginally agglomerated small
IONPs coated with CA at neutral pH values without any toxic
reagent. Furthermore, the short synthesis time of the CP
method used, and the continuous operation of the flow reactor
allows for reproducible production at larger scales (>15 1 d™*
with ~1 ggeionp 17, for the 5 ml min™" NaOH and precursor
solution flow rates used) with a simple lab-scale set-up (no par-
allelisation, no flow rate increase, etc.). A comparison with
batch showed that IONPs produced in flow are more mono-
disperse, indicating the challenges of batch scale-up.

Our synthesis procedure entails a raw materials cost <£10
per grerone (calculated based on the yield of ~1 grerone I
and costs for precursors, CA and NaOH). Despite the
slightly higher equipment costs for flow reactors, e.g. for
pumps, this difference is insignificant when comparing the
total costs of batch and flow nanoparticle production, as
shown recently.®®

Relaxometric studies revealed the potential of these small
IONPs as positive (T;) contrast agents for MRI. The r; values
obtained were larger than 10 mM ™" s™* (with r,/r; < 4), which
is among the highest values reported for water-based
syntheses.
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