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Functionalized iron oxide nanoparticles are of great interest for multiple biomedical applications. However,
it remains a considerable challenge to manufacture these nanoparticles reproducibly on a large scale with
the appropriate surface coating to render them completely stable and biocompatible. To overcome this
problem, a novel combination of synthesis and functionalization using modular microreactor systems is
presented here, avoiding the need of intermediate ligand exchange steps. Continuous flow technology
enables reproducible synthesis of bare iron oxide nanoparticles (7 + 2 nm) in water under mild conditions,
in tandem with extremely fast and efficient functionalization with a custom heterobifunctional PEG
stabilizer. The nanoparticles can be easily derivatized with any molecule of interest through simple amide
coupling, demonstrating their capacity to act as a versatile platform for biomedical applications. The
produced iron oxide nanoparticles are fully biocompatible based on a LDH cytotoxicity assay, highly stable
in various biologically relevant media and suitable for T, MRI contrast applications (r; = 1.44 mM s r, =
272 mM 1 sl A full cost analysis reveals the commercial viability of the process, with a total cost as low as
£ 506 g%, demonstrating the potential of this modular approach to enable the large-scale deployment of
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1. Introduction

Iron oxide nanoparticles (Fe;O,NP) are widely investigated for
biomedical applications, such as MRI contrast agents,"™ drug
delivery,”” magnetic hyperthermia cancer treatment,® "’
theranostics,">"> cryopreservation,">'* etc. iron oxide is
particularly suited for biomedical applications because of its
magnetic properties and low toxicity compared to other
ferromagnetic materials such as cobalt and nickel."”
Furthermore, an increasing amount of iron oxide-based
nanomedicines have begun to be approved by the FDA for
human use such as Feridex® for an image contrast agent for
the detection of liver lesions'® and Feraheme® for the treatment
of anaemia in adult patients with chronic kidney disease."”

In order to use such particles in biomedical applications,
stringent requirements have to be met. The nanoparticles
must be stabilized against aggregation and opsonization by
an irreversibly bound hydrophilic ligand and ideally their size
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functionalized nanomaterials in real world applications.

and size distribution should be well-defined.'®'® Typical
stabilizing agents consist of long polyethylene glycol (PEG)
chains, which impart the particles with water dispersibility
and stabilize the particles by steric repulsions.”® Additionally,
PEG coatings have been shown to confer a “stealth” property
which greatly reduces the likelihood of the nanoparticles
being recognised as a foreign body by the immune system.*
PEG molecules must be strongly bound to the iron oxide
surface by a high affinity anchor, to avoid desorption in
biological media. Catechols, and in particular nitrocatechols,
have been identified as excellent choices to anchor substrates
to iron oxide surfaces.”>>*

Despite keen interest to apply iron nanoparticle systems to a
wide range of biomedical applications, the potential is
currently limited to lab scale because the scale up of the
synthesis processes and its reproducibility remain a
considerable technological challenge. Until now, the general
strategy to achieve the requirements for well-defined and highly
stable iron oxide nanoparticles with a stabilizer coating
consists of a two-step procedure.>* ' Firstly, the iron oxide
cores are synthesized in batch typically by a thermal
decomposition method. Secondly, the iron oxide particles are
functionalized through a batch ligand exchange with a suitable
stabilizing agent. Each of these steps requires further
purification steps to remove excess reactants.”” In addition,
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thermal decomposition methods, unfortunately, produce
particles coated by a layer of hydrophobic surfactants,
requiring an additional ligand exchange step to disperse the
nanoparticles in an aqueous phase,*® representing a significant
barrier to large scale production. Furthermore, batch synthesis
methods tend to have reproducibility issues and are difficult to
scale as small differences in mixing or heat transfer can have
large effects on the final nanoparticles.>*

Therefore, it is of great interest to develop new synthetic
methods which can reproducibly manufacture iron oxide
nanoparticles under milder conditions on a large scale, but
most importantly, directly produce nanoparticles with the
necessary functional coating for biomedical applications.
Recently, continuous flow synthetic strategies have been
demonstrated to enable high throughput production of
nanoparticles without sacrificing reproducibility.>™*"  In
particular, continuous synthesis has been demonstrated to
greatly improve the reproducibility of precipitations methods,
which have traditionally been known to produce polydisperse
samples.*>*® The classical co-precipitation synthesis of iron
oxide represents a cheaper, more energy efficient and green
alternative to thermal decomposition methods, as it can be
carried out in water at room temperature. Because of the bare
nature of nanoparticles produced, such continuous
precipitation methods can also be coupled with
functionalization with small molecules®** or low affinity
polymers.*® However, to the best of our knowledge continuous
functionalization of highly stable nanoparticles has not been
achieved so far. In this work, we demonstrate the continuous,
green, scalable and reproducible synthesis of highly stable PEG-
functionalized iron nanoparticles using a modular flow system.
Synthesis of bare iron oxide cores is achieved in a first reactor
by simple co-precipitation followed by functionalization in a
downstream reactor, enabling synthesis and functionalization
to be integrated into a single set-up without intermediate ligand
exchange steps. Furthermore, designing a heterobifunctional
nitrodopamine-PEG-COOH stabilizing agent results in free
carboxylic acid moieties which can be used to further couple
the iron oxide nanoparticles with any molecule of interest such
as fluorophores or antibodies for bio-imaging and targeted drug
delivery. This wunique flexibility was illustrated here by
functionalization of the nanoparticles with fluorescein. The
resulting nanoparticles were found to be completely
biocompatible through cytotoxicity assays and showed T; and
T, relaxivity comparable to other commercial iron oxide-based
MRI contrast agents. Finally, a full cost analysis was carried out,
demonstrating the commercial viability of the synthetic process
opening the door to the deployment of iron oxide nanoparticles
in a wide range of biomedical applications.

2. Results and discussion
2.1. Synthetic strategy and reaction setup

A general strategy combining the synthesis and
functionalization of iron oxide nanoparticles in continuous
flow conditions is demonstrated in this work (Fig. 1).
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Colloidally stable bare iron oxide nanoparticles (Fe;0,NP)
were prepared through a co-precipitation synthetic method
(Scheme 1b). The co-precipitation method was selected
because it is a cheap, efficient, and green synthesis approach
that produces bare iron oxide particles. While co-
precipitation techniques typically result in poor nanoparticle
size control and wide particle size distributions, this is
mostly true for batch processes because of mixing
inconsistencies. Continuous flow co-precipitation has been
shown to lead to better particle size control thanks to the
high degree of control on mixing that it enabled by its high
mass transfer rates.”” These bare iron oxide nanoparticles
were  subsequently functionalized with a custom
nitrodopamine-polyethyleneglycol-carboxylic acid (NDA-
PEG-COOH) stabilizer molecule (Scheme 1a). This stabilizer
was designed with a nitrodopamine (NDA) moiety which
possess high affinity to iron oxide acting as a strong
anchoring group. The polyethylene glycol polymer (PEG)
imparts water dispersibility and biocompatibility whilst
providing a steric colloidal stabilization effect to the
nanoparticles, preventing aggregation. Finally, the free
carboxylic acid moiety enables further derivatization by
amide coupling with any amine containing compound. The
capacity for further derivatization was illustrated in this work
by coupling the nanoparticles with fluorescein as a proof-of-
concept molecule (Scheme 1c). This approach could be easily
extended to any compounds containing an amine
functionality, such as antibodies or antitumoral compounds
to enable targeted drug delivery.

The NDA-PEG-COOH stabilizing agent was prepared in a
simple two-step scheme, starting with nitration of dopamine
followed by amide coupling with a dicarboxylic acid PEG
(Scheme 1a). The synthesis of NDA-PEG-COOH was carried out
using standard batch chemistry. The bare iron oxide
nanoparticles (Fe;0,NP) were synthesized in continuous flow in
a fluoropolymer tubular microreactor, by the co-precipitation
method (Fig. 1). In the same setup, the nanoparticles were
immediately functionalized by mixing with the NDA-PEG-
COOH stabilizing agent in a downstream reactor. This
functionalization strategy is extremely efficient as it only
requires a minimal amount of stabilizing agent (0.5 equiv.) and
bypasses the need for a ligand exchange step entirely.

2.2. Iron oxide nanoparticles synthesis, functionalization and
characterization

As mentioned above, the continuous synthesis of bare iron oxide
nanoparticles stabilized electrostatically was achieved by the co-
precipitation method, mixing a solution of Fe(u) and Fe(u) (0.02
M, 1:2 molar ratio) with an alkaline tetraethylammonium
hydroxide (NEt,OH, 0.1 M) solution (eqn (1)).

Fe?" + 2Fe*" + SOH™ — Fe,0, + 4H,0 1)
In the synthesis reactor, the initially formed particles visibly

aggregated immediately but this aggregation was found to be

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Reaction setup for the continuous synthesis of FesO4NP and functionalization with NDA-PEG-COOH in a single set-up. tg indicates the

residence time in each reactor.
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Scheme 1 Synthetic scheme for a) NDA-PEG-COOH stabilizer b) FesO4NP and functionalization with NDA-PEG-COOH c) further batch
derivatization of FesO4NP-NDA-PEG-COOH with aminofluorescein.

reversible depending on the base counter cation employed in
the synthesis. The particles de-aggregate in the presence of
NEt," at high pH (12-13) over the course of 1-2 minutes. This

This journal is © The Royal Society of Chemistry 2021

observation suggests that two competing processes are at play:
aggregation and electrostatic stabilization. The aggregation is
kinetically fast compared to the electrostatic stabilization, but
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the latter represents a more thermodynamically stable state. For
this reason, NEt,OH was selected as the base for the co-
precipitation synthesis. Conversely, when using sodium
hydroxide as the base, aggregation could not be reversed. In this
case, the aggregated state is not only kinetically fast but also
thermodynamically stable. This observation highlights the
importance of the counter cation in the system. A similar
observation was already made by Mascolo*® and by Massart with
NMe,OH.*® While reactor fouling and clogging can be an issue
for material synthesis in microreactors, in this case negligible
fouling was observed during operation. This co-precipitation
method produced nanoparticles of 7.2 + 1.6 nm in size (Fig. 3a-
c). These nanoparticles were crystalline and exhibited
characteristic magnetite/maghemite reflexions (Fig. 3d, S1f).
Most likely, the magnetite (Fe;0,) phase is formed initially and
then slowly oxidises to maghemite ()-Fe,O3) over the course of
a few weeks, as indicated by the colour change of the
suspensions from an opaque black colour to lighter orange/
brown (Fig. S31). The magnetite and maghemite phases of
iron oxide have very similar properties and are hard to
distinguish using diffraction techniques as they both present
the inverse spinel structure and similar diffraction signatures.
For simplicity, the iron oxide nanoparticles obtained in this
work are referred to as Fe;O, NP, but the particles likely
consist of a mixture of magnetite and maghemite phases, as
is generally obtained with co-precipitation methods.* The
electrostatic stabilization by the NEt," cation enables the
synthesis of essentially bare iron oxide nanoparticles with
excellent colloidal stability. Zeta-potential
confirmed the electrostatic nature of the stabilization of the
bare nanoparticles at alkaline pH (Fig. 4a). The zeta-potential
of bare Fe;O,NP was measured at 40 mV at pH = 13.

The bare nature of the particles combined with their high
colloidal stability enables the fast binding of the NDA-PEG-
COOH stabilizer to the nanoparticles in the functionalization
reactor. NDA-PEG-COOH  stabilizer ~was synthesised
according to the scheme in Scheme 1a. Nitrodopamine (NDA)
was synthesised according to a method from the literature.”®
PEG dicarboxylic acid (600 g mol™) dissolved in
dichloromethane was activated at room temperature for 20
min with 1 equiv. of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 1 equiv. of N-hydroxysuccinimide
(NHS), followed by addition of 1 equiv. of nitrodopamine
dissolved in dimethylformamide and stirred for 16 h. The
final product was purified by addition of an acidic 1 M LiCl
solution followed by extraction with dichloromethane. The
formation of the desired NDA-PEG-COOH product was
confirmed by Fourier transform infrared spectroscopy (FTIR)
(Fig. S21) and "H-NMR spectroscopy (SI). The conversion of
PEG(COOH), into NDA-PEG-COOH was estimated at 52%
based on the ratio of acid/amide Ha peak area. Batch tests
with quenched time aliquots were carried out to evaluate the
kinetics of the functionalization step to evaluate the amount
of NDA-PEG-COOH stabilizer required to achieve successful
nanoparticle stabilization. The amount of Fe stabilized was
calculated by quenching the nanoparticle suspensions in

measurements
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Fig. 2 Evolution of the amount of iron oxide nanoparticle stabilized as
a function of reaction time for various amounts of NDA-PEG-COOH
stabilizer added, after the pH was adjusted to 7. Inset shows pictures
of the respective suspensions, illustrating that good stabilization is
achieved for 0.5 equivalents or more NDA-PEG-COOH.

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES) pH buffer to quickly lower the reaction pH to 7.
Because the bare iron oxide nanoparticles are only
electrostatically stabilized and have a point of zero charge
around 7, any unfunctionalized nanoparticles quickly
aggregate at pH = 7. On the other hand, functionalized
Fe;0,~NDA-PEG-COOH nanoparticles remain stable at pH =
7. Any unfunctionalized and aggregated nanoparticles were
separated by filtration with a 200 nm syringe filter and an
excess of hydrochloric acid was added to the filtrate to
dissolve the stabilized nanoparticles. The iron concentration
in the digested filtrate was determined through a UV-vis
spectrophotometric assay, allowing a mass balance
calculation of the amount of stabilized Fe. The minimal
amount of NDA-PEG-COOH to achieve nanoparticle
stabilization was determined to be 0.5 molar equivalents
(equiv.) compared to Fe (Fig. 2), with around 85% of Fe
stabilized under 1.5 min. Slightly more nanoparticles were
stabilized by further increasing the reaction time although
this increase is relatively small. A clear cut off was observed
at 0.5 equiv. of NDA-PEG-COOH, using less resulted in
almost no stabilized particles, indicating that the NDA-PEG-
COOH binds to all the nanoparticles uniformly. Above this
0.5 equiv. threshold, essentially all the particles are
stabilized. 0.5 equiv. corresponds to a theoretical grafting
density of 24 NDA-PEG-COOH molecules per nm?, assuming
7 nm spherical particles. Note that the reaction time to
achieve the functionalization could be even shorter, as the
first aliquot was collected after 1.5 minutes.

Once the optimal amount of NDA-PEG-COOH was
determined, the functionalization of continuously synthesised
Fe;O,NP was achieved by introducing a solution of NDA-PEG-
COOH (adjusted to pH = 13 with NEt,OH) in a second reactor,

This journal is © The Royal Society of Chemistry 2021
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with a residence time of 2.4 minutes. While the nanoparticle
synthesis step was carried out at 25 °C, the functionalization
step temperature was set at 70 °C as it was found to lead to
improve the stabilization (Fig. S5t). The high heat transfer
rates in microdevices enables this fast change of conditions. To
ensure complete reproducibility, it is possible to quench the
reaction by adding a large excess of a buffer such as HEPES in
a third downstream reactor to rapidly lower the pH to 7.
However, this step is optional as similar nanoparticles
properties were obtained with or without a quenching step.

In order to purify the produced nanoparticles and remove
excess NDA-PEG-COOH, a simple and scalable protocol was
established. The water solvent was evaporated by rotary
evaporation and the particles were subsequently dispersed in
ethanol followed by reprecipitation by adding hexane as anti-
solvent. This procedure was carried out thrice. Finally, the
particles were dried in air and resuspended in deionized water
and filtered through a 200 nm syringe filter. Using this method,
large amounts of nanoparticles can be purified at once, with
high yields of around 70-90% of the total iron content. Rotary
evaporation is what enables this purification procedure to be
carried out on a large scale, compared to the more commonly
used freeze-drying approach. Although rotary evaporation
represents comparatively much harsher conditions which can
lead to particle aggregation, the fact that minimal aggregation
was observed illustrates the excellent stability of the
synthesized functionalized nanoparticles. Although we carried
out this step in batch, it is important to highlight that
continuous rotary evaporation is commercially available should
this step needs to be carried out continuously.

Particle counts
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The  Fe;O,NP-NDA-PEG-COOH  nanoparticles
characterized by transmission electron microscopy (TEM), zeta-
potential, FTIR and dynamic light scattering (DLS). The
functionalized nanoparticles appeared significantly better
dispersed on TEM micrographs compared to bare iron oxide
nanoparticles, indicating successful steric stabilization (Fig. 3).
The average size of the iron oxide cores after functionalization
(7.0 £ 1.9 nm) was not significantly different from the bare iron
oxide nanoparticles, indicating that no surface etching process
occurs  during  functionalization.  Interestingly,  the
functionalized iron oxide nanoparticles remained black in
colour even after 3 months of storage which suggest that the
functionalization coating protects the magnetite nanoparticles
from oxidation to maghemite (Fig. S3t).

Zeta-potential data indicated a shift in the point of zero
charge (PZC) of the particles from pH = 7 to pH = 5 after
functionalization, caused by acidic carboxylate surface groups
(Fig. 4a). This observation suggests that the NDA-PEG-COOH
preferentially binds with the NDA moiety, leaving free carboxylic
acid functions available for downstream derivatization. FTIR of
functionalized particles showed characteristic vibration bands
attributed to NDA-PEG-COOH on their surface, confirming
successful functionalization (Fig. 4b). Note that the difference
in intensity between the pure NDA-PEG-COOH ligand and the
functionalized Fe;O,NP-NDA-PEG-COOH is due to their state
(liquid and solid respectively) and thus different signal
transmission through the ATR detector. No aggregation was
detected visually or by DLS even after 1 month of storage in 18
mM phosphate buffer (Fig. 4c). Similarly, the functionalized
nanoparticles remained mostly stable in harsh 1 M NaCl

were

7.0%1.9nm

Particle counts

ozaspwuumwm
D ter (nm) -

0.16 nm [511] |

/ 0.21nm [400] ¥
/» 0.25 nm [311]
f/ﬁ 0.30nm [220].

Fig. 3 Representative transmission electron micrographs and particle size distributions of a-c) bare iron oxide nanoparticles and e-h) FesO4NP-
NDA-PEG-COOH. d) Fourier transform image of the selected area in the white square on micrograph c, exhibiting the characteristic lattice
spacings for magnetite/maghemite phase. The functionalized nanoparticles appear much better dispersed on the grid, as a result of their steric

stabilization, whereas bare nanoparticles tend to clump together.
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Fig. 4 a) Zeta-potential measurement of the bare nanoparticles (black) compared to the functionalized nanoparticles (red). The functionalization
shifts the point of zero charge from pH = 7 (for bare nanoparticles) to pH = 5. b) FTIR of bare nanoparticles (black), functionalized nanoparticles
red) and pure NDA-PEG-COOH (purple). Characteristic vibration bands of NDA-PEG-COOH appear on the spectrum of the functionalized sample,
indicating that NDA-PEG-COOH is present on the surface of the functionalized nanoparticles. c) Particle size distribution of functionalized iron
oxide nanoparticles in deionised water (red), phosphate buffer 18 mM (blue) and NaCl 1 M (green) measured by dynamic light scattering. No
significant aggregation of the particles was detected after 1 month in these harsh dispersion environments. Inset pictures show the stable
suspensions. d) Hydrodynamic diameter of the bare nanoparticles (black) and functionalized nanoparticles (red) as a function of pH, measured by

dynamic light scattering.

dispersant. Stability in phosphate buffer indicates strong
binding of PEG to the particles, as phosphate ions have strong
affinity for the iron oxide surface and cause aggregation and
precipitation of poorly stabilized iron oxide nanoparticles.
Stability in 1 M NaCl confirms that the stabilization obtained is
of steric nature, as a high salt concentration collapses any
electric double layer responsible for electrostatic stabilization.
The functionalized nanoparticles were stable in a wide range of
pH (4-13), unlike bare nanoparticles which precipitated around
their PZC (Fig. 4d). The hydrodynamic size of the particles is
around 44 nm, which indicates that the 7 nm iron oxide
nanoparticles likely exist in solution in the form of clusters of a
few cores bundled together.

2.3. Further derivatization

The NDA-PEG-COOH stabilizer molecule was designed to
include a carboxylic acid group to enable derivatization of the

1966 | React. Chem. Eng., 2021, 6, 1961-1973

nanoparticles with any compound of interest through simple
coupling strategies. This property of the functional Fe;O,NP-
NDA-PEG-COOH nanoparticles is illustrated here by grafting
fluorescein on the nanoparticles as a model molecule.
Functionalization of the nanoparticles with aminofluorescein
was achieved by standard EDC/NHS carbodiimide amide
coupling in water. Briefly, a solution of Fe;O,NP-NDA-PEG-
COOH in HEPES buffer at pH = 8 was activated at room
temperature by addition of 5 mol% of EDC/NHS for 5 min,
followed by addition of 5 mol% fluorescein under stirring at
pH = 8 for 16 h. The resulting Fe;O,NP-NDA-PEG-fluorescein
nanoparticles were purified by a slightly modified purification
procedure compared to the Fe;O,NP-NDA-PEG-COOH
nanoparticles, consisting of rotary evaporation followed by one
wash with ethanol and two washes with acetone to remove any
unreacted fluorescein and EDC/NHS by-products. After
purification, 36% of the total iron was recovered and the
particles showed negligible aggregation (Fig. 5b).

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 a) UV-visible absorption spectra of functionalized iron oxide nanoparticles before (red) and after coupling with aminofluorescein (green).
The appearance of the characteristic absorption peak of fluorescein at 494 nm confirms the successful functionalization. Inset picture show the
fluorescein-functionalized particles under visible light illumination (left) and UV illumination (right), exhibiting bright fluorescence. b) Particle size
distribution of the functionalized iron oxide nanoparticles before (red) and after coupling with aminofluorescein (green), indicating that negligible

aggregation occurs during the coupling process.

The appearance of the characteristic fluorescein peak in
the UV-vis spectrum of the nanoparticles confirmed
successful fluorescein attachment to the particles (Fig. 5a).
Based on the fluorescein absorbance peak height, the drug
loading efficiency was estimated at 21% and the drug loading
capacity was calculated at 15 wt% which is considered a high
drug loading (>10%)>" suitable for drug delivery applications.
Fluorescein serves here as a proof-of-concept, illustrating that
the Fe;O,NP-NDA-PEG-COOH can act as a flexible
nanoparticle platform to which any molecule of interest with
an amine group can be coupled to. This strategy can easily be
extended to functionalize the nanoparticles with antibodies
and aptamers for targeting specific epitopes or with drug
molecules such as doxorubicin.

A lactate dehydrogenase (LDH) cytotoxicity assay was
performed to assess the biocompatibility of the Fe;O,NP-NDA-
PEG-COOH and Fe;O,NP-NDA-PEG-fluorescein nanoparticle

samples (Fig. 6a). No significant decrease in cell viability was
detected after 24 h and 48 h, even at the highest nanoparticle
concentration of 100 ug mL™. This results supports the fact
that the prepared nanoparticles are completely biocompatible
and can be used in biomedical applications.

T, and T, nuclear magnetic resonance (NMR) relaxation
experiments were carried out to determine the longitudinal
and transverse relaxation rates respectively of the different
functionalized nanoparticle samples to evaluate their
possible application as MRI contrast agents. The 7; and T),
relaxation times were measured on a Bruker Biospin DMX
300 spectrometer, using standard inversion-recovery, and
Carr-Purcell-Meiboom-Gill pulse sequences. The relaxation
rates (1/T; and 1/T,) were plotted as a function of iron
concentration to determine the molar relaxivities (r; and r,)
of each sample by linear regression as shown in
Fig. 6b and c. The resulting values are summarized in

a) 1 [_J24h b) C)
l4sn 12 160
100 =5 r e - 2
~0 =1 ol - B °
10 4 L5 140 P .
T 80 y= 1A:149x +0.3488 - = 53 2 120 y=272.25x +7.0421 P2
= R?=0.999 T R?=0.9904 -
E __08 e .
2 60 o o .-~ y=11972x+0.325 o~ 100 47
g " 2 ; .
> =~ s R =0.989 » . ..’
3 - AP = .
O 40 P e _-®
) = S
0.4 60 o _ -~ y=12937x+12.251
20 . ) -~ 2 _
20 ,,/ "’, R*=0.9762
” 0.2 © Fe304NP-NDA-PEG-COOH o1 - o Fe304NP-NDA-PEG-COOH
5 v v v N N v o~ o~ © Fe304NP-NDA-PEG-Fluorescein 20 € LA
J}" é? S EFEFESE S o0 © Fe304NP-NDA-PEG-Fluorescein
FINTTFss T ' 0 02 03 o o 06 0
& 3* -1 ‘ o 4 5 - 0.1 0.2 0.3 0.4 0.5 0.6
¥ Fe concentration (mM} Fe concentration (mM)
Fe;0,NP-NDA-PEG-COOH
Fe3;0,NP-NDA-PEG-Fluorescein
Fig. 6 a) Cell viability measured by LDH assay at 24 h and 48 h in the presence of various concentrations of FesO,NP-NDA-PEG-COOH and

Fe;04NP-NDA-PEG-fluorescein nanoparticles. b) Inverse T; and c) T, relaxation times measured at 7 T as a function of Fe concentration with the
corresponding linear regression fitting for Fez0,NP-NDA-PEG-COOH and Fez;O4NP-NDA-PEG-fluorescein nanoparticles.
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Table 1 Table summarizing the different ry, r» and rp/ry properties for
each sample at a magnetic field of 7 T. The errors on the relaxation rates
are the standard errors from the linear regression fit

1 T2
Sample [mM™7's'] [mM*'s'] ry/r ratio
Fe;O4,NP-NDA-PEG-COOH 1.44 £ 0.05 272 £27 188

Fe;O,NP-NDA-PEG-fluorescein  1.20 + 0.13 129 + 20 108

Table 1. The r, values are relatively large compared to single
core nanoparticle systems which suggests that the Fe;O,NP-
NDA-PEG-COOH exist in clusters of multiple iron oxide
particles, perhaps because of crosslinking of nanoparticles
with free carboxylate moieties.>® Functionalization with
fluorescein reduces the r,/r; ratio, which aligns with the
partial crosslinking hypothesis since less carboxylate groups
are available in the fluorescein-functionalized particles. All
samples demonstrated a high r,/r; ratio which indicates that
this nanoparticle system can act as a good T,-based contrast
agent. These values are comparable to commercial iron oxide
based contrast agent Resovist®, which demonstrated r; =
1.67, ry = 375, 1p/ry = 224 at 9.4 T.>3

2.4. Cost analysis

A full cost analysis of the process was carried out to
demonstrate the commercial viability of this approach.
Currently, most commercially available iron oxide
nanoparticles are stabilized with citric acid, oleic acid or
polyvinylpyrrolidone. Only one supplier, OceanNanotech
(which also supplies Sigma-Aldrich), was found to offer PEG
stabilized iron oxide nanoparticles.”® Note that these
nanoparticles are oleic acid capped iron oxide nanoparticles,
stabilized with an amphiphilic polymer and they do not
present a reactive function for further derivatization. These
nanoparticles are currently priced at £ 23000 g ', which
illustrates the need to develop cheaper and scalable
alternatives to the traditional batch synthesis processes.

The setup presented in Fig. 1 was considered for the
preparation of Fe;O,NP-NDA-PEG-COOH nanoparticles in
continuous flow. A single operation period of 8 h was
considered, split into 1 h of solution preparation, 5 h of
reactor operation and 2 h of work up. Within this operation
period, two operating flow rates were considered: 0.2 mL
min™' (which was used in this work) and 10 mL min".
Taking the preparation and workup times into account, these
flow rates correspond to mass production rates of 9.6 mg h™"
and 0.48 g h™" respectively. It should be noted that in terms
of mass, the nanoparticles were considered to be pure
magnetite Fe;O, and the contribution of NDA-PEG-COOH to
the final nanoparticle mass was ignored. Therefore, the
production rates are likely to be underestimated. An analysis
of the chemical cost of the continuous flow reaction was
carried out. First of all, the chemical costs for the batch
syntheses of NDA (Table S1}) and NDA-PEG-COOH (Table
S2+) were calculated, as these are the only non commercially
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available precursor compounds. Note that both these
chemicals can be prepared on a relatively large scale
compared to the amount of NDA-PEG-COOH required for a
standard operation period of 5 h. Indeed, 3 mmol of NDA-
PEG-COOH can be synthesised per batch which represents
enough compound for 463 mg of Fe;O, (i.e. three 5 h-runs in
flow at 0.2 mL min™"). Once the cost of the NDA-PEG-COOH
stabilizer was determined, the chemical costs for the
continuous flow synthesis and functionalization process
could be calculated (Table S37). Interestingly, from a purely
chemical perspective, it is clear that the main costs are
associated with the solvents used during the purification
procedure, as relatively large amounts of solvent are used to
purify small quantities of nanoparticles. The chemical costs
for the synthesis of Fe;O,NP-NDA-PEG-COOH were
evaluated at £ 430 g (compared to £ 61 g™' without
considering the solvents in the work up procedure). Thus,
the chemical costs are 86% due to solvent use and optimising
the work up procedure could lead to significant cost savings
as well as making the process even greener. Similarly, this
observation illustrates how using water as the main solvent
for the reaction greatly reduces overall costs.

Beyond simply accounting for the cost of the chemicals, a
fully accurate cost analysis requires careful consideration of
all the associated capital, operational and labour costs of the
process. The equipment costs are detailed on Table S4f and
were evaluated by assuming a 2-year lifetime averaged over
500 working days. For the energy costs, the nominal power of
the hot plate was considered as the power required to drive
the pumps is negligible in comparison (Table S5%). Finally
for the labour costs, the typical salary of a senior laboratory
technician is estimated at £ 30000 per year.”” This value was
multiplied by 2.5 to account for National Insurance
contributions and other employer costs, resulting in an
estimated salary cost of £ 75000 per year or £ 37.5 per h
(Table S5t). The overall results of the cost analysis are
compiled on Table 2. Note that there will not be any extra
labour costs associated with NDA and NDA-PEG-COOH
production as both syntheses for these compounds are not
time intensive (1 to 2 h each including work up) therefore
they can be carried out in parallel with the flow system.
When factoring all these parameters, the production cost of
the Fe;0,NP-NDA-PEG-COOH was evaluated at £ 3775 g*
for 0.2 mL min™ operating flow rate. This production cost
could be reduced to £ 506 g~* (7-fold reduction) by operating
at a higher flow rate of 10 mL min™". At lower operating flow
rates, labour costs tend to dominate (86% of total costs at 0.2
mL min~"), while at higher flow rates the chemical costs
constitute the bulk of the costs (85% of total costs at 10 mL
min™") (Fig. 7). As anticipated, increasing the production rate
leads to an overall decrease in the production cost, as
another example of economy of scale. This increase in
operating flow rate could easily be achieved and would only
require longer reactors to maintain the same residence times
and different pump types such as microannular gear pumps
to handle larger precursor solution volumes (both changes

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1re00239b

Open Access Article. Published on 29 July 2021. Downloaded on 4/3/2026 11:42:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

View Article Online

Paper

Table 2 Complete cost breakdown of the continuous flow synthesis of FesO4NP-NDA-PEG-COOH

Flow rate [mL min"] 0.2

10

Production rate [g run™'] 0.077

3.8

Costs Cost per run [£] Mass cost [£ g7'] Cost ratio [%] Cost per run [£] Mass cost [£ g7'] Cost ratio [%]
Chemicals 40 430 11 1987 430 85
Reactor 8 87 2 52 11 2.2
Energy 1.0 11 0.3 1.0 0.2 0.04
Labour 300 3247 86 300 65 13
Total 349 3775 100 2339 506 100

Operating flow rates of 0.2 and 10 mL min™" and a yield of 50% were considered. A run consists of an 8 h work shift with 1 h of set up, 5 h of

reactor operation and 2 h of work up.

were factored into an increase in the equipment costs in
Table S47). Note that the production rate could also easily be
further increased by numbering up reactors in parallel.

Therefore, this approach enables production of iron oxide
nanoparticles stabilized by a functional PEG coating at a 1/6
the price of similar commercially available samples, and this
cost can be further driven to 1/45 of the commercial samples
at higher flow rates (10 mL min™").

3. Conclusions

In this work, we pioneer the synthesis and functionalization
of highly stable PEG-functionalized iron oxide nanoparticles
for biomedical application in a single modular and flexible
setup. The synthesis of the iron oxide nanoparticles by co-
precipitation allows the process to be carried out in water
under mild conditions while the continuous flow strategy
ensures narrow size distribution, high reproducibility and
easy scale up. A custom stabilizing heterobifunctional PEG-
based molecule was designed with a nitrodopamine anchor
on one side for strong binding to iron oxide and a carboxylic
acid moiety on the other side to enable further derivatization
by simple amide conjugation. The combination of
electrostatically stabilized bare iron oxide nanoparticles with
a high affinity nitrodopamine anchor leads to extremely fast
and efficient functionalization, requiring only a minimal
amount of the PEG-based stabilizer. The derivatization
property was illustrated by coupling with fluorescein,
conferring fluorescent properties to the iron oxide
nanoparticles. The nanoparticles synthesized in this work can
act as a platform that can be functionalized with any molecule

10 mL mint

0.2 mL min*

430£ g1
__g7f£gt

S 11£g?

: 3247 £g1

Fig. 7 Pie charts of the distribution of the process operating costs at
different flow rates.

11£g7 656!

N

o Chemicals

H Reactor

M Energy
Labour
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of interest such as fluorophores, radioactive labels, or
antibodies. The functionalized iron oxide nanoparticles were
found to be completely biocompatible through a standard
cytotoxicity assay and demonstrated good relaxivity values of
ri=144andr, =272 mM ‘s tat7T, making them suitable
for MRI contrast agent applications. To highlight the
commercial viability of the processes, a full cost analysis of
the process was carried out, showing that the functionalized
nanoparticles cost of manufacturing is as low as £ 430 g™*
only accounting for chemicals and £ 3775 g' if the capital,
operating, and labour costs are included, which is
significantly lower (>80% cheaper) than any commercially
available similar products. This cost can easily be driven
down further to £ 506 g~* simply by increasing the setup flow
rate and throughput. This work demonstrates that continuous
flow synthetic methods have the capability to overcome the
scale up challenges of complex nanomaterial synthesis and
contribute to their deployment in exciting applications
beyond lab scale. Furthermore, this novel approach can easily
be extended to other materials, particularly metal oxides as
nitrocatechols are known to bind strongly to other oxides.

4. Experimental section

Materials

FeCl,-4H,0 (97%, Alfa Aesar), FeCl;-6H,0O (98% Alfa Aesar), 20
wt% aqueous NEt,OH (Sigma-Aldrich), dopamine hydrochloride
(Sigma-Aldrich), 5-aminofluorescein (Sigma-Aldrich), sodium
nitrite (98%, Alfa Aesar), 2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid (TCI), 2-{4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid sodium salt (TCI), hydroxylamine
hydrochloride (96 + %, Alfa Aesar), 1,10-phenanthroline (TCI),
hydrochloric acid 1 M (Fisher scientific), sulfuric acid (98%,
Fisher scientific), PEG(COOH), (600 g mol ™, Sigma-Aldrich),
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (TC),
N-hydrosuccinimide (TCI), LiCl (98+%, Alfa Aesar), ethanol
(absolute, Fisher scientific), dimethylformamide (99.8%
anhydrous, Sigma-Aldrich), dichloromethane (99.8 + %,
stabilized with amylene, Acros organics), acetone (95 + %, Acros
organics), hexane (95%, Acros organics) were used as received
without any further purification.

MilliQ deionized water (18 MQ) was used for all the
experiments.

React. Chem. Eng., 2021, 6, 1961-1973 | 1969
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Characterization

Absorbance spectra of Fe;O,NP-NDA-PEG-COOH and Fe;0,-
NP-NDA-PEG-fluorescein were recorded using an Agilent Cary
60 ultraviolet-visible (UV-vis) spectrophotometer. Dynamic light
scattering (DLS) measurements were obtained using a Malvern
Zetasizer Nano S90 instrument with a 633 nm laser.

Zeta-potential data was recorded on a Malvern Zetasizer
Nano ZS instrument with a 633 nm laser.

Fourier transform infraRed (FTIR) spectra were measured
with a  SpectrumOne instrument (Perkin  Elmer).
Transmission electron microscopy grid samples of iron oxide
nanoparticle suspensions in water were prepared by drop-
coating onto carbon-coated Cu grids (Agar Scientific, 400
mesh). A FEI Tecnai F20 G2 200 kV FEGTEM with a Gatan
image filter (GIF) 200 followed by a 4 x 4 k CCD detector was
used to acquire transmission electron microscopy images of
the samples. Particle size distribution histograms were
obtained from measuring at least 100 particles using Image]
open source software.

Batch synthesis of nitrodopamine

Nitrodopamine was synthesised according to a method from
the literature.’® Briefly, 5 mL of 20 wt% sulfuric acid were
added dropwise to a solution of dopamine hydrochloride (1
¢) and sodium nitrite (1.26 g) in 30 mL of water cooled in an
ice bath. The solution was stirred overnight while being
allowed to warm to room temperature. The resulting yellow
precipitate was filtered and washed with 10 mL of ice-cold
water and 10 mL of ice-cold EtOH and dried. 803 mg of
nitrodopamine hydrogen sulfate were obtained (71% yield).

Batch synthesis of NDA-PEG-COOH

1.8 g (3 mmol) of PEG(COOH), (600 g mol ") were dissolved
in 30 mL of dichloromethane. To this solution, 700 pL (3
mmol) of EDC and 460 mg (3 mmol) of NHS were added and
stirred for 20 min. A solution of 564 mg (3 mmol) of
nitrodopamine  hydrogenosulfate in 15 mL  of
dimethylformamide was added and the final solution was
stirred for 16 h. 50 mL of solution of 1 M LiCl adjusted to pH
= 1 with HCl was prepared and added to the reaction
solution, resulting in the separation of two phases. The
bottom dichloromethane layer was collected and evaporated
through rotary evaporation at 70 °C and 30 mbar, with a high
boiling point solvent trap, in order to remove any leftover
dimethylformamide. The final product, a dark brown oily
substrate (2.05 g, 89% yield), was dissolved in a minimal
amount of deionised water for later use.

Continuous iron oxide nanoparticle synthesis and
functionalization

Fe;O,NP-NDA-PEG-COOH were prepared through a
continuous flow synthetic strategy. All solutions were freshly
prepared right before carrying out a synthesis. 26 mg of
FeCl,-4H,0 and 72 mg FeCl;-6H,O (0.02 M Fe total) were
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dissolved in 20 mL of 0.01 M HCI. 1.458 mL of 20 wt% NEt,-
OH were diluted to 20 mL with deionised water to obtain a
0.1 M solution. A 20 mL solution of NDA-PEG-COOH of the
desired concentration (typically 0.01 M, 0.5 equiv. compared
to Fe) and NEt,OH (2 equiv. compared to NDA-PEG-COOH)
was prepared in deionized water. The iron solution and the
NEt,OH solutions were then sparged with nitrogen for 1 h to
remove dissolved oxygen. The solutions were transferred to a
polypropylene syringe and connected to the microreactor
setup via Luer-lock connection and injected in the
microreactor at a flow rate of 0.2 mL min " with a Chemyx
6000 syringe pump. The microreactors consisted of a
polytetrafluoroethylene tubing (1/16 inch outer diameter, 1/
32 inch inner diameter). The tubing was coiled over 3D
printed supports (1 cm diameter). Each precursor solution
passed first through a pre-heating region (50 cm), before
mixing at a T-mixer (0.02 inch inner diameter) and flowing
through the first reactor (2.9 m). For the case of
functionalized nanoparticle synthesis, the NDA-PEG-COOH
solution was added with a second T-mixer and connected to
a second reactor (2.9 m). A solution volume equivalent to two
reactor volumes was discarded before collecting any product
to ensure steady state was achieved in the microreactor. In
between reactions, the microreactor was washed with 1 M
HCI and deionized water.

Nanoparticle purification procedure

To purify the nanoparticles and remove any excess reactants,
the water solvent was evaporated through rotary evaporation
at 70 °C. The obtained solid nanoparticle residue was then
dispersed in EtOH (2 mL per 10 mL of starting Fe;O,NP-
NDA-PEG-COOH solution) followed by precipitation with
hexane as an antisolvent (1:1 volume ratio with EtOH). The
nanoparticles separation was facilitated with a strong
permanent magnet and the supernatant was discarded. This
procedure was repeated a total of 3 times. The particles were
then dried in a vacuum at room temperature, re-dispersed in
a minimal amount of deionised water (typically 4 mL of H,O)
and filtered through 200 nm syringe filter.

Further derivatization of the nanoparticles with fluorescein

To functionalize the Fe;O,NP-NDA-PEG-COOH
nanoparticles with aminofluorescein, 3 solutions denotated
A-C were prepared. All solutions were freshly prepared before
being used. Solution A was prepared by diluting 500 pL of
stock Fe;0,NP-NDA-PEG-COOH (16.7 mM in [Fe] based on a
mass balance, 13.3 mM measured [Fe]), 50 uL of 1 M
HEPESNa and 25 uL of HEPES acid in 5 mL of deionised
water (final pH = 8). Solution B consisted of EDC (4.2 x 107
M, 5 mol% compared to Fe) and NHS (8.4 x 10™> M, 10 mol%
compared to Fe) in 10 mL of deionised water. Solution C
consisted of an aminofluorescein solution (9.3 x 10°° M, 5
mol% compared to Fe) in 4.5 mL of deionised water.

Solution B was added to solution A under vigorous stirring
(COOH activation). After 5 minutes, solution C was added,

This journal is © The Royal Society of Chemistry 2021
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and the mixture was stirred at room temperature for 16 h.
The HEPES buffer enabled the pH to be maintained at 8
throughout the reaction. The Fe;0,NP-NDA-PEG-fluorescein
particles were then purified and recovered by rotary
evaporation, followed by washing and sonication (10 min) in
EtOH (1 mL per 10 mL of starting solution), magnetic
decantation and two more cycles of washing/magnetic
decantation with acetone (1 mL per 10 mL of starting
solution). Finally, the particles were dried in vacuum at room
temperature, re-dispersed in a minimal amount of deionised
water (typically 4 mL of H,0) and filtered through 200 nm
syringe filter.

Semi-batch reaction procedure to determine
functionalization kinetics

The kinetics of the functionalization step were determined
through a semi-batch method. Bare iron oxide nanoparticles
were synthesised under continuous flow conditions as
described above. The resulting suspension (5 mL, 0.01 M in
[Fe]) was transferred to a vial with a magnetic stir bar and
heated to the desired reaction temperature. A solution of
NDA-PEG-COOH and NEt,OH (2 equiv. compared to NDA-
PEG-COOH) of the desired concentration was then quickly
added and a timer was started. 750 pL aliquots were then
extracted and quenched by mixing with 250 uL of MES buffer
(0.2 M). The quenched aliquots were then filtered through a
200 nm syringe filter to remove any aggregated nanoparticles.

Fe concentration determination

The concentration of Fe in the samples was determined by UV-
vis spectrophotometric assay. The samples were dissolved in
HCI, then an excess hydroxylamine was added to reduce the
Fe** to Fe*" and an excess 1,10-phenanthroline was added to
form the red Fe(phen);** complex. The absorbance at 511 nm
was measured and compared to a calibration curve to
determine the Fe concentration through the Lambert-Beer law.

Cytotoxicity tests

HEK?293 cell line was used in this study to determine the cell
toxicity of Fe;0,NP-NDA-PEG-COOH and Fe;0,NP-NDA-
PEG-fluorescein nanoparticles. The cells were maintained in
T75 flasks with Dulbecco's modified Eagle's medium
(DMEM), containing 0.5% penicillin-streptomycin and 10%
fetal bovine serum (FBS) at 37 °C and 5% CO, in an
incubator. The cell line was passaged every three days. For
passaging, the culture was washed with Dulbecco's
phosphate buffered saline (DPBS) and detached from the
flask by incubating with 0.7 mL of Trypsin-EDTA at 37 °C
and 5% CO, for 5 min. After adding 8 mL of DMEM, cells
were centrifuged at 500 rpm for 5 min and the supernatant
removed. The cell pellet was re-suspended with 10 mL of
fresh DMEM. To sustain cells, 2.5 mL of cell stock was
transferred into a new T75 flask and diluted with DMEM to a
final volume of 15 mL.
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For LDH assay analysis, cells were counted using a
disposable  haemocytometer (Two Channel C-Chip,
NanoEntek) and the stock was diluted with DMEM to a final
concentration of 105 cells per mL. 100 puL of 105 cells per mL
cell stock solution were seeded into 96 Well plates
(ThermoFisher Nunclon, TC treated) and allowed to grow to
80% confluency. Prior to the administration of nanoparticle
samples and controls, DMEM was replaced. Next, 20 pL of
NP stock solutions were added per well in triplicates and
incubated at 37 °C and 5% CO,. 10 pL aliquots were taken of
each well at each time point of the study (24 h and 48 h after
initial administration) and centrifuged for 5 min on a SciSpin
mini centrifuge to remove cell debris. Following the
instructions given in the LDH assay manual (LDH Assay Kit
ab65393, abcam), 5 uL aliquots were taken of each sample
and were treated with 95 pL of freshly prepared LDH assay
reaction mix. All samples were transferred in a 96 well plate
(ThermoFisher Nunclon, black round bottom) and incubated
on a shaker for 10 min. Fluorescence of samples was
measured on a microplater reader (Tecan Infinite 200 Pro) at
Ex./Em. = 535/587 nm with a bandwidth of 20 nm.

T,/T, NMR relaxation measurements

All measurements were performed on a Bruker Biospin Ltd,
Avance DMX 300 spectrometer operating at a proton
frequency of 300.13 MHz. A 5 mm radio-frequency coil was
used and samples were prepared in 5 mm NMR tubes. The
90 degree pulse length was 8.75 us. A standard Bruker T;
inversion-recovery pulse sequence was used (‘tlir’) for T
relaxation time measurements with 12 variable delays, spaced
between 10 s and 5 ms. 2 averages were used and the data
were processed offline using Microsoft Excel software. T,
relaxation time measurements were performed using a
standard Carr-Purcell-Meiboom-Gill (‘cpmg’) spin-echo
train, with 1024 echoes; echo times of either 1 ms or 10 ms
were used depending upon the particular sample being
investigated. 8 averages were acquired. All the data were
processed offline using Microsoft Excel software.
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