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Herein, we have demonstrated a simple, economical, rapid and scalable microwave method to produce
magnetite-based magnetic nanoparticles (MNPs) with desired sizes and their application in the facile
synthesis of high-value polymer products. Solvothermal method is gaining traction in microwave
synthesis as it offers a rapid and green method for MNP production. In this work, we report a novel,
simple and reliable microwave synthesis method, where adjusting the temperature gradient from 20 °C
to a dwell temperature of 200 °C enabled the size control of superparamagnetic aldehyde-
functionalised nanoparticles (MNP@CHO). The size distribution of nanoparticles was measured using
dynamic light scattering, which revealed values of 14 nm + 8 nm at 90 °C min™* (a 2-minute ramp time
to dwell temperature) and 122 nm + 49 nm at 18 °C min~! (a 10-minute ramp time to dwell
temperature), and these nanoparticles were produced within 20-30 minutes. Magnetic size analysis
using the Chantrell method confirmed that the iron—oxide core size increased as a function of ramp
time, with the median diameter in the range of 7.91 to 11.25 nm and lognormal ¢ values within 0.22 < ¢
< 0.33. The particle cluster size increased with an increase in the ramp time, which was measured
using transmission electron microscopy, and it was found to be a function of particle agglomeration.

Received 8th November 2024, Furthermore, we demonstrated that MNP@CHO functionalised with a protein of interest can be applied

Accepted 7th February 2025 for the rational solid-phase synthesis of molecularly imprinted polymer nanoparticles (nanoMIPs) with
high affinity for protein biomarkers. Thus, we demonstrated that an optimal MNP size is required for the
highly efficient production of MNP-based nanoMIPs, which is the key to the mass production and

commercialisation of low-cost and sustainable size-tuned MNPs and artificial antibodies.
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oxide nanoparticles (SPIONs) has enabled their use in a wide
range of applications.

1. Introduction

Magnetite (Fe;O,4)-based magnetic nanoparticles (MNPs), also
referred to as iron oxide nanoparticles (IONPs), are receiving a
lot of attention in research and commercial applications."™
Fe;O, is preferred over other nanomaterials owing to the
relatively low toxicity of magnetite*® as well as the easy avail-
ability and low cost of its reaction precursors.®” Furthermore,
the superparamagnetic property””® of superparamagnetic iron
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For superparamagnetism (SPM) to occur, the size of magne-
tite particles should typically be smaller than about 20 nm;*™°
however, the SPM onset size is affected by several factors,
including the shape effects on anisotropy and particle size
distribution in any SPION assemblies, where it may be observed
at sizes up to ~50 nm."""> Unlike the ferrimagnetic behaviour
of bulk materials, at these small sizes, the particles demon-
strate superparamagnetic properties with no net magnetisation
in a zero applied field.® In this state, magnetic moments of
the particles are randomly aligned by the agitation of thermal
energy at room temperature and hence show no magnetic
interaction with each other (similar to paramagnets). In con-
trast, in a magnetic field, superparamagnetic nanoparticles
exhibit significantly increased magnetization due to the ready
alignment of their magnetic moments with an applied field.
Their ability to be easily moved and manipulated by an external

© 2025 The Author(s). Published by the Royal Society of Chemistry
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magnetic field resulting from their superparamagnetic proper-
ties makes SPIONS useful in a range of applications in the
biomedical field, including targeted anti-cancer drug delivery,"®
as MRI contrast agents,"*™*° for biological extraction/purifica-
tion when functionalised with suitable receptors,'”"'® for cancer
treatment under magnetic hyperthermia conditions,'*> and,
more recently, in the molecular imprinting field.*®

A range of approaches has been explored using low-cost
reagents. The main methods are focused on producing Fe;O,
nanoparticle clusters via coprecipitation,>* " solvothermal,?®*™"
and hydrothermal®*?® reactions. Generally, traditional co-preci-
pitation methods are rapid but require the use of inert gases such
as argon and nitrogen to prevent the creation of other, less useful
iron oxides, and thus maintain the correct iron oxidation
states.>*” They also require an additional step to neutralize
the resultant solution, requiring strong bases such as urea and
sodium hydroxide, which increases the cost of the process.
Furthermore, to achieve an adequate level of size control,
additional equipment, such as magnetic arrays®® and ultra-
sonicators,*® are necessary. These requirements make scaling
up the reaction very challenging.

Hydrothermal methods involve the reaction of iron precur-
sors in sealed specialized vessels,*>*' which are autoclaved
under high-temperature and high-pressure aqueous conditions
over the lengthy course of 6-20 h,*” typically with the aid of
stabilizing agents or surfactants. The hydrothermal environ-
ment promotes the nucleation and growth of iron oxide nano-
crystals, leading to highly uniform and monodisperse particles,
as shown by Mizutani et al.** Among these methods, solvother-
mal reactions offer the best monodispersity, typically utilizing
diethylene glycol (DEG) and ethylene glycol (EG) as the redu-
cing solvent, sodium citrate tribasic as the ligand, and a basic
salt such as sodium acetate (NaOAc). This method typically
takes 8 h for the synthesis of MNPs and their subsequent
functionalization, and a further 24 h to purify the resulting
MNPs.*! The conventional heating provides a large temperature
gradient, leading to variable nucleation rates, but the obtained
particles can be produced with narrow size distributions, albeit
over a much longer timescale compared with the microwave
method.

The microwave synthesis of magnetic nanoparticles offers a
simplified production process with reduced costs compared to
traditional methods, while also presenting significant environ-
mental advantages, making it a more sustainable and greener
alternative.**™*® Traditional co-precipitation methods often
necessitate an inert atmosphere such as argon or nitrogen to
prevent oxidation during the synthesis, which increases the
energy demand and environmental impact.*”*° Conversely,
microwave synthesis can be performed under ambient condi-
tions, eliminating the need for inert gases, and thereby redu-
cing the overall carbon footprint of the process. Furthermore,
co-precipitation and hydrothermal methods typically require
extended heating durations, often lasting several hours, to
synthesize magnetic nanoparticles, leading to considerable
energy consumption.’® Alternatively, microwave synthesis is
inherently more energy efficient due to its rapid and localized
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heating mechanism, which enables the formation of nano-
particles within an hour or less, drastically minimizing the
energy input. Also, the one-pot nature of microwave synthesis
reduces the need for additional reagents or multi-step proces-
sing due to the fact that the magnetic nanoparticles are formed
with a coating through this process,*® further reducing the
generation of waste. Moreover, unlike the co precipitation and
hydrothermal methods, which rely on the application of a
coating after the synthesis,”" adding extra cost and complexity,
or the addition of additives to provide size control, microwave
synthesis enables precise size control through simple adjust-
ments in the ramping parameters, generating less chemical
waste. Overall, the microwave synthesis of magnetic nano-
particles represents a greener and more sustainable alternative
to the conventional techniques. By reducing energy consump-
tion, avoiding the use of inert gases, and minimizing waste, this
approach aligns with modern environmental sustainability
goals, while efficiently delivering high-quality nanoparticles.

Microwave heating offers more controlled and homoge-
neous heating throughout the medium, resulting in the repro-
ducible syntheses of colloidal materials. The microwave-based
one-pot solvothermal synthesis of bare and functionalized
superparamagnetic Fe;O, MNPs in the <20 nm category is
gaining traction given that it offers a low energy and rapid
(<30 min) route to the product.*® Although small MNPs
(<15 nm) can be useful, they are prone to drag fluctuations
due to Brownian motion even under the influence of a mag-
netic field.>®> Recently, the synthesis of larger MNP clusters
composed of smaller superparamagnetic nanoparticles has
been reported.**>> Employing these methods, it is possible to
obtain larger particles (25 nm to approximately 1 pm), and this
increase in size scale offers advantageous applications compared
with the smaller regime. An increase in MNP volume to surface
area (i.e. production of a lower concentration of larger agglomer-
ated particles) enables the chemical functionalization (conjuga-
tion) of more than one molecule or biomolecule to each MNP,
allowing an increase in the capture of more than one comple-
mentary molecule per MNP from a sample of interest, while still
retaining the superparamagnetic properties of the MNPs.>®

Methods to predictably control the size of MNPs within a
batch-type synthesis, while not altering their other properties,
remain highly desirable. As the size of nanoparticles increases,
they become less superparamagnetic, but their magnetic satura-
tion is enhanced.”” Magnetic saturation is one of the most
important properties when considering applications based on
magnetic nanoparticles.”®*® A high magnetic saturation leads to
a strong response at a low magnetic field, which can, for example,
facilitate the rapid collection of analytes when they are used
for biological extraction and biosensing. Moreover, for imaging,
a strong response results in much more sharply defined images.®*®*
Therefore, the use of a method that can tune the size of MNPs over a
specific range can facilitate an increase in saturation magnetisation,
while still maintaining their superparamagnetic properties.

There have been reports on tuning the size of nanoparticle
clusters by adjusting the ratio of DEG/EG®**® and adjusting the
concentration of citrate.®> However, these methods do not offer
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fine control of the final particle size without affecting the
monodispersity or other parameters, such as composition
and yield, and offer only a limited tuning range. The use of
polyol solvents in microwave-assisted techniques offers several
advantages beyond their reducing capabilities. In the polyol
method, diethylene glycol (DEG) and ethylene glycol (EG)
function not only as solvents and reducing agents but also as
surfactants, and are chosen for their relative high dielectric
constants, which enable efficient microwave absorption and
heating.®* Mascolo et al.®® demonstrated a size tuning in
magnetite clusters through simple stoichiometric (chemical)
control of the reaction solution basicity in the presence of a
cationic surfactant and at room temperature. An excess concen-
tration of OH™ led to the stabilisation of smaller particles
(<10 nm). The aggregate particle size (range of 40 to 100 nm)
could be increased by decreasing the hydroxide concentration.
Other researchers®®~®® used microfluidics and flow chemistry to
control the rate at which the reaction solution transits a
microwave reactor to control the size of synthesised iron oxide
nanoparticles and associated clusters. However, this method
required significant engineering to control the size and volume
of the employed micro/milli-fluidic reactor, minimise laminar
flow and the need for scaling up the synthesis at high speed.
Alternatively, the microwave synthesis method is inherently
scalable and well-suited to industrial applications, given the
availability of industrial-scale microwave reactors. Also, unlike
the conventional co-precipitation or hydrothermal methods,
the microwave method requires no additional specialized
equipment, thereby eliminating the need for complex fabrica-
tion and testing processes.

Herein, we focused on tuning the physical conditions and
parameters used in microwave synthesis as a means to control
the final MNP nanoparticle size. We report an approach to
control and tune the size of aldehyde-functionalised iron oxide
magnetic nanoparticles and their clustering by simply chan-
ging the microwave temperature gradient during MNP synth-
esis. We investigated the sizing using dynamic light scattering,
transmission electron microscopy and magnetometry. The
produced magnetic materials possessed a hydrodynamic dia-
meter in the range of 36 nm to 122 nm, which was measured
using dynamic light scattering. Also, we propose a mechanism
where with a change in the temperature ramp time, there is an
accompanying change in the rate of decomposition of an iron
acetate intermediate in the reaction as the route to tune the
MNP entity size. We also propose that oligomerisation and
integration of glutaraldehyde during the MNP growth phase
contribute to the formation of uniform MNP cluster sizes.
The proposed method not only tunes the particle size but
also facilitates uniformity and surface functionalization in a
single step.

Recently, aldehyde-functionalised MNPs have been applied
in the synthesis of artificial antibody receptors, namely nano-
scale molecularly imprinted polymers (NanoMIPs).>**° MIPs
are produced in a facile self-assembly and polymerisation
process in the presence of a target template molecule. When
the template is removed, polymeric materials with high affinity
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for the target are produced. Suitably functionalised MNPs have
been used as the nucleation site for the production of nano-
MIPs. MNPs have also been modified with esoteric chemistry
via the silanisation of their surface’®”" or use of borane
chemistry’>”? and subsequent bioconjugation with a template
molecule to enable nanoMIP synthesis at the MNP surface.
However, although these methodologies have resulted in the
production of high-affinity nanoMIPs, they are laborious, time-
consuming (up to 3 days) and require large amounts of reagent for
production, ultimately resulting in low (mg) yields. Recently, we
published a solid-phase synthesis method using microwaves to
produce aldehyde MNPs as the core for protein (template) attach-
ment and subsequent production of nanoMIPs.*® Herein, we
present the application of size-tuned nanoMIPs and demonstrate
that the MNP size is critical to optimising the yield of high-affinity
nanoMIPs.

2. Experimental
2.1 Materials

N-(Hydroxymethyl)acrylamide (NHMA, 48% w/v), N,N'-methylene-
bisacrylamide (MBAm; 99% pure), ethylene glycol ((CH,OH),;
99% pure), iron chloride (FeCl;-6H,0; 96% pure), methylhydro-
quinone (MHQj; 99% pure), sodium acetate (NaOAc; >99% pure),
phosphate buffered saline tablets (PBS, 10 mM, pH 7.4 + 0.2),
potassium ferricyanide (K;Fe(CN)s; 99% pure), potassium chlor-
ide (KCl; 99% pure), sodium nitrate (NaNOj; >99% pure),
ammonium persulphate (APS; 98% pure), N,N,N',N'-tetramethyl-
ethylenediamine (TEMED; 99% pure), potassium peroxydisulfate
(KPS; =99% pure (RT)), haemoglobin from bovine blood (BHDb),
bovine serum albumin (BSA), sodium dodecyl sulphate (SDS;
>98.5% pure) and glutaraldehyde (25% v/v)) were used as received
from Merck. Buffers were prepared in MilliQ water (resistivity
18.2 + 0.2 MQ cm). DropSens disposable screen-printed electrodes
(Au-BT) comprised of a gold working electrode (0.4 cm diameter),
a platinum counter electrode and silver reference electrode were
purchased from Metrohm (Runcorn, Cheshire, UK).

2.2 Instrumentation

A BioDrop PLITE UV/visible spectrometer was purchased from
Biochrom Ltd Cambridge, UK. A Nicolet AVATAR 330 FTIR
spectrophotometer with Pike MIRacle accessory and FEI Tecnai
12 TEM at 100 kV with a Tietz F214 2k x 2k CCD camera were
purchased from Thermo Fisher Scientific, Loughborough, UK.
An Anton Paar Monowave 200 microwave oven was purchased from
Anton Paar Ltd Hertfordshire, UK. An SLS Lab Basics centrifuge
was purchased from Scientific Laboratory Supplies, Nottingham,
UK. All electrochemical experiments were performed using a
Metrohm Autolab PGSTAT204 potentiostat and NOVA2.1.4 soft-
ware. Magnetisation curves were obtained using a 6 kOe Vibrating
Sample Magnetometer (VSM) built in-house at UCLan.

2.3 MNP production using microwave synthesis

Bare and aldehyde-functionalised magnetic particles were
produced following our previously published solvothermal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microwave method.” Briefly, 0.5 g of FeCl;-6H,0 and 1.8 g of
NaOAc were dissolved in 15 mL of ethylene glycol in a 30 mL
Anton Parr G30 microwave reaction vial (MRV). Then, glutar-
aldehyde (3.5 mL) was added to the resulting solution with
stirring for a further 5 min. Subsequently, the stirrer bar was
removed and the MRV was placed into an Anton Paar Mono-
wave 200 microwave oven and the reaction was heated up to a
dwell temperature of 200 °C. We investigated various ramp
times to the dwell temperature from a slow ramp time (10 min;
18 °C min™ ") to a fast ramp time (2 min; 90 °C min ). The
reaction was held at the dwell temperature for 20 min under
pressure (9 bar). An aliquot (10 mL) of the MNP suspension was
oven dried (110 °C for 2 days) for use in the TEM analysis. The
MNP production method was repeated, but in the absence of
glutaraldehyde to obtain bare MNPs.

2.4 X-ray diffraction analysis

X-ray powder diffraction data were collected using a Bruker D2
Phaser diffractometer in the 6-0 geometry, using Cu Ko radia-
tion (4 = 1.5418 A) and operating at 30 keV and 30 mA. A nickel
filter was used to remove the Kf radiation and the detector was
a LynxEye. Data were collected in the 26 range of 5-80°, with a
step size of 0.020194° and a total scan time of 1 h per sample.
The energy discrimination of the detector was modified to
suppress the fluorescence from the iron-containing samples.
The sample holder was rotated at 30 rpm to maximise the
powder averaging. The crystallite size analysis was performed
using the Bruker EVA software. The peak width of the peak at
the 20 value of approximately 35.5° was measured at FWHM
and used in the Scherrer calculation.

2.5 DLS characterization of MNPs

The size distribution of the nanoparticles was characterized
using a Zetasizer Nano ZS. The produced MNPs/nanoMIPs/
NanoNIPs were suspended in 1 mL of PBS. The sample was
loaded into a disposable cuvette with the refractive index set
to 1.32. The solution was equilibrated for 60 s before the
measurement was performed. Measurements were performed
in triplicate.

2.6 Magnetic measurements

Magnetic measurements on dried powder samples were carried
out at room temperature using a 6 kOe vibrating sample
magnetometer (VSM). Given that large agglomerates were
formed after drying, a pestle and mortar were required to break
them up for packing into cuboid glass slides (Camlab) of
a given internal thickness and width of (0.40 + 0.04) mm and
(4.0 £ 0.4) mm, respectively. The slides were cut at ~10 mm in
length within the range of (9.75 > length > 11.60) mm,
resulting in errors in the order 10> mm from a minimum of
5 measurements along the length at different points across the
width. Based on these dimensions, the magnetometric demag-
netisation factor, Ng, was found to be low and in the range of
(0.037 = Ng > 0.044).7*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.7 Transmission electron microscopy of MNPs

The aldehyde-functionalized MNPs were suspended in ultra-
pure water (0.1 g in 50 pL water) and a 5 pL droplet was
deposited onto a Formvar/carbon-coated 200 mesh copper
TEM grid (Agar Scientific, UK). After 1 min the grid was blotted,
washed for 30 s in ultra-pure water, blotted again, and allowed
to dry. Images were collected using a FEI Tecnai 12 TEM at 100
kv with a Tietz F214 2k x 2k CCD camera.

2.8 Protein functionalization of MNPs

A suspension (1 mL) equivalent to 0.010 g of the produced
aldehyde (-CHO)-functionalised magnetic nanoparticles (MNP@
CHO; 10 mg mL ") was placed in an Eppendorf centrifuge tube.
A neodymium magnet was placed on the side of the tube to
rapidly pull the magnetic nanoparticles from the solution
(10 minutes). The supernatant was removed and replaced with
1 mL of a1 mg mL~" PBS solution of bovine haemoglobin (BHb).
The Eppendorf tube was then sonicated for 2 min, followed by
vigorous shaking and vortexing to ensure that the nanoparticles
were fully dispersed. The reaction mixture was left undisturbed at
room temperature (22 °C) for 30 min, allowing the protein to
conjugate with MNP@CHO. Conjugation occurs due to the free
-NH, groups in the protein undergoing a nucleophilic addition—-
elimination reaction with -CHO on MNP, resulting in an imine
bond between the protein and MNP. After 30 min, the particles
were once again separated from the solution and the supernatant
exchanged with fresh buffer in triplicate to remove any non-
conjugated protein. The amount of protein conjugated with the
MNPs (functionalized and bare) was calculated by comparing the
initial and final concentrations of protein remaining in the
supernatant. The concentration of the non-adsorbed protein
was measured by spectrophotometry (405 nm for haemoglobin)
using a BioDrop WLITE UV/visible spectrometer. The resul-
ting MNP@CHO@®@BHD particles were stored wet at 4 °C until
further use.

2.9 NanoMIP production using MNPs

The MNP@CHO@BHb magnetic nanoparticles (0.023 g) were
resuspended in 906 pL of PBS (pH 7.4) and transferred to a
15 mL Falcon tube. The contents in the tube were then mixed at
400 rpm at room temperature. The sample was then degassed
using nitrogen for 15 min with stirring. After, the nitrogen line
was removed and 37 mg of NHMA monomer (77 pL of 48% v/v
solution) and MBAm (6 mg) together with SDS (0.4 mg) were
immediately added to the reaction mixture, followed by 20 uL of
a solution containing 10% (v/v) TEMED and 5% (w/v) APS.
Then, a nitrogen headspace was created, and the Falcon tube
sealed with a cap, and then wrapped in parafilm. The solution
was left to mix at 400 rpm for 15 min to allow nanoMIP
particles to be produced at the surface of the MNP@CHO®@BHb
particles.

At 15 min, the reaction was rapidly quenched with 1 mL of
10 mM methylhydroquinone (MHQ). The reaction solution was
exchanged three times with fresh PBS to remove any unreacted
monomers and quencher. Then, the solution was then resealed,
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and the tube placed on its side on a neodymium magnet (2 min).
After, the supernatant was removed. The MNP@CHO®@BHbD ~
nanoMIP particles were then dispersed in 600 pL of e-pure water
and placed in a sonicator (using a VWR ultrasonicator (600 W,
45 kHz) for 5 min at 37 °C. The Falcon tube was then once again
placed on a neodymium magnet and the supernatant now
containing the released nanoMIPs was placed in a 1.5 mL volume
Eppendorf and stored at 4 °C until further use. The preparation
was repeated by using either bare MNP and MNP@CHO instead
of MNP@CHO®@BHD to produce non-imprinted control polymer
(nanoNIP).

2.10 Electrochemical deposition and analysis of nanoMIP

NanoMIPs were eluted using sonication, and then entrapped
within an electropolymerized layer (E-layer). E-Layers were
fabricated directly onto BT-Au screen-printed electrodes (SPEs;
Metrohm) using cyclic voltammetry (CV) according to the
procedure in ref. 75. Briefly, a 50 pL solution in PBS comprising
0.1 mg of nanoMIP, 641 mM of NHMA as the functional
monomer, 41.5 mM MBAm as the cross-linker, 0.29 M NaNOj,
and 48.15 mM KPS was deposited onto the SPE. Then, the
potential was cycled between —0.2 V and —1.4 V for 7 cycles at
50 mV s~ ' (10 min, RT, 22 °C =+ 2 °C) to produce the E-layer with
entrapped nanoMIP. E-Layers in the absence of nanoMIP were
also produced as a control.

The E-layer comprised of entrapped nanoMIP islands (E-NMI)
or control E-layer (in the absence of nanoMIP) was exposed to
varying concentrations of target protein (haemoglobin) template
solutions over a wide concentration range (1 fM to 100 pM) for a
period of 5 min at each concentration and analysed using
electrochemical impedance spectroscopy (EIS) post-rebinding
and subsequent rinsing to determine the degree of target
rebound to the nanoMIP islands.

Selective protein binding was tracked using electrochemical
impedance spectroscopy (EIS) of an external 5 mM potassium
ferricyanide solution in PBS containing 0.5 M KCI as the
supporting electrolyte. Electrochemical impedance spectro-
scopy (EIS) measurements were conducted at a standard
potential of 0.1 V (£0.01 V) with 10 scans, and a sinusoidal
potential peak-to-peak with amplitude 0.01 V in the frequency
range of 0.1-100 000 Hz. A Randles equivalent circuit was fitted
for all EIS experiments using the FRA32 module (see Fig. S1,
ESIY).

3. Results and discussion

3.1 Characterisation of MNPs produced using the microwave
technique

We previously reported*® a microwave synthesis method for the
rapid production of magnetic nanoparticles, where the tem-
perature gradient from 20 °C to 200 °C was fixed at 90 °C min "
(representing a 2 min ramp time), resulting in MNPs with an
average size of 7 + 2 nm, which was measured using transmis-
sion electron microscopy.
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Fig. 1 Effect of microwave temperature ramp time from room tempera-
ture to dwell temperature (200 °C) on the size of final MNP@QCHO
nanoparticles. Hydrodynamic diameter of particles measured using
dynamic light spectroscopy. (Data represents mean £+ S.E.M.,, n = 3).

Herein, we varied the time taken to reach the dwell tem-
perature (200 °C). We investigated ramp times of 2, 4, 6, 8,
10 and 15 min, corresponding to temperature gradients of
90 °C min %, 45 °C min~%, 30 °C min~!, 22.5 °C min %,
18 °C min~ ' and 12 °C min ', respectively. This resulted in
the production of aldehyde-functionalised magnetic nano-
particles (MNP@CHO). The size of the particles in the disper-
sion was in the range of 14 nm to 120 nm, which was measured
using dynamic light scattering spectroscopy, as summarised in
Fig. 1 (see Fig. S1(a)-(e), ESIT). The particles produced at a ramp
time of 15 min had the consistency of an oily slurry and could
not be easily dispersed in aqueous solution. The DLS analysis
indicated that the average particle size was in the range of
1-2 pm. Additionally, these particles produced at a ramp time
of 15 min were no longer susceptible to an external magnetic
field using a neodymium magnet.

We propose that the difference in particle size is related to
the rate at which the reactants are consumed as a function of
ramp time (Fig. 2).

Ethylene glycol is the primary solvent, but can act as a mild
reducing agent, resulting in the production of Fe*" ions en route
to producing Fe;0, according to the following equations:”®

2HOCH, — CH,OH — 2CH;CHO + 2H,0 (1)
2CH;CHO + 2Fe®* — CH;CO — COCHj; + 2Fe** + 2H"  (2)
2Fe’" + 40H = 2Fe(OH), (3)

4Fe(OH); + 2Fe(OH), — 2Fe;0, + 8H,0 (4)

Acetate is included to prevent particle agglomeration during
the synthesis of MNPs.”” It aids the production of Fe(OH);, and
subsequently maghemite and magnetite are formed according
to the following equations:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Iron(lll)
hydroxide

Iron(ll)
hydroxide

Fig. 2 Schematic of the reaction mixture during microwave synthesis, demonstrating the different states present depending on the reaction
temperature transition. The time lapse in any temperature range depending on ramp rate will impact the nature and predominance of the species

present.

Fe(CH;COO); + 3H,0 — Fe(OH); + 3CH,COOH
Fe(OH)3 d F6203 + Fe304

At the dwell temperature of 200 °C, elimination of acetate
occurs through the direct thermal decomposition of iron
acetate salts, as follows:”®

12Fe(CH;COO0); — 4 Fe;0, + 18 CH;COCH; + 18 CO, + O,

We propose that the time taken to reach the microwave
dwell temperature of 200 °C influences the composition of the
reaction mixture, and importantly that the level of acetate
present influences the final particle and aggregate sizes. Acet-
ate acts as a weak buffer to produce hydroxide ions in situ,
supporting the production of [Fe(OH);] and resulting in iron
oxide precipitation and subsequent aggregation. Therefore, by
altering the ramp time, we controlled the degree of FeOAc
conversion to Fe(OH); in the early stages of MNP production,
consequently controlling the size of the initial particles pro-
duced. At a fast (2 min) temperature ramp (i.e. 90 °C min ")
to the dwell temperature, less iron hydroxide was produced
during the ramping period. At a slow (10 min) temperature
ramp (ie. 18 °C min~') to the dwell temperature, there was
more time for iron acetate to be converted to iron hydroxide
during the ramping period, resulting in more maghemite and
magnetite production during the ramping phase. Slowing down
the time at which acetate decomposition takes place led to
further precipitation and aggregation, and the controlled pro-
duction of larger magnetic nanoparticles.

Fig. 3 shows the FTIR spectrum obtained for MNP@CHO.
The absorption band at 520 cm ™" is attributed to the octahedral
Fe-O vibrational stretching of the iron-oxygen bond The slight
non-symmetry of this peak suggests that most of the iron
present is in the form of magnetite, with only a small amount of
maghemite.”® The peak at 1724 cm™" corresponds to the C—=0
stretching vibration of the carbonyl bond. The peak at
2820 cm ! is associated with the asymmetric stretching of the
C-H bonds. These peaks indicate the presence of a magnetic
core surrounded by aldehyde groups, as synthesised via the
described one-pot microwave method.

Our IR analysis (Fig. 3) did not indicate a covalent link
between Fe and aldehyde,*® but we cannot rule it out. Further,
due to the ability of glutaraldehyde to polymerise when aged or
heated,®*®" we believe that we achieved the coating of growing
superparamagnetic iron oxide crystal structures with glutar-
aldehyde oligomers, which still retained aldehyde groups.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Infrared spectrum of MNP@CHO produced at 10 min ramp time,

followed by 20 min dwell time. The particles were oven dried at 110 °C for
2 days prior to the measurement at room temperature.

We believe that the glutaraldehyde polymer chains became
entrapped as the nanoparticle was forming, allowing the glu-
taraldehyde groups to cover the MNP in a core-shell fashion.
Although we do not fully understand the mechanism of
agglomeration (clustering), we propose that it is associated
with the glutaraldehyde oligomerising (growing in chain
length) and partly acting as a binding agent (glue) between
individual growing particles. Our assertion is consistent with
the work by others who have shown that structures and
assemblies of single cores can be stabilised into clusters of
multi-core magnetic systems in the presence of hydrophilic and
polymeric molecules®*®* such as heparin and carbohydrates
such as dextran.

The X-ray diffraction patterns of the samples are shown in
Fig. S2 (ESIt). All the samples contain predominately Fe;O,
(space group Fd3m, a = 8.400 A) with a-Fe,O; (space group
R3cH, a =5.0324 A and ¢ = 13.7643 A), both appearing as broad
peaks in the diffraction patterns. Sharp peaks attributed to
NaCl (marked with *) are also present. The broad peak widths
observed for the MNP mean together with the close proximity of

Mater. Adv., 2025, 6, 2016-2028 | 2021
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the expected peak positions of Fe;0, and a-Fe,Oj; resulted in some
uncertainty in the exact ratios of Fe;O, and o-Fe,O;. For example,
the most intense MNP peak in the diffraction patterns was
observed at the 20 value of 35.5° and the (1 3 1) peak of Fe;0, is
located at 35.4°, while the (1 —2 0) peak of a-Fe,O; appears at
35.7°. Any variation in the amount of a-Fe,O; will cause asymmetry
in the peaks and uncertainty in the Scherrer calculation.

The particles after oven drying were imaged using transmis-
sion electron microscopy. Fig. 4(a)-(d) show the TEM images of
the MNP@CHO particles produced at ramp times of 2, 6, 8 and
10 min, respectively. Increasing the ramp time between 2 min
(Fig. 4a) and 10 min (Fig. 4d) resulted in a corresponding
increase in the MNP@CHO core particle size between 7 =+
2 nm and 12.6 £+ 3.2 nm, respectively, and cluster size of
91 nm =+ 15 nm at 10 min (Fig. 4e). We could not identify any
clustering at the ramp time of 2 min.

The TEM sizing of the MNP@CHO formulations is on average
smaller than the corresponding DLS sizes. The DLS sizing is
conducted in aquo, and therefore represents the hydrodynamic
diameter, whereas the TEM measurements are conducted in vacuo
and in a dried state. This has also been observed by Dingchen-Wen
et al.® in their study on the chemical synthesis of MNPs.

3.2 Magnetic measurements and sizing of MNP@CHO

The magnetisation curves as a function of applied field are
shown in Fig. 5 from the series of samples with microwave

Fig.4a (2 min) Fig.4b (4 min)

& Fig.4d (10 min)

»
— TN
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ramp times in the range of 2 to 10 min. Only the first quadrants
of the full M-H loops are shown for clarity, with the near closed
curves of the loops having negligible coercivity and remanence,
indicating the superparamagnetic state.

It is well known (e.g. Ref. 85) that the saturation magnetisa-
tion, M, for magnetite decreases from the bulk value of
92 emu g ' when in a multi-domain ferrimagnetic state to
lower values as a function of decreasing particle size when in
the single-domain superparamagnetic state of size-order tens of
nm. It is widely accepted that there are effectively ‘magnetically
dead’ layers at, or near, the particle surface,®® leaving only the
core that is magnetically responsive, and thereby diluting the
magnetic content within the volume (or mass) of the particle and
subsequent reduction in M; values. In the bare particle case, this
is assigned to surface oxidation and/or crystallographic disorder.
Further dilution occurs when the nanoparticles are coated with
surfactants, lipids and other functional agents, such as aldehyde,
in the magnetic measurements. Given that the surface effects
become more dominant with a decrease in particle size, and
subsequent increase in surface area, the reduction in M, observed
here is also consistent with the decrease in particle size because of
the decreasing ramp time.

The results in Fig. 5 were further investigated using the
magnetic sizing method reported by Chantrell.’” Briefly, the
median particle diameter, Dy,, and standard deviation, g, of a
lognormal distribution of particle sizes are calculated using the

Fig.4c (6 min)

200 nm

Fig. 4 TEM images of magnetic nanoparticles produced at ramp time of (a) 2 min (90 °C min™3), (b) 6 min (30 °C min™), (c) 8 min (22.5 °C min™%) and
(d) 10 min (12 °C min™Y). (e) 10 min particles clustering at lower magnification. The cluster size of the particles increased with an increase in the ramp time.
The average particle size in (d) for individual magnetic nanoparticles was calculated to be 12.7 nm + 3.7 nm (data represents mean + S.E.M., n = 100).
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Fig. 5 Magnetisation curves of samples with increasing microwave ramp
time. The increasing mass saturation magnetisation is consistent with the
increasing particle size as expected for magnetite particles on the nano-
scale. The full loops are near-closed and therefore have very small
coercivity and remanence, as shown for the sample with the highest
values in the inset.

following equations:

1/3
18kT 1 1
™ M, \ 3eM FO} @)
and
1 3y 1/2
=-|In[—4
e 3|:n(6Mb . 1/H0):| (8)

where y; is the initial susceptibility, My is the saturation
magnetisation of the bulk material, ¢ is the particle volume
fraction, k is the Boltzmann constant and T is the absolute
temperature. The Langevin function provides a good theoretical
description of superparamagnetic curves and is used in the
Chantrell method to derive eqn (7) and (8). At a large field, H, it
is reduced to a linear expression such that the plot of M as a
function of 1/H will result in a linear fit that crosses the
abscissa when M = zero at the point 1/H,. Subsequently,
experimental measurements of y;, 1/H, and eM}, may be used
to determine D,, and ¢ using eqn (7) and (8).

The outcome is shown in Fig. 6, which shows a clear trend of
an overall increase in particle size with an increase in ramp
time, as found in the in the DLS and TEM results. This
confirms that the increase in saturation magnetisation is a
result of the increase in particle size due to the increase in
ramp times, as can be seen in the inset of Fig. 6, where the M;
values are those extrapolated from the data from Fig. 5 using M
verses 1/H at high applied fields, to the crossing point of the
ordinate i.e. when the applied field is tending to infinity.

There is no obvious trend in the values of ¢ shown on the
right-hand axis of Fig. 6. The largest value of 0.33 is associated
with the 4-min sample and suggests that it has the widest
particle size distribution range. Careful observation of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Median particle diameter and lognormal ¢ values as a function of
ramp time following the Chantrell method.®” The decrease in particle size
with a decrease in ramp time confirms that this is the cause of the drop in
saturation magnetisation in the inset obtained by extrapolation of the data
from Fig. 5. There is no overall trend in the ¢ values that indicate the
4-minute sample has the widest range of particle sizes in its distribution
and the 10-minute sample has the narrowest.

magnetisation curve of the same sample in Fig. 5 also
shows this is further away from saturation than the other
samples, with a steeper gradient on the approach to 6 kOe.
The assumption inherent in the sizing method is of a lognor-
mal distribution and any deviation from this along with its
largest ¢ value may explain, in part at least, the noticeable
difference in the magnetisation curve towards the maximum
applied field.

Table 1 compares the median particle size determined using
magnetic measurements with the agglomerate size results
determined using TEM and DLS at selected ramp times. The
magnetic core size measurement and calculations refer to the
size of individual magnetic cores i.e. single particle core size,
not agglomerates. The recorded TEM images suggest that we
achieved clustering or agglomeration with an increase in ramp
time. It was difficult to discern individual particles at all ramp
times using TEM but where we could, for example, at a ramp
time of 10 min (Fig. 4d), the average individual particle size
determined by TEM (12.6 nm + 3.2 nm) is in good agreement
with the magnetic core size determination of 11.25 nm. Given
that the TEM measurements include all the particles, including
the magnetically dead outer layers, they are expected to be
larger than that of the magnetic measurements. DLS gives the
hydrodynamic diameter of particles in an aqueous suspension.
We believe that the DLS size is the summation of the MNP
magnetic core size plus a glutaraldehyde shell layer plus some
agglomeration of the MNPs. Therefore, although all the measure-
ment methods used show a correlation with the ramp time, the
size increases in the order of Mag core < TEM < DLS. The
crystallite size was determined based on the XRD measurements
using the Scherrer calculation using the 2 and 10 min MNP@CHO
particles, giving crystallite sizes of 7.7 nm and 9.3 nm, respectively.

Mater. Adv,, 2025, 6, 2016-2028 | 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01115e

Open Access Article. Published on 11 February 2025. Downloaded on 7/28/2025 8:49:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Table 1 Comparison of measurement techniques for the sizing of MNP
particles and/or agglomerates. All methods confirm that there is an
increase in entity size with an increase in the ramp time

Measurement techniques

Magnetic core size

Ramp time TEM size DLS
(min) Drnedian (NM) a clusters (nm) size (nm)
2 7.91 0.27 85+2 14.9 + 8
6 9.77 0.32 23£6 60 £ 7
10 11.25 0.22 91 £ 15 122 £+ 49

Although the 2 min particles are in good agreement with the
magnetic and TEM sizing, there is some significant deviation in
the 10 min crystallite size calculation.

Our results demonstrate a correlation (across measurement
techniques) between an increase in particle/agglomerate size
and increase in ramp time.

Protein
Y conjugation
‘;)D(;' Sogs T———)
O, ®a0®
MNP@CHO Protein molecules
Scaling-upmgtog
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3.3 Impact of MNP size on solid-phase synthesis of
molecularly imprinted polymers

Recently, there has been growing interest in the synthesis of
polymers with biorecognition capability and their application
in diagnostics, biological extraction and therapeutics. Molecu-
larly imprinted polymers (MIPs) are a class of artificial receptors.
They can be synthetically grown around a biological target,*®”>%%8
imparting complementary recognition sites within the crosslinked
polymer. Recently, we reported that MNPs modified with a protein
can be used as a solid substrate to facilitate the manufacture of
nanoscale MIPs.”® Subsequently, we showed that the nanoMIPs
could be harvested and the MNP@protein could be recycled and
re-used to scale up the yield of nanoMIPs. Here, we show that the
MNP size is critical to the effective functioning of the material for
the solid-phase synthesis of nanoMIPs (see Fig. 7 for a schematic
of the process).

Monomer

=\ 88

%3

NanoMIP
harvested

E-layer entrapping nanoMIP islands

~ Selective for target protein

i
Q/ 3 / ]§

TR T TR
Poseetial (V) ve AgihgCl

/ / deposited using cyclic voltammetry

e €8 €8
NanoMIP

production
on MNP

+]

After target protein

Electrochemical
impedance spectroscopy
(EIS) changes measured

Selective and
sensitive binding
of target protein
biomarker

Fig. 7 Schematic of nanoMIP polymer synthesis on MNP solid phase. MNP@CHO is first conjugated with the target protein to give MNP@protein. In the
presence of a monomer and crosslinker feed, the nanoMIPs grow specifically around MNP@protein. Once released and harvested, the nanoMIP is
integrated into a disposable screen-printed electrode for biosensor determination of protein biomarker.

2024 | Mater. Adv,, 2025, 6, 2016-2028

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01115e

Open Access Article. Published on 11 February 2025. Downloaded on 7/28/2025 8:49:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

We used mass equivalents of the as-produced MNP@CHO
particles at 2-10 min ramp times for the synthesis of nano-
MIPs. MNP@CHO was first conjugated with bovine haemoglo-
bin (BHDb) as the target (template). The resulting MNP®@
CHO®@BHD particles were used as the solid phase to produce
nanoMIPs selective for BHb. Subsequently, the nanoMIPs pro-
duced were released from the MNP and size characterised using
DLS. The isolated nanoMIPs were integrated into a disposable
screen-printed gold electrode for electrochemical determina-
tion of protein and non-target protein rebinding from test
solutions. Electrochemical impedance spectroscopy (EIS) was
used to interrogate and quantify protein binding. EIS is a
suitable sensitive technique to measure nanomolar to picomo-
lar levels of target binding to a synthetic receptor.’® It relies on
interrogating the electrochemical properties of the nanoMIP/
electrode interface in the presence of a suitable redox marker
(ferrocyanide was used here) at a standard potential of 0.1 V
(£0.01 V) at multiple frequencies, and a sinusoidal potential
peak-to-peak with an amplitude of 0.01 V in the frequency
range of 0.1-100000 Hz. The interface is modelled on the
Randles circuit. We measured the change in charge transfer
resistance (ARcr) when the electrode was modified with nano-
MIP, which was a function of resistance of ferrocyanide redox
marker diffusion to the working electrode.>> When the target
protein was added, it selectively bound to the nanoMIP at
the nanoMIP/electrode interface, creating an additional barrier
to ferrocyanide redox marker diffusion. There was a corres-
ponding increase in ARcr with an increase in the target protein
binding. Fig. S1-S5 (ESI) compare the plots of [BHb] versus
ARcr for the nanoMIPs synthesised on BHb functionalised
MNP®@CHO magnetic nanoparticles produced at ramp times
of 2 min (Fig. S3, ESIt), 4 min (Fig. S4, ESIt), 6 min (Fig. S5,
ESIYt), 8 min (Fig. S6, ESIt) and 10 min (Fig. S7, ESIT). Table 2
summarises the impact of MNP size (measured using DLS) on
the subsequent nanoMIP synthesis parameters including nano-
MIP particle size, yield and affinity factors such as the equili-
brium dissociation constant (Kp) and the relative response of
the biosensor to target protein (BHb) and non-target protein
(bovine serum albumin; BSA). The equilibrium dissociation
constant Kp for each nanoMIP batch was determined using
the Hill-Langmuir method using data from Fig. S2-S6 (ESIt).

Although a low Ky, in the range of 107° to 10~ mol L ™" gives
an indication of the tendency of the nanoMIP to tightly bind with
the target with affinities akin to a monoclonal antibody, the
selectivity factor is an effective measure of how more effective
the MIP is at picking out its target protein (complement)

Table 2
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compared with a non-target (non-complementary) protein.
We demonstrated a direct correlation between the MNP@CHO
size (and subsequently MNP@protein size) with nanoMIP
yield. Although all the particles resulted in the production of
nanoMIPs with high affinity and nanoMIP selectivity, the
nanoMIP yield increased with an increase in ramp time, with
the 10 min ramp time returning the best yield of nanoMIPs.
The least effective nanoMIPs were produced using the 2-min
ramp time particles. Interestingly, the DLS size of nanoMIP is
approximately 120 nm and independent of the ramp time
between 4 and 10 min. We did not study the 15-min ramp time
particles given that their clumping sludge-like characteristics
did not make them ideal candidates for the manufacture of
nanoMIPs.

We have demonstrated a simple, economical, rapid and
scalable microwave method to produce magnetite-based mag-
netic nanoparticles (MNPs) at the desired size and their
application in the facile synthesis of high-value polymer
products such as nanoMIPs. Our size-tuned MNPs have many
potential applications in biological extraction (when conju-
gated with antibodies or nanoMIPs), which we are currently
investigating, as well as applications in medical imaging and
therapeutics.

4. Conclusions

Aldehyde-functionalised magnetic nanoparticles (MNP@CHO)
with a tuneable size could be produced within 20-30 min. The
initial temperature ramp used prior to the 20 min dwell time
for the MNP synthesis was crucial in influencing both the MNP
particle and clustering size, as determined using transmission
electron microscopy. We presented a mechanism based on the
rate of acetate decomposition during the MNP particle and
cluster formation. Altering the ramp time between 2 and 10
min resulted in the corresponding increase in MNP@CHO
particle size between 7 nm and 91 nm, as measured using
TEM, and cluster (stable agglomerate) sizes of between 36 nm
and 122 nm, which were measured using DLS.

We also demonstrated their application in the development
of nanoscale molecularly imprinted polymer (NanoMIP)
receptor-based electrochemical sensors. We demonstrated that
there is an optimal MNP size for highly efficient MNP-based
nanoMIP production, which is the key to the mass production
and commercialisation of low-cost and sustainable bespoke
size-tuned MNPs and antibody replacement technologies.

Impact of MNP size on subsequent nanoMIP particle size, yield and affinity factors. Data represents mean + S.E.M., n = 3 and selectivity factor

was determined using the ratio of ARct of target (BHb) bound to MIP and ARt of non-target (BSA) bound to MIP

Microwave ramp  DLS size of DLS size of

Yield of nanoMIP

Selectivity factor (target:

time (min) MNP@CHO (nm) nanoMIP (nm)  (mg mL ) Kp (mol L) non-target signal ratio @1 nM)
2 14 + 8 80 + 14 0.13 £ 0.06 1.40 x 107 £2.79 x 107 49:1

4 46 + 12 123 + 41 1.6 + 0.3 2.01 x 10" +£5.05 x 107 75:1

6 60 £+ 7 119 + 51 3.7+ 0.3 1.75 x 107"+ 2,61 x 107 166:1

8 84 + 11 120 + 57 6.5+ 0.3 2.40 x 107" £9.21 x 107 100:1

10 122 + 49 125 + 43 12.3 £ 2.5 3.47 x 1071 +£2.35 x 107 188:1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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