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13 Abstract

14  We demonstrate a simple, economical, rapid and scalable microwave method to produce
15  magnetite-based magnetic nanoparticles (MNPs) at a desired size and their application to
16  facile synthesis of high value polymer products. One solvothermal method gaining traction is
17  the use of microwave synthesis as it offers a rapid and green method to MNP production. In
18  thiswork, we report a previously unreported simple and reliable microwave synthesis method
19  where adjusting the temperature gradient from 20 °C to a dwell temperature of 200 °C
20 produces size control of superparamagnetic aldehyde functionalised nanoparticles
21 (MNP®@CHO). Nanoparticles size distributions measured using dynamic light scattering range
22 fromfor 14 nm £8 nm at 90 °C/min (a 2-minute ramp time to dwell temperature) and 122 nm
23 49 nm at 18 °C/min (a 10-minute ramp time to dwell temperature) and are produced within
24 20-30 minutes. Magnetic sizing analysis using the method of Chantrell confirmed iron-oxide
25  core size increases as a function of ramp time over the range 7.91 to 11.25 nm in terms of
26  median diameter and with lognormal o values within (0.22 < ¢ <0.33). Particle cluster size
27  increase with increasing ramp time measured using transmission electron microscopy was
28 found to be a function of particle agglomeration. Further, we demonstrate that the
29 MNP@CHO functionalised with a protein of interest can then be applied to the rational solid
30 phase synthesis of molecularly imprinted polymer nanoparticles (nanoMIPs) with high affinity
31  for protein biomarkers. We demonstrate that there is an optimal MNP size for highly efficient
32  MNP-based nanoMIP production which is key to mass production and commercialisation of
33  low-cost and sustainable bespoke size-tuned MNPs and artificial antibodies.
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Highlights DO 10.1039/DAMAOTLISE
e Simple size-tuning of MNPs by altering the microwave synthesis temperature gradient
prior to reaching dwell time.
e The method facilitates uniformity and surface functionalization in a single step.
e Clustering is encouraged by increasing the temperature ramping time
e Demonstration that size affects properties in the application of functionalised MNPs
for the solid phase synthesis of nanoscale smart polymers (MIPs)
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51 Introduction DOI: 10.1039/D4MAOQ1115E

52  Magnetite (Fes0,4)-based magnetic nanoparticles (MNPs) also referred to as iron oxide
53  nanoparticles (IONPs) continue to receive a lot of attention, both in research and commercial
54  applications 3, Fe;0, is preferred over other nanomaterials due to the relatively low toxicity
55  of magnetite +° as well as the ready availability and low cost of the reaction precursors &7,
56  Their ability to be superparamagnetic 7 8 has enabled this wide range of applications of
57  superparamagnetic iron oxide nanoparticles (SPIONs).

58  For superparamagnetism (SPM) to occur, magnetite particles are typically considered at sizes
59  smaller than about 20 nm 19 however it should be noted that the SPM onset size is affected
60 by anumber of factors, including shape effects on anisotropy and the particle size distribution
61 present in any assembly of SPIONS, such that it may be observed at sizes up to ~ 50 nm?1% 12
62  Unlike the ferrimagnetic behaviour of the bulk material, at these small sizes the particles
63 demonstrate superparamagnetic properties with no net magnetisation in zero applied field 8.
64 In this state, the particle magnetic moments are randomly aligned by at room temperature
65 by the agitation of thermal energy and hence show no magnetic interaction with each other
66  (similar to paramagnets), whereas in a magnetic field, superparamagnetic nanoparticles
67 exhibit significantly increased magnetization due to the ready alignment of moments with the
68 applied field. Their ability to be easily moved and manipulated by an external magnetic field
69 due to their superparamagnetic properties, is providing a range of applications in the
70  biomedical field including targeted anti-cancer drug delivery 13, as MRI contrasting agents 14
71 16, for biological extraction/purification when functionalised with suitable receptors 17/ 18, for
72 cancer treatment under magnetic hyperthermia conditions!®?2, and more recently in the
73 molecularly imprinting field?3 .

74  Arange of approaches have been explored using low-cost reagents. The main methods have
75  focused on producing Fe;0, nanoparticle clusters using coprecipitation,?*2’ solvothermal®?-
76 31, and hydrothermal3? 33 reactions. Traditional co-precipitation methods, are generally rapid
77  but require the use of inert gases like argon and nitrogen to prevent the creation of other,
78  less useful iron oxides, maintaining the correct iron oxidation states3*37 . They also require an
79 additional step to neutralize the resultant solution requiring strong bases such as urea and
80 sodium hydroxide, which increases the cost of the process. Furthermore, to achieve an
81 adequate level of size control, additional equipment, such as magnetic arrays® and
82  ultrasonicators®, are necessary. These requirements make scaling up far more challenging.
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83  Hydrothermal methods involve the reaction of iron precursors in sealed specialized vessels*®
84 4! to autoclave under high-temperature and high-pressure aqueous conditions over the
85  course of a lengthy 6-20 hours??, typically with the aid of stabilizing agents or surfactants. The
86  hydrothermal environment promotes nucleation and growth of iron oxide nanocrystals,
87 leading to highly uniform and monodisperse particles as shown in Mizutani et al.** Among
88 them, solvothermal reactions offer the best monodispersity, typically utilizing diethylene
89  glycol (DEG) and ethylene glycol (EG) as a reducing solvent, sodium citrate tribasic as a ligand,
90 and a basic salt such as sodium acetate (NaOAc). The above method typically takes 8 hrs to
91 synthesise and to subsequently functionalise and a further 24 hrs to purify the resulting
92  MNPs. 31 The conventional heating provides large temperature gradients leading to variable

3
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nucleation rates, but the obtained particles can be produced with narrow size distributions, .o o
albeit over a much longer timescale to product compared with microwave methods.

Microwave synthesis of magnetic nanoparticles offers a simplified production process with
reduced costs compared to traditional methods, while also presenting significant
environmental advantages, making it a more sustainable and greener alternative®*-46,
Traditional co-precipitation methods often necessitate inert atmospheres such as argon or
nitrogen to prevent oxidation during synthesis, which increases energy demands and
environmental impact*’-#°. Conversely, microwave synthesis can be performed under
ambient conditions, eliminating the need for inert gases and thereby reducing 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®°. Microwave
synthesis, on the other hand, is inherently more energy-efficient due to its rapid and
localized heating mechanism, which enables nanoparticle formation within an hour or less,
drastically minimizing energy input. The one-pot nature of our microwave synthesis also
reduces the need for additional reagents or multi-step processing due to the fact that the
magnetic nanoparticles are formed with a coating though the microwave synthesis
process?®, further lowering waste generation. Unlike co precipitation and hydrothermal
methods relying on coatings after the synthesis®! adding extra cost and complexity or the
addition of additives to provide size control. our microwave synthesis enables precise size
control through simple adjustments in ramping parameters, generating less chemical waste.
Overall, microwave synthesis of magnetic nanoparticles represents a greener and more
sustainable alternative to conventional techniques. By reducing energy consumption,
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 homogeneous heating throughout the
medium resulting in reproducible syntheses of colloidal materials. Microwave-based one-pot
solvothermal synthesis of bare and functionalized superparamagnetic Fes0, MNPs in the <20
nm category is gaining traction as it offers a low energy and rapid (<30 min) route to product?®.
While small MNPs (<15 nm) can be useful, they are prone to drag fluctuations due to
Brownian motion even under the influence of a magnetic field >2. There have been recent
reports of synthesis of larger MNP clusters composed of smaller superparamagnetic
nanoparticles>3=°. With these methods, larger particles (25 nm to approximately 1 um) are
possible, this increase in size scale offering advantageous applications compared with the
smaller regime. An increase in MNP volume to surface area (ie production of a lower
concentration of such larger agglomerated particles) enables the chemical functionalization
(conjugation) of more than one molecule or biomolecule to each MNP allowing for an
increase in capture of more than one complementary molecule per MNP from a sample of
interest, while still retaining superparamagnetic properties®.

Methods to predictably control the size of MNPs within a batch-type synthesis, while not
altering other properties, remains highly desirable. As the size increases, the nanoparticles
become less superparamagnetic, but the magnetic saturation becomes greater®’. Magnetic
saturation is one of the most important properties when considering applications based on

4
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136  magnetic nanoparticles®® 5°. A high magnetic saturation leads to a strong response at, &JoWio 1o
137  magnetic field which can, for example, facilitate the rapid collection of analytes when they

138  are used for biological extraction and biosensing. Moreover, for imaging, the strong response

139  results in much more sharply defined images®® 61, Therefore, by having a method that can

140  tune the size over a range, one can increase saturation magnetisation while still maintaining

141  superparamagnetic properties.

142  There have been reports of tuning the sizes of nanoparticle clusters by for example

143  adjusting the ratio of DEG/EG®? 3, and adjusting the citrate concentration®2. However, these
144  methods do not yet offer fine control over the final particle size without affecting

145  monodispersity or other parameters, such as composition and yield, and offer only a limited
146 tuning range. The use of polyol solvents in microwave-assisted techniques offers several

147  advantages beyond their reducing capabilities. In the polyol method, diethylene glycol (DEG)
148  and ethylene glycol (EG) function not only as solvents and reducing agents but also as

149  surfactants and are chosen for their relative high dielectric constants, which enable efficient
150  microwave absorption and heating®. Mascolo et al. ®> have demonstrated a size tuning in
151  magnetite clusters through simple stoichiometric (chemical) control of reaction solution

152  basicity in the presence of a cationic surfactant and at room temperature. An excess

153  concentration of OH" led to the stabilisation of smaller particles (<10 nm). The aggregate
154  particle size (ranging 40 to 100 nm) could be increased by decreasing the hydroxide

155  concentration. Others®6%® have used microfluidics and flow chemistry to control the rate at
156  which the reaction solution transits a microwave reactor to control the size of synthesised
157  iron oxide nanoparticles and associated clusters. The method required significant

158  engineering to control the size and volume of the micro/milli-fluidic reactor used, minimise
159  laminar flow and the need for scaling up synthesis at speed. Our microwave synthesis

160 method is inherently scalable and well-suited to industrial applications, given the availability
161  of industrial-scale microwave reactors. Unlike conventional co-precipitation or

162  hydrothermal methods, our microwave method requires no additional specialized

163  equipment, thereby eliminating the need for complex fabrication and testing processes.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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164  In this paper, we focus on tuning the physical conditions and parameters used in microwave
165  synthesis as a means to control the final MNP nanoparticle size. We report an approach to
166  control and tune the size of aldehyde functionalised iron oxide magnetic nanoparticles and
167  their clustering by simply changing the microwave temperature gradient during MNP
168  synthesis. We investigate sizing using dynamic light scattering, transmission electron
169  microscopy and magnetometry. The magnetic materials produced have a hydrodynamic
170  diameter ranging 36 nm to 122 nm measured using dynamic light scattering. We propose a
171  mechanism where with change in temperature ramp time, there is an accompanying change
172  inrate of decomposition of an iron acetate intermediate in the reaction as the route to tune
173  the MNP entity size. We also propose that oligomerisation and integration of glutaraldehyde
174  during the MNP growth phase contributes to the formation of uniform MNP cluster sizes. The
175  proposed method not only tunes particle size but also facilitates uniformity and surface
176  functionalization in a single step.

(cc)

177  More recently aldehyde functionalised MNPs have been applied to the synthesis of artificial
178  antibody receptors, namely nanoscale molecularly imprinted polymers (NanoMIPs) 23.6°, MIPs

5
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179  are produced in a facile self-assembly and polymerisation process in the presence of .3 tafget .o 1 o
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180 template molecule. When the template is removed, polymeric materials with high affinity for
181  the target are produced. Suitably functionalised MNPs have been used as the nucleation site
182  for nanoMIP production. The MNPs have also been modified with sometimes esoteric
183  chemistry using silanisation of the MNP surface’® 7! or use of borane chemistry 72 73 and
184  subsequent bioconjugation with a template molecule to enable nanoMIP synthesis at the
185 MNP surface. While these methodologies have resulted in the production of high affinity
186  nanoMIPs, they have been laborious, time-consuming (up to 3 days) and reagent heavy for
187  production ultimately resulting in low (milligram) yields. We recently published a solid phase
188  synthesis method using microwave produced aldehyde MNPs as core for protein (template)
189  attachment and subsequent production of nanoMIPs 23. We present in this paper the
190 application of size-tuned nanoMIPs and demonstrating that MNP size is critical to optimising
191  yields of high affinity nanoMIPs.

192

193 2. Experimental

194 2.1 Materials

195  N-hydroxymethylacrylamide (NHMA, 48% w/v), N,N'-methylenebisacrylamide (MBAm; 99%
196  pure), ethylene glycol((CH20H)2; 99% pure), iron chloride (FeCl3-6H20; 96% pure),
197  methylhydroquinone (MHQ; 99% pure), sodium acetate (NaOAc; >99% pure), phosphate
198  buffered saline tablets (PBS, 10 mM, pH 7.4 + 0.2), potassium ferricyanide (K3Fe(CN)6;99%
199  pure), potassium chloride (KCI;99% pure), sodium nitrate (NaNO3; 299% pure), ammonium
200 persulphate (APS; 98% pure), N,N,N’,N’ -tetramethylethylenediamine (TEMED; 99% pure),
201  potassium peroxydisulfate (KPS; 299% pure (RT)), haemoglobin from bovine blood (BHb),
202  bovine serum albumin (BSA), sodium dodecyl sulphate (SDS; 298.5% pure) and glutaraldehyde
203  (25% v/v)) were used as received from Merck. Buffers were prepared in MilliQ water
204  (resistivity 18.2 + 0.2 MQ.cm). DropSens disposable screen-printed electrodes (Au-BT)
205 comprising a gold working electrode (0.4 cm diameter), a platinum counter electrode and
206  silver reference electrode were purchased from Metrohm (Runcorn, Cheshire, UK). 2.2

207  Instrumentation

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

217

218
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219 2.3 MNP Production using Microwave Synthesis DOI: 10.1039/DAMAGI115E

220  Bare and aldehyde functionalised magnetic particles were produced following our previously
221  published solvothermal microwave method 2°. Briefly, 0.5 g of FeCl;-6H,0 and 1.8 g of NaOAc
222 were dissolved in 15 mL of ethylene glycol in a 30 mL Anton Parr G30 microwave reaction vial
223 (MRV). Glutaraldehyde (3.5 mL) was then added to the resulting solution with stirring for a
224 further 5 min. The stirrer bar was then removed and the MRV was placed into an Anton Paar
225 monowave 200 microwave oven and the reaction was heated up to a dwell temperature of
226 200 °C. We investigated various ramp times to dwell temperature from slow ramp time (10
227  mins; 18 °C/min) and fast ramp time (2 mins; 90 °C/min). The reaction was held at the dwell
228  temperature for 20 min under pressure (9 bar). An aliquot (10mL) of the MNP suspension
229  was oven dried (110 °C for 2 days) for use in TEM analysis. The MNP production method was
230 repeated, but in the absence of gluataraldehyde, to give bare MNPs.

231 2.4 X-ray diffraction analysis

232 X-ray powder diffraction data were collected using a Bruker D2 Phaser diffractometerin 6 - 0
233 geometry, using Cu Ko radiation (A = 1.5418 A) and operating at 30 keV and 30 mA. A nickel
234 filter was used to remove KJ radiation and a LynxEye detector. Data were collected between
235 5-80° 2-theta, with a step size of 0.020194° and a total scan time of 1 hour per sample. The
236  energy discrimination of the detector was modified to surpress fluorescence from the iron
237  containing samples. The sample holder was rotated at 30 rpm to maximise powder averaging.
238  Crystallite size analysis was performed using the Bruker EVA software. The peak width of the
239  peak at approximately 35.5° 2-theta was measured at FWHM and used in the Scherrer
240  calculation.

241 2.5 DLS characterization of MNPs

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

242  The size distribution of the nanoparticles was characterized using a Zetasizer Nano ZS. The
243  produced MNPs/nanoMIPS/NanoNIPs were suspended in 1 mL of PBS. The sample was loaded
244  into a disposable cuvette with the refractive index set to 1.32. The solution was equilibrated
245  for 60 seconds before the measurement was taken. Measurements were formed in triplicate.

Open Access Article. Published on 11 February 2025. Downloaded on 2/14/2025 1:59:45 PM.
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246 2.6 Magnetic Measurements

247  Magnetic Measurements on dried powder samples were carried out at a room temperature
248  using a 6 kOe Vibrating Sample Magnetometer (VSM). As large agglomerates are formed by
249  drying, a pestle and mortar was required to break them up for packing into cuboid glass slides
250 (Camlab) of given internal thickness and width of (0.40 + 0.04) mm and (4.0 + 0.4) mm
251  respectively. The slides were cut at ~ 10 mm in length within the range
252  (9.75 = length > 11.60) mm resulting in errors of the order 102 mm from a minimum of 5
253  measurements along the length at different points across the width. From these dimensions,
254  the magnetometric demagnetisation factors, N;, were found to be low and in the range
255  (0.037 = N, > 0.044) 74

256

257
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258 2.7 Transmission Electron Microscopy of MNPs DOI: 10.1039/DAMAGI115E

259  Aldehyde functionalized MNPs were suspended in ultra-pure water (0.1 g in 50 pl water) and
260 a5 pldroplet was deposited onto a Formvar/carbon coated 200 mesh copper TEM grid (Agar
261  Scientific, UK). After 1 min the grid was blotted, washed for 30 s in ultra-pure water, blotted
262  again and allowed to dry. Images were collected using a FEI Tecnai 12 TEM at 100 kV with a
263  Tietz F214 2k x 2k CCD camera.

264
265 2.8 Protein Functionalization of MNPs

266 A suspension (1 mL) equivalent to 0.010 g of the produced aldehyde (-CHO) functionalised
267  magnetic nanoparticle (MNP@CHO; 10 mg/mL) was placed in an Eppendorf centrifuge tube.
268 A neodymium magnet was placed on the side of the tube to rapidly pull the magnetic
269  nanoparticles from the solution (10 minutes). The supernatant was removed and replaced
270  with 1 mL of a 1 mg/mL PBS solution of bovine haemoglobin (BHb). The Eppendorf was then
271  sonicated for 2 minutes followed by vigorous shaking and vortexing to ensure the
272 nanoparticles were fully dispersed. The reaction mixture was left undisturbed at room
273  temperature (22 °C) for 30 minutes allowing the protein to conjugate with the MNP@CHO.
274  Conjugation occurs due to free -NH2 groups in the protein undergoing a nucleophilic addition-
275  elimination reaction with -CHO on MNP resulting in a imine bond between protein and MNP.
276  After 30 minutes, the particles were once again separated from the solution and the
277  supernatant exchanged with fresh buffer in triplicate to remove any non-conjugated protein.
278  The amount of protein conjugated with the MNPs (functionalized and bare) was calculated
279  through comparing the initial and final concentrations of protein remaining in the
280 supernatant. The concentration of the non-adsorbed protein was measured by
281  spectrophotometry (405 nm for haemoglobin) using a BioDrop WLITE UV/visible
282  spectrometer. The resulting MNP@CHO@BHb particles thus produced were stored wet at 4
283  °Cuntil further use.

284 2.9 NanoMIP production using MNPs

285 The MNP@CHO@BHb magnetic nanoparticles (0.023 g) were resuspended in 906 pL of PBS
286  (pH7.4) and transferred to a 15mL falcon tube. The tube was then mixed at 400 rpm at room
287  temperature. The sample was then degassed using nitrogen for 15 minutes with stirring. The
288  nitrogen line was then removed and 37 mg of NHMA monomer (77 uL of 48% v/v solution)
289 and MBAm (6 mg) together with SDS (0.4 mg) were immediately added to the reaction
290  mixture, followed by 20 pL of a solution containing 20% (v/v) TEMED and 10% (w/v) APS. A
291 nitrogen headspace was then created, and the falcon tube sealed with the cap and then
292  wrapped in parafilm. The solution was left to mix at 400 rpm for 15 minutes to allow nanoMIP
293  particles to be produced at the surface of the MNP@CHO@BHb particles.

294 At 15 minutes, the reaction was rapidly quenched with 1mL of 10 mM methylhydroquinone
295 (MHQ) The reaction solution was exchanged three times with fresh PBS to remove any
296  unreacted monomers and quencher. The solution was then resealed, and the tube placed on
297  its side on a neodymium magnet (2 minutes). The supernatant was then removed. The
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298 MNP@CHO@BHb~nanoMIP particles were then dispersed in 600 pL of e-pure,water:dhdioiee
299  placed in a sonicator (using a VWR ultrasonicator (600W, 45kHz) for 5 minutes at 37 °C. The

300 falcon tube was then once again placed on a neodymium magnet and the supernatant now

301 containing the released nanoMIPs were placed in a 1.5 mL volume Eppendorf and stored at 4

302  °Cuntil further use. The preparation was repeated by using either bare MNP and MNP@CHO

303 instead of MNP@CHO@BHb to produce non-imprinted control polymer (nanoNIP).

304  2.10 Electrochemical Deposition and Analysis of NanoMIP

305 NanoMIPs were eluted using sonication and were then entrapped within an
306 electropolymerized layer (E-layer). E-Layers were fabricated directly onto BT-Au screen-
307 printed electrodes (SPEs; Metrohm) using cyclic voltammetry (CV) largely following the
308 procedure in 7>, Briefly, a 50 pL solution in PBS comprising 0.1 mg of nanoMIP, 1.33 M of
309 NHMA as the functional monomer, 41.5 mM MBAm as the cross-linker, 0.29 M NaNOs, 48.15
310 mM KPS was deposited onto the SPE. The potential was then cycled between -0.2 Vand -1.4
311  V for 7 cycles at 50 mV s (10 min, RT, 22 +2 °C) to produce the E-layer with entrapped
312 nanoMIP. E-layers in the absence of nanoMIP were also produced as a control.

313  The E-layer comprising entrapped nanoMIP islands (E-NMI) or control E-layer were exposed
314  to varying concentrations of target protein (haemoglobin) template solutions over a wide
315 concentration range (1 fM to 100 uM) for a period of 5 minutes at each concentration and
316  analysed using electrochemical impedance spectroscopy (EIS) post-rebinding and subsequent
317  rinsing in order to determine the degree of target rebound to the nanoMIP islands.

318  Selective protein binding was tracked using electrochemical impedance spectroscopy (EIS) of
319  an external 5 mM potassium ferricyanide solution in PBS containing 0.5 M KCl as supporting
320 electrolyte. Electrochemical impedance spectroscopy (EIS) measurements were conducted
321  at a standard potential of 0.1 V (£ 0.01 V) with 10 scans of frequencies, and a sinusoidal
322  potential peak-to-peak with amplitude 0.01 V in the 0.1 - 100000 Hz frequency range. A
323  Randles equivalent circuit was fitted for all EIS experiments using the FRA32 module (see
324  Supplementary Fig. 1).
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325

326 3. Results and Discussion
327 3.1 Characterisation of MNPs Produced using the Microwave Technique.

328 We have previously reported ¢ our microwave synthesis method for rapid production of
329  magnetic nanoparticles where the temperature gradient from 20 °C to 200 °C was fixed at 90
330 °C/min (representing a 2 minute ramp time), resulting in MNPs with an average size of 7 + 2
331 nm, measured using transmission electron microscopy.

332 In this paper, we varied the time taken to reach the dwell temperature (200 °C). We
333  investigated ramp times of 2, 4, 6, 8, 10 and 15 minutes corresponding to temperature
334  gradients of 90, 45, 30, 22.5, 18 and 12 °C/min respectively. This resulted in the production
335 of aldehyde functionalised magnetic nanoparticles (MNP@CHO). Particle in dispersion
336 ranging 14 nm to 120 nm were measured using dynamic light scattering spectroscopy as
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summarised in Fig 1 (See Supplementary Figs. S1(a-e)). Particles produced at a ramp Lipi€ o ooes
15 min had the consistency of an oily slurry and could not be easily dispersed in aqueous
solution. DLS analysis indicated that the average particle size was in the 1-2 um range.
Additionally, these particles produced at a ramp time of 15 min were no longer susceptible to

an external magnetic field using a neodymium magnet.

3
£ 2500
| .
..% 2000
O €
L © 1500
O 5 1
Oo 3007
> E
s & 200+
=)
S 100-
|
S o-
=

v * 0o D00

Ramp time (min)

Fig. 1 Effect of microwave temperature ramp time from room temperature to dwell
temperature (200 2C) on size of final MNP@CHO nanoparticles. Hydrodynamic diameter of
particles measured using dynamic light spectroscopy. (Data represents mean + S.E.M., n =
3)

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

Ethylene glycol is primarily solvent, but can act as a mild reducing agent resulting in the
production of Fe2* ions en route to producing Fe;0, according to the following equations 76:

2HOCH, — CH,0H—2CH3CHO + 2H,0 (1)

2CH3CHO + 2Fe3+—>CH3C0 — COCH3 +2Fe?+ +2H* )
2Fe?* + 40H =2Fe(0OH), (3)
4Fe(OH)3 + 2Fe(OH),—2Fe30, + 8H,0 4)

10
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357  Acetate is included to prevent particle agglomeration during MNP synthesis””. lt aidsstHE o ee
358  production of Fe(OH); and subsequently maghemite and magnetite formation according to
359 the following equations:

360  Fe(CH3C00)3; + 3H,0—~Fe(OH)3 + 3CH3CO0H (5)
361 FB(OH)3—>F8203 + F€304 (6)

362 At the 200 °C dwell temperature, elimination of acetate occurs through the direct thermal
363 decomposition of iron acetate salts, according to 78:

364 12 Fe(CH5COO); = 4 Fe;0, + 18 CH;COCH; + 18 CO, + O,

Iron(lll) lron(l1l) Iron(lll) Iron(ll)
hloride hydroxide hydroxide

365

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

370 We propose that the time taken to reach the microwave dwell temperature of 200 °C
371  influences the composition of the reaction mixture and importantly that levels of acetate
372  present influences final particle and aggregate sizes. The acetate is acting as a weak buffer to
373  produce hydroxide ions in situ supporting the production of [Fe(OH)s] and resulting in iron
374  oxide precipitation and subsequent aggregation. Therefore, by altering the ramp time we
375  control the degree of FeOAc conversion to Fe(OH); in the early stages of MNP production
376  which in turn controls the size of the initial particles produced. At a fast (2 minute)
377  temperature ramp (ie 90 °C/min) to the dwell temperature, there is less iron hydroxide
378  produced during the ramping period. At a slow (10 minute) temperature ramp (ie 18 °C/min)
379 to the dwell temperature, there is more time for iron acetate to be converted to iron
380  hydroxide during the ramping period, resulting in more maghemite and magnetite production
381  duringthe ramping phase. Slowing down the time at which acetate decomposition takes place
382 leads to further precipitation and aggregation, and controlled production of larger magnetic
383  nanoparticles.
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384  Fig 3 shows the FTIR spectrum obtained for MNP@CHO. The absorption at 520 cm™ is
385  attributed to the octahedral Fe-O vibrational stretching of the iron-oxygen bond The slight
386 non symmetry of this peak suggest that most of the iron present is in the form of magnetite
387 and only a small amount of maghemite®3. The peak at 1724 cm™ corresponds to the C=0
388  stretching vibration of the carbonyl bond. The peak at 2820 cm™ is associated with the
389 asymmetric stretching of C-H bonds. These peaks indicate the presence of a magnetic core
390 surrounded by aldehyde groups, as synthesised via the one-pot microwave method
391  described.
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Our IR analysis (Fig. 3) does not indicate a covalent link between Fe and aldehydg £, but;W.

cannot rule it out. Further, due to the ability of glutaraldehyde to polymerise when aged or
heated 7% 80, we believe we are achieving coating of growing superparamagnetic iron oxide
crystal structures with glutaraldehyde oligomers which still retain aldehyde groups. We
believe the glutaraldehyde polymer chains become entrapped as the nanoparticle is forming
allowing the glutaraldehyde groups to cover the MNP in a core-shell fashion. We do not fully
understand the mechanism of agglomeration (clustering) but 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 in line with 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 8% 82
such as heparin and carbohydrates like dextran.

100

%T ]

93—.'
96
94—
92
90 —
88— 1724 cm™
1 C=0
il
84 ] 1
1 520cm™ Fe-O »
* T T T ™ T T T T
3500 3000 2500 2000 1750 1500 1250 1000 750
cm-1

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 over 2 days prior to measurement at

room temperature.
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409  X-ray diffraction patterns are shown in Supplementary Fig. S2. All samples ,copEaif i s
410 predominately Fe;0, (space group Fd3m, a = 8.400 A) with sa-Fe,0; (space group R3cH, a

411 =5.0324 A and ¢ = 13.7643 A), both appearing as broad peaks in the diffraction patterns.

412  Sharp peaks arritbutable to NaCl (marked with *) are also present. The broad peak widths

413  observed for the MNPs mean together with the close proximity of the expected peak positions

414  of Fes04 and a-Fe, 03 results in some uncertainty in the exact ratios of Fe;0, and o-Fe,0s. For

415  example, the most instense MNP peak in the diffraction patterns was observed at 35.5° 2-

416 thetaandthe (13 1) peak of Fe;0,is located at 35.4°, while the (1 -2 0) peak of a-Fe,03 occurs

417  at 35.7°. Any variation in the amount of a-Fe,0; will cause asymmetry in the peaks and will

418  cause uncertainty in the Scherrer calculation.

419  The particles after oven drying were imaged using transmission electron microscopy. Figures
420 4(a-d) show TEM images of MNP@CHO particles produced at 2-, 6-, 8- and 10-min ramp times
421  respectively. Increasing the ramp time between 2-minutes (Fig. 4a) and 10-minutes (Fig. 4d)
422  resultsinacorresponding increase in MNP@CHO core particle size between 7 £2 nmand 12.6
423  +3.2 nm respectively and cluster size of 91 £15nm at 10 min (Fig. 4e). We could not identify
424  any clustering at 2 min ramp time.

Fig.4a (2 min) Fig.4b (4 min) Fig.4c (6 min)
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Fig.4d (10 min)

425 p————— 50 nm

200 nm

426  Fig 4. TEM of magnetic nanoparticles produced at a ramp period of (a) 2 min (90 °C/min),
427  (b) 6 min (30 °C/min), (c) 8 min (22.5 °C/min) and (d) 10 min (12 °C/min). Fig 4(e) shows 10
428 min particles clustering at lower magnification. The particles increase in cluster size with
429 increasing ramp time. Fig.4d average Particle size for individual magnetic nanoparticles was
430 calculated to be 12.7nm+3.7nm (Data represents mean * S.E.M., n = 100)
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The TEM sizing of MNP@CHO formulations is on average smaller than the corresponding DLS
sizes. Whereas DLS sizing is conducted in aquo and therefore represent a hydrodynamic
diameter, the TEM measurements are conducted in vacuo and in a dried state. This has also
been observed by Dingchen-Wen et al 8 in their study of chemical synthesis of MNPs.

3.3 Magnetic Measurements and Sizing of MNP@CHO

Magnetisation curves as a function of applied field are shown in Fig. 5 from the series of
samples with microwave ramp times in the range 2 to 10 mins. 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 that is indicative of the superparamagnetic state.

70 1 T L T U T T T
Increasing Ramp Time
60 -
50 -
°
>
€ 40 -
2
c
2 30 i
@©
L
©
c 20 -
o
© M‘
= —o— 2 mins
10 1 —*— 4mins |
—&— 6 mins
—»— 8 mins
0 —o— 10 mins § -
' ' | ' | ' | ' | N N
0 1 2 3 4 5 6 7
Field (kOe)

Fig. 5: Magnetisation curves of samples with increasing microwave ramp time. The increasing
mass saturation magnetisation is consistent with increasing particle size as expected with
magnetite particles on the nanoscale. 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.

It is well known (e.g.?°) that the saturation magnetisation, 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 8, leaving only the core that is magnetically responsive
and thereby diluting the magnetic content within the volume (or mass) of the particle and
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453  subsequent reduction in M; values In the bare particle case this is assigned,tp, su¥ AOLLI5E
454  oxidisation and/or crystallographic disorder. Further dilution occurs when the nanoparticles

455  are coated with surfactants, lipids and other functional agents, such as the Aldehyde of the

456  magnetic measurements. As surface effects become more dominant with decreasing particle

457  size, and subsequent increasing surface area, the reduction in M observed here is also

458  consistent with decreasing particle size because of decreasing ramp time.

459  The indicative results of Fig. 5 were investigated further by using the magnetic sizing method
460  of Chantrell®’. Briefly, the median particle diameter, D,,, and standard deviation, o, of a

%’ 461  lognormal distribution of particle sizes are calculated using

@ 462

% 1/3

) 18kT ; 1

8 D, = N (7)
S M), 3eM, Hy

3

£ 463

5

E 464 and

Q

O

2 1 3y 1/2

B o==|In| =77 (8)
(‘é 3 EMb.l/HO

.g 465

g 466  where y; is the initial susceptibility, M,the saturation magnetisation of the bulk material, €
% 467  the particle volume fraction, k is the Boltzmann constant and T the absolute temperature.
g 468  The Langevin function provides a good theoretical description of superparamagnetic curves
8 469  and is used in the Chantrell method to derive (7) and (8). At large fields, H, it reduces to a
£

470  linear expression such that a plot of M as a function of 1/H will result in a linear fit that
471  crosses the abscissa when M = zero at the point 1/Hg. Experimental measurements of y;,

Open Access Article. Published on 11 February 2025. Downloaded on 2/14/2025 1:59:45 PM.

472 1/Hg and eM;, may then be used to determine D,,and ¢ using equations (7) and (8).

473  The outcome is shown in Fig. 6 which shows a clear trend of an overall increase in particle
474  size with increasing ramp time as was found in the in the DLS and TEM results. It confirms the
475 increasing saturation magnetisation is a result of increasing particle size due to increasing
476  ramp times as can be seen in the inset of Fig. 6, where the M, values are those extrapolated

(cc)

477  from the data of Fig. 5 using M verses 1/H at high applied fields, to the crossing point of the
478  ordinate i.e. when the applied field is tending to infinity.

479  Thereis no obvious trend in the values of @ shown on the right-hand axis of Fig. 6. The largest
480  value of 0.33 is associated with the 4-minute sample and suggests this has the widest range
481  of particle size distribution. Careful observation of the same sample’s magnetisation curve in
482  Fig. 5 also shows this is further away from saturation than the other samples, with a steeper
483  gradient on the approach to 6 kOe. The assumption inherent in the sizing method is of a
484  lognormal distribution and any deviation from this along with its largest o value may explain,
485  in part at least, the noticeable difference in the magnetisation curve towards the maximum
486  applied field.
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Table 1 compares median particle size determined using magnetic measurements, With;
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 ie single
particle core size, not agglomerates. The TEM images taken are suggesting we can get
clustering or agglomeration with increasing ramp time. It was difficult to discern individual
particles at all ramp times using TEM but where we could for example at 10 min ramp time
(Fig. 4d), the average individual particle size determined by TEM (12.6 nm 3.2 nm) is in good
agreement with magnetic core size determination of 11.25 nm. As TEM measurements
include all the particles, including the magnetically dead outer layers, they are expected to be
larger than those of the magnetic measurements. DLS gives the hydrodynamic diameter of
particles in an aqueous suspension. We believe the DLS size is the summation of the MNP
magnetic core size plus a glutaraldehyde shell layer plus some agglomeration of the MNPs.
Therefore, whereas all methods of measurement used show a correlation with ramp time,
the size increases in the order: Mag core < TEM < DLS. Crystallite size was determined from
XRD measurements using the Scherrer calculation using 2 and 10 min MNP@CHO particles
giving crystallite sizes of 7.7 nm and 9.3 nm respectively. Whereas the 2 min particles are in
good agreement with 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 increase in
particle/agglomerate size and increasing ramp time.
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Fig. 6: Median particle diameter and lognormal o values as functions of ramp time following the
method of Chantrell 3. The decreasing particle size with decreasing ramp time confirms this is the
cause of the drop in saturation magnetisation of the inset obtained by extrapolation of the data
from Fig. 5. There is no overall trend in the o values that indicate the 4-minute sample has the
widest range of particle sizes in its distribution and the 10-minute sample the narrowest.
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Table 1 Comparison of measurement techniques for the sizing of MNP particles and/ar , ;5" c¢ Ore

39/D4MAO01115E
agglomerates. All methods confirm that there is an increase in entity size with increase in
ramp time.
Ramp time Magnetic core size | TEM size clusters DLS size
(min) Dimedian (NM) | © (nm) (nm)

2 7.91 0.27 | 852 149+8

6 9.77 0.32 [ 23+6 60+ 7

10 11.25 0.22 | 91+15 122 +49

3.4 Impact of MNP Size on Solid Phase Synthesis of Smart Polymers

Recently there has been growing interest in the synthesis of polymers with biorecognition
capability and their application in diagnostics, biological extraction and therapeutics.
Molecularly imprinted polymers are a class of artificial receptor. They can be synthetically
grown around a target biological %6: 7> 88 89 resulting in the imparting of complementary
recognition sites within the crosslinked polymer. We recently reported that MNPs modified
with a protein can be used as a solid substrate to facilitate the manufacture of nanoscale
MIPs23, 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 solid phase
synthesis of nanoMIPs (See Fig. 7 for a schematic of the process).
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Fig 7: Schematic of nanoMIP polymer synthesis on MNP solid phase. The MNP@CHO is first
conjugated with target protein to give MNP@protein. In the presence of monomer and crosslinker
feed, the nanoMIPs grow specifically around the MNP@protein. Once released and harvested, the
nanoMIP is integrated to a disposable screen-printed electrode for biosensor determination of
protein biomarker.

We used mass equivalents of as produced MNP@CHO particles at 2-10 min ramp times in
the synthesis of nanoMIPs. The MNP@CHO were first conjugated with bovine haemoglobin
(BHb) as target (template). The resulting MNP@CHO@BHDb particles were then used as the
solid phase to produce nanoMIPs selective for BHb. The nanoMIPs produced were
subsequently released from the MNP and then size characterised using DLS. The isolated
nanoMIPs were integrated to a disposable screen-printed gold electrode for electrochemical
determination 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 picomolar levels of
target binding to the synthetic receptor °°. It relies on interrogating the electrochemical
properties of the nanoMIP/electrode interface in the presence of a suitable redox marker
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(ferrocyanide was used here) at a standard potential of 0.1 V (+ 0.01 V) at multiple,,. 1030/ bamaoiiise
frequencies, and a sinusoidal potential peak-to-peak with amplitude 0.01 V in the 0.1 -
100000 Hz frequency range. The interface is modelled on the Randles circuit. We measured
the change in charge transfer resistance (AR¢r) when electrode was modified with nanoMIP
which was a function of resistance of ferrocyanide redox marker diffusion to the working
electrode?3. When target protein was subsequently added, it selectively bound to the
nanoMIP at the nanoMIP/electrode interface creating an additional barrier to ferrocyanide
redox marker diffusion. There is a corresponding increase in ARcr with increase in target
protein binding. Figs S1-S5 compare plots of [BHb] versus ARt for nanoMIPs synthesised on
BHb functionalised MNP@CHO magnetic nanoparticles produced at ramp times of 2 min
(Fig S3), 4 min (Fig S4), 6 min (Fig. S5), 8 min (Fig. S6) and 10 min (Fig. S7). Table 2
summarises the impact of MNP size (measured using DLS) on subsequent nanoMIP synthesis
parameters including nanoMIP particle size, yield and affinity factors such as the equilibrium
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
Figures S2-S6.

Table 2 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 AR of
target (BHb) bound to MIP and AR of non-target (BSA) bound to MIP.

Microwave | DLS size of DLS size of Yield of Ko (mol L?) Selectivity Factor
Ramp time | MNP@CHO nanoMIP NanoMIP (Target : non target
(min) (nm) (nm) (mg/mL) signal ratio @1 nM)

2 1418 80+14 0.1310.06 1.40x 10 | 49:1

+2.79 x 1012
4 46112 123441 1.610.3 2.01x101+ | 75:1

5.05 x 1012
6 6017 119451 3.7¢0.3 1.75x101+ | 166:1

2.61x1012
8 84111 12057 6.5+£0.3 2.40x10+ | 100:1

9.21x 1012
10 122149 125443 12.3+2.5 3.47 x 1011+ | 188:1

2.35x1012

While a low Kp of between 10 to 101! mol L gives an indication of 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) compared with a non-target (non-complementary) protein.

We demonstrate a direct correlation between MNP@CHO size (and subsequently

MNP @protein size) with nanoMIP yield. While all particles resulted in the production of
nanoMIPs with high affinity, nanoMIP selectivity, nanoMIP yield increased with increasing
ramp time with 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
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nanoMIP is approximately 120 nm and independent of ramp time between 4 and, 10, 030/ bamaoiiise

minutes. We did not study the 15 min ramp time particles as their clumping sludge-like
characteristics did not make them ideal candidates for nanoMIP manufacture.

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

Conclusions

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

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

Data Availability

All data are available within the article and its Supplementary Information files and from the
authors upon request.
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