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The synthesis of single-core superparamagnetic iron oxide nanoparticles (SPIONs) coated with a silica
shell of controlled thickness remains a challenge, due to the dependence on a multitude of experi-
mental variables. Herein, we utilise design of experiment (DoE) to study the formation of SPION@SIO,
nanoparticles (NPs) via reverse microemulsion. Using a 3° full factorial design, the influence of reactant
concentration of tetraethyl orthosilicate (TEOS) and ammonium hydroxide (NH4OH), as well as the
number of fractionated additions of TEOS on the silica shell was investigated with the aim of minimising
polydispersity and increasing the population of SPION@SIO, NPs formed. This investigation facilitated a
reproducible and controlled approach for the high yield synthesis of SPION@SIO, NPs with uniform
silica shell thickness. Application of a multiple linear regression analysis established a relationship
between the applied experimental variables and the resulting silica shell thickness. These experimental
variables were similarly found to dictate the monodispersity of the SPION@SIO, NPs formed. The overall
population of single-core@shell particles was dependent on the interaction between the number of
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work demonstrates the complexity of the preparative method and produces an accessible and flexible
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1 Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) have
been extensively researched due to their unique magnetic
properties when compared to bulk iron oxide including: super-
paramagnetic behaviour with a large magnetic susceptibility;
low Curie temperature; and high coercivity.”> SPIONs are inverse
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synthetic model to achieve monodisperse SPION@SIO, NPs with controllable shell thickness.

spinel type iron oxide nanoparticles (NPs) including Fe;O,
(magnetite) and y-Fe,O; (maghemite) and are typically below
20 nm in size.>* The distinctive properties of SPIONs have made
them useful for a range of applications in catalysis, purification,
and biomedicine.>™ Most notably, these materials have shown
excellent potential in biomedical diagnostic and therapeutic
applications including, but not limited to, point-of-care diagnos-
tics, magnetic resonance imaging contrast agents, hyperthermic
cancer treatments, and targeted drug delivery."* ™

Synthetic pathways to SPIONs are diverse, including co-
precipitation, hydrothermal or thermal decomposition, solvo-
thermal, and sol-gel reactions, with choice of reaction depending
on the desired particle size, shape, hydrophilicity/phobicity and
surface functionalities.>*>* As the magnetic properties of SPIONs
are dependent on their size and shape, control of such charac-
teristics, as well as uniformity of SPIONS, is critical. This is
particularly imperative for biomedical applications, where highly
polydisperse SPIONs can result in variable net magnetisation,
leading to unreliable and poorly reproducible diagnostic and
therapeutic capabilities.>>>® Co-precipitation of Fe*"/Fe" salts is
one of the most popular methods due to its high yield and low
cost of manufacture; however, this typically produces SPIONs that
are highly polydisperse, often with poor control over particle
morphology, crystallinity, and aggregation.®?**® In contrast,
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thermal decomposition has greater control over size and mor-
phology, generating monodisperse NPs with high crystallinity.
In this approach, an organic-iron precursor is heated in situ
with an amphiphilic surfactant or ligand such as oleic acid, a
hydrophobic fatty acid, forming hydrophobic coated SPIONs
which typically avoid aggregation.>*?”~3°

To obtain biocompatible SPIONs that are colloidally and
physically stable, it is necessary to coat and functionalise the
nanoparticle surface. Without this coating, the poor colloidal
stability of SPIONs often leads to agglomeration under physio-
logical conditions, leading to increased toxicity via red blood
cell damage and haemolysis.'**"*?> Furthermore, uncoated
SPIONs are susceptible to oxidation, which can contribute to
changes in magnetic properties and chemical behaviour.>®3?
There are various coating strategies to achieve this, including
both covalent and non-covalent synthetic methods such as:
surface stabilisation with citric acid; capping with oleic acid;
adsorption of polymers; or coating with inorganic material,
such as silica (Si0,).'*">?%34 The latter is of particular interest
as SiO, coated SPIONSs are able to undergo subsequent surface
modification with a variety of silanes or ligands due to readily
modifiable silica chemistry.>**>"** This provides the oppor-
tunity for functionalisation with an array of molecules such
as fluorescent dyes, bio-compatible, biological or targeting
ligands.?®3%%4™® There are several coating routes to attain
SPION@SiO, core@shell NPs, with the option of either a non-
porous or a mesoporous silica shell, the latter providing
an opportunity to utilise the pores for cargo storage and
release.>>"7*8

Both sol-gel and reverse microemulsion routes are popular
methods for the synthesis of non-porous SPION@SiO, NPs.
The sol-gel method typically uses hydrophilic, small molecule-
stabilised, magnetic nanoparticles which are usually prepared
by co-precipitation. Seeds of SiO, form on the SPION surface
in situ and grow through a Stober mechanism under relatively
mild conditions.*®>* However, SPION@SiO, NPs prepared using
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this route tend to have high polydispersity and poor control over
morphology, often exhibiting multiple SPION cores within a
single shell. Additionally, high yields of by-product SiO,, with
no SPION core, are often observed.?® Enhanced control over
morphology and reduced polydispersity can be achieved using a
reverse microemulsion route.>*?%>>"% In this approach, hydro-
phobic magnetite (usually oleic acid stabilised) is dispersed in a
non-polar solvent (such as cyclohexane) along with a surfactant,
e.g. IGEPAL-c0-520, leading to ligand exchange. Concentrated
aqueous ammonium hydroxide (NH,OH), used to hydrolyse the
silica precursor and provide aqueous domains, and tetraethyl
orthosilicate (TEOS) are added to the organic solution, forming a
water-in-oil (w/o0) emulsion. The SiO, precursor nucleates within
the aqueous domain and forms around the SPION core generat-
ing SPION@SiO, core@shell NPs (Fig. 1). Within this approach,
a number of parameters are recognised to be important in
the mechanism of formation of single-core@shell particles,
including concentration of reagents (silica source, basic catalyst,
water and surfactant) and core particles, as well as fractionated
additions of the silica source and reaction temperature.>®3*%1-%3
In comparison, this approach has been reported as more favour-
able in terms of forming single core SPION@SiO, NPs with
controlled shell thickness.

While SPION@SiO, NPs are a prominent area of research,
there are still difficulties associated with the reverse micro-
emulsion method. Mainly, the route produces a large fraction
of non-core SiO, NPs, a non-magnetic by-product that requires
additional processing to separate. Since reproducibility as well
as particle size and morphology control are vital when con-
sidering such particles for biomedical applications, under-
standing the relationship between the reaction conditions
and resulting SPION@SiO, NPs is critical. To date, optimisation
of SPION@SiO, NPs has relied on ‘one factor at a time’ (OFAT)
variation, where each experimental factor is changed indivi-
dually.?%3%5761°7 Consequently, a narrow range of the experi-
mental domain is typically examined and variable interactions
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Fig. 1 Mechanism of SPION@SIO, nanoparticle synthesis via the reverse microemulsion method. Ligand exchange occurs between the oleic acid and
IGEPAL-co-520, on the surface of SPIONs. Upon the addition of NH4OH, the surfactant arranges into a water/oil (w/o) micelle, in which the SPION
occupies the centre. Following the addition of TEOS, NH,OH hydrolyses TEOS allowing entry of the hydrolysed TEOS molecules into the micelle. Within
the micelle, the SiO, shell grows around the SPION core, forming single-core uniform SPION@SIiO, NPs.
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overlooked. This limits the understanding of how experimental
variables affect the outcome of a synthesis, often leading to
inaccurate conclusions and sub-optimal results.®®

Design of experiment (DoE) is a powerful statistical tool for
understanding and optimising the relationship between the
experimental variables and the outcome of a process. The use
of DoE for nanoparticle synthesis is gaining popularity and has
provided insight into reaction mechanisms.®® For example,
Lak et al. have used a DoE approach for the optimisation of
SPIONs, with tailorable magnetic properties. In two separate
studies, interactions were identified between experimental
factors responsible for determining the dispersity and mag-
netisation of SPIONs formed via thermal decomposition
and non-hydrolytic synthesis.**’® Similarly, Roth et al. have
employed DoE to study the formation of SPIONs using co-
precipitation.>”> The magnetisation of the SPIONs was deemed
highly dependent on the experimental variables used, such
as the molar ratio and concentration of Fe**/Fe*" ions. Arafa
et al. used DoOE to tune the properties of pregabalin-loaded
niosomes for therapeutic delivery. This was made possible
by examining the combined effect of different factors simul-
taneously.”" There have been several successful examples of the
optimisation of nanoparticle synthesis and maximising their
functionality using a DoE approach in the literature.>*”>"5°

While DoE has proved a powerful tool for nanoparticle
optimisation, this approach has not been applied in the context
of SPION@SiO, NP synthesis. Herein, we implement a statis-
tical approach to understand and predict the influence experi-
mental factors have on the properties of SPION@SiO, NPs
formed via a reverse microemulsion method. The number of
moles of the reactants NH,OH and TEOS, as well as the number
of fractionated additions of TEOS were selected for investiga-
tion (vide infra 2.4 and 3.2). The size and stability of SPION®@
SiO, NPs formed were characterised using transmission elec-
tron microscopy (TEM) and dynamic light scattering (DLS).
Magnetic properties were evaluated using vibrating sample
magnetometry (VSM). The experimental campaign was designed
using a 3* full-factorial design and modelled using a response
surface model (RSM) and analysed via the software JMP.*" In this
way, we aim to provide a comprehensive understanding of the
influence of important preparation parameters on resulting
SPION@SiO, NPs, and predictive capability to produce optimal
single-core@shell particles.

2 Experimental
2.1 Chemicals

All chemicals were used as purchased with no additional
purification. Cyclohexane (99.5%), and n-hexane were pur-
chased from Fisher Scientific UK. Ammonium hydroxide
(28-30%), IGEPAL-c0-520, iron(ut) chloride hexahydrate, oleic
acid (90%), nitric acid (69%) 1-octadecane (90%), tetraethyl
orthosilicate (TEOS, 99%) and sodium hydroxide pellets were
purchased from Merck. Ultrapure water was obtained using a
Millipore filtration system, operated at 18.2 MOhm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis

2.2.1 SPION NPs. Hydrophobic SPION NPs were prepared
using a thermal decomposition method in accordance with the
literature.* FeCl;-6H,0 (0.54 g, 2 mmol) was dissolved in water
(6 mL, 333 mmol), ethanol (8 mL, 137 mmol), and hexane
(14 mL, 106 mmol) at room temperature. Oleic acid (1.9 mL,
6 mmol) was added to the solution and stirred for 30 minutes.
Sodium hydroxide (0.24 g, 6 mmol) was added to the stirred
solution and sealed in a closed vessel and heated to 70 °C for
4 hours. The resulting solution was cooled to room temperature,
forming two distinct layers. The top organic layer, containing
Fe(oleate)s, was separated, collected and washed with ultrapure
water three times. To remove hexane, Fe(oleate); was heated in a
vacuum oven at 80 °C overnight. The dried Fe(oleate); precursor
was resuspended in oleic acid (0.32 mL, 1 mmol) and
1-octadecane (12.5 mL, 38 mmol) in a sealed vessel and oxygen
was degassed with N, gas for 1 hour at room temperature.
Subsequently, the solution was heated at 320 °C for 30 minutes
under the inert atmosphere in a sealed vessel. The solution was
cooled to room temperature, and excess ethanol was added to
precipitate NPs. Hydrophobic SPIONs were collected by centri-
fugation and the supernatant decanted. The isolated solid was
re-dispersed in hexane (approx. 1-2 mL) and subsequently
precipitated in excess ethanol. This precipitation-re-dispersion
process was repeated three times to purify the magnetic NPs.
The SPIONSs were stored in cyclohexane (5.0 mg mL™%).

2.2.2 SPION®@SiO, NPs. Core@shell SPION@SiO, NPs
were prepared using a reverse microemulsion method adapted
from the literature.>® IGEPAL-co-520 (0.5 g, 1 mmol) was
dispersed in cyclohexane (11 mL, 101 mmol) and sonicated
for 10 min at ambient conditions. SPIONs in cyclohexane
(1 mL, 5 mg mL ") were added to the stirred solution followed
by the addition of ammonium hydroxide. The controlled addi-
tion of TEOS was performed using a fractionated drop-method;
where a known volume of TEOS was added every 4 hours.
A total of 3 additions were carried out per day and reacted
overnight. For 6 and 8 additions, the 4th (and 7th) addition
were carried out 24 (and 48) hours after the first addition, and
subsequent additions were carried out following the 4 hour
interval. A schematic of the synthesis can be seen in Fig. 1,
detailing how the the shell is formed within the reverse micelle.
Once complete, SPION@SiO, NPs were washed in ethanol
using centrifugation three times and redispersed in ethanol.
During the study, the number of moles of TEOS and NH,OH,
and the number of factorial drop-wise additions of TEOS were
varied according to the design shown in Table S1 (ESIt).

2.3 Characterisation

Dynamic light scattering (DLS) was carried out using a Beckman
Coulter DelsaMax Pro, measured at 22 °C, with samples dis-
persed in ultrapure water (1 mg mL ™). Transmission electron
microscopy (TEM) was performed with a JEOL 2100 transmission
electron microscope operated at 200 kV. Samples were prepared
by depositing NPs dispersed in water (0.05 mg mL ') onto
a carbon coated 300 mesh copper grid (Agar Scientific).

Mater. Adv., 2022, 3, 6007-6018 | 6009
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NP diameter and population were measured using Image]
(version v1.53) with a sample size of approximately 300 NPs.
By assuming the particles were spherical, the diameter was
calculated by measuring the area of the particles, with an
estimated resolution of 0.1 nm.?* This resolution was used as
the bin width to produce a histogram of each population. It was
then possible to determine the dispersity of the NPs using
the concept of information entropy, as first introduced by
Shannon, and modified to suit nanoparticle analysis as follows:

Xn:l’i log(pi)
En =e!

1)

where n is the number of non-empty bins and p; is the
probability of a given nanoparticle size occurring within the
population.®? A vibrating sample magnetometer-physical pro-
perty measurement system (VSM-PPMS, Quantum Design) was
employed to measure the mass susceptibility (ym) of SPION®
SiO, NPs. Samples were prepared as dry powders and record-
ings were performed at 25 °C, using a maximum magnetic field
strength of 20000 Oe and the minimum magnetic field
strength of —20 000 Oe, with a sweep rate of 50 Oe s~ '. Graphs
were analysed in Origin, and smoothed with a percentile filter.

2.4 Experimental design

The experimental design was produced and studied using the
statistical software JMP (version 15).%" To establish the local
response surface, a 3* full-factorial design was chosen to study
the synthesis of SPION@SiO, (Fig. 2). This design allowed for
the identification of main effects and interactions, in addition
to non-linear effects, which were modelled as quadratic func-
tions. Three experimental variables were selected for investiga-
tion: moles of TEOS, moles of NH,OH, and the number of
fractionated additions of TEOS, as stated in Table 1. These
experimental factors and their upper and lower limits were
chosen based on literature evidence, being previously identified
as important parameters in the hydrolysis and condensation
mechanism for the silica shell formation.>*3%33257%¢ The
concentration and size of the SPION NP core and the concen-
tration of the core stabilising agent, IGEPAL-co-520 were fixed,
and not included in the study, as the growth of a silica shell is
primarily controlled by the aforementioned experimental factors.

[NH,OH]
y [TEOS]
Z
Frac. Add. .
X Seoc @ Center Point
Y ——p " © 33 Treatments

(1)

Fig. 2 Schematic of a 3° full factorial experiment domain. The x-axis
represents the number of fractionated additions of TEOS (Frac. Add.
TEOS), the y-axis the number of moles of NH4,OH, and the z-axis the
the number of moles of TEOS. The blue spheres are the xyz coordinates of
treatments (combinations of experimental factors and levels) used in the
experimental domain. The purple sphere represents the centre point
condition (xyz = 222).
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Table 1 Experimental factors used in the 3 full-factorial design model:

number of fractionated additions of TEOS, total number of moles of TEOS,
and number of moles of NH,OH

Experimental factor Low (1) Centre (2) High (3)
Fractionated additions 3 6 8

n TEOS (mmol) 0.16 1.42 2.69

n NH,OH (mmol) 0.13 0.65 1.16

The centre point treatment, labelled 222, was repeated five times,
totalling 31 experimental runs. These were randomised to avoid
bias. It is worth noting that for ease of comparison between
factors and the responses, the experimental treatments have been
arranged based on the DoE pattern of the experimental factors
(1,2,3). In this study, the silica shell thickness, monodispersity
and population of SPION@SiO, NP formed were used as response
variables. The null hypothesis, H,, states that the experimental
factors (number of mole of TEOS, number of moles of NH,OH,
and the number of fractionated additions of TEOS) have no effect
on the SPION@SiO, NP formed. The alternative hypothesis, H,,
states that the experimental factors do effect the SPION@SiO, NP
formed.

Following the completion and characterisation of the experi-
mental runs, regression analysis was performed for each of the
response variables: shell thickness (fghen), monodispersity
(described using E,), and population (% of SPION@SiO, NPs
compared to all particles formed). Using relevant statistics
including the analysis of variance, lack of fit test, and goodness
of fit metrics such as the r* and root mean squared error
(RMSE), the most suitable models for each response were
identified. Using the model, a regression equation was gener-
ated for each response. A factor was considered active when
p < 0.05. Terms greater than this were deemed inactive and
were iteratively removed from the model.

3 Results and discussion
3.1 Synthesis of SPION NPs

Superparamagnetic iron oxide nanoparticles (SPIONSs) stabilised
with oleic acid were prepared using thermal decomposition. The
NPs were highly monodisperse with a size of 12 + 2 nm (as
measured from TEM analysis, Fig. S1, ESIT) and y;, of 38 emu g™ *
at 20000 Oe, normalised against total mass of particle, and
confirmed to be superparamagnetic (Fig. S1, ESIT). While hydro-
philic SPIONs usually report a y, of approx. 70 emu g ' at
20000 Oe, in this case the y., is lower due to the presence of non-
magnetic oleic acid contributing to the sample mass.***

3.2 Experimental design of synthesis of SPION@SiO, NPs

SPIONs were coated with silica to form SPION@SiO, NPs, using
a reverse microemulsion method, as described in the Experi-
mental Section. The formation of a silica coating on NPs
using reverse microemulsion is reliant on a number of
factors, 2930376076585 with the concentrations of the silica
source and the basic catalyst being reported as the most impor-
tant in controlling shell thickness, presence of undesirable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(non-magnetic) by-products, and uniform populations. The
SiO, shell thickness, for example, can be controlled by altering
the number of moles of TEOS, with low concentrations result-
ing in ultra-thin 2 nm SiO, shell thicknesses, due to the small
amount of silica precursor available for coating.®® A similar
effect can be achieved by changing the number of moles of
aqueous NH,OH and/or the ratio of NH,OH-to-surfactant,?*%:63-6>
In the former, adjusting the quantity of aqueous NH,OH affects
the rate of silica hydrolysis and nucleation, where higher con-
centrations increase the rate of TEOS hydrolysis and increases
the shell thickness; however this can also encourage the for-
mation of non-magnetic silica by-product.”**° The ratio of
NH,OH-to-surfactant, on the other hand, determines the size
and number of micelles formed, influencing the ultimate size of
particles formed (since the coating step occurs within the
micelle).>*?%°! Katagiri et al. have demonstrated that the silica
shell could be further enlarged by subsequent additions of
IGEPAL-c0-520, aqueous ammonium hydroxide, and TEOS,
increasing the NP diameter from 40 nm to 56 nm. Increase in
shell growth only occurred with addition of the three reagents
and not with subsequent additions of TEOS alone. Katagiri
rationalised that the increase in shell growth was due to the
expansion the microemulsion surrounding the SPION core,
made possible with the addition of surfactant and aqueous
NH,OH, which provided more space for the silica shell to
grow.’® It should, however, be noted that the relationship
between micelle/microemulsion size and the resulting particle
is complex and can be impacted by a number of different
parameters. It has also been found that the fractionated addition
of TEOS can reduce particle polydispersity, simultaneously
reducing the formation of by-product Si0,.>°

Despite their identification as important experimental con-
ditions in the formation of SPION@SiO, NPs, these parameters
have not been investigated through a DoE approach, which
allows for the simultaneous variation of experimental factors.”>”¢7
This not only enables the evaluation of interactions between
these factors, but also reduces the impact of random variation.
Furthermore, by implementing 3 levels (low, centre, high), non-
linear effects can also be measured. The resulting model can be
manipulated to maximise a response, such as the size of core@
shell NPs. Therefore, in the study herein, the numbers of moles
of TEOS and NH,OH, and fractionated additions of TEOS were
investigated as primary variables of importance in the produc-
tion of core@shell particles. The responses of SiO, shell thick-
ness, monodispersity, and population (where population is
described as the percentage of single-core@shell particles with
respect to the total number of particles) were analysed in order to
optimise and control the properties of the NPs formed. A 3° full-
factorial model was employed, and experimental conditions were
generated according to Table 1.

3.3 Response surface analysis: SPION@SiO, particle design

SPION@SiO, NPs prepared according to the conditions out-
lined by the DoE were characterised using TEM, and PPMS-
VSM. TEM analysis determined the NP size, monodispersity,
and population of SPION@SiO, NPs formed. Fig. 3 shows TEM

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of SPION@SIO, NPs produced using conditions
determined from the 3° factorial model, at level 1 of the number of moles
of TEOS (0.16 mmol). Scale bar is 50 nm. The rows (representing x-axis)
relate to the number of fractionated additions of TEOS (Frac. Add. TEOS),
which is increasing from left to right in levels of fractionated additions of
TEOS, from levels 1 to 3. The columns (representing y-axis) relate to the
number of moles of NH4OH, and is increasing from top to bottom in levels
1 to 3 for the number of moles of NH4,OH. Each 3 digit code is the xyz
coordinates for each treatment condition generated from the experi-
mental domain, as described in Table 1, where the z-axis relates to the
number of moles of TEOS. The remaining TEM images, at TEOS levels 2
and 3 can be found in Fig. S2 and S3 (ESIT). Additionally, repeats of the
centre point condition (treatment 222) can be found in Fig. S4 (ESI¥).

images of the NPs generated at level 1 of number of moles of
TEOS (0.16 mmol); TEM images of samples prepared at TEOS
levels 2 and 3, and centre point conditions can be found in
Fig. S2-54 (ESIY). Box-plots showing the size distribution of the
measured total diameter (drgy) of the core@shells produced in
this study can be observed in Fig. S5 (ESIt). Good reproduci-
bility was demonstrated from repeating the centre point con-
dition (Fig. S6, ESIT), expressed as a scatter plot of the response
values compared against the mean response for the centre
point. Here the response values show good precision, and are
similar in value as shown in Table S1 (ESIT). Response surface
analysis was used to explore relationships and interactions
between experimental factors and their effect on the response
variables (Table 2 and Table S1, ESIt). Across all particles
produced, the drgy of particles ranged from 15 nm to 75 nm;
the thickness of the silica shell (¢s,e) ranged 2 nm to 32 nm;
the normalised entropy (E,) ranged 0.15 to 0.65 (characterising
all particles to be either monodisperse or near monodisperse
(vide infra)); and a single-core@shell population of 35% to 99%
was observed. The SPION@SiO, were found to be weakly super-
paramagnetic; the mass susceptibility plots can be found in
Fig. S7 (ESIY).
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Table 2 Results of regression analysis of variance for all response variables.
Note r? is the ratio of sum of squares describing the proportion of variation
explained by the model. The F-ratio is the ratio between explained error (r?)
and unexplained error (RMSE)

Response Mean r? RMSE p-Value F-Ratio
tonen (nm) 14 0.71 4.87 <0.0001 12.65
E, 0.35 0.68 0.089 <0.0001 10.74
Pop. (%) 53 0.32 18.94 0.014 4.25

3.3.1 Shell thickness of SPION@SiO, nanoparticles. The
silica shell thickness, tgen1, of the SPION@SiO, NPs was deter-
mined from TEM images, Fig. 3.3” It was observed that as the
level of the experimental factors increased, the shell thickness
of the particles also increased. Nanoparticles produced using
lower levels of the factors (i.e. treatments 111 to 122) were
observed to have an ultra-thin silica shell, however the particles
themselves appeared embedded within a non-uniform aggre-
gated silica matrix, lacking discrete individual core@shell
structures. It is thought that when a lower number of moles
of TEOS (0.16 mmol) and NH,OH (0.13 mmol) and fewer
fractionated additions of TEOS are used, the formation of by-
product silica is favoured. A lower concentration of NH,OH
reduces the aqueous domains present which reduces the
micelle size and quantity, therefore limiting places for shell
growth to occur. Fewer fractionated additions of TEOS increase
the amount of TEOS within each addition available for hydro-
lysis. With more hydrolysed TEOS present, there is competition
between the formation of silica by-product and growth of the
silica shell. Due to the limited micelles available, this increased
presence of hydrolysed TEOS therefore favours the formation of
silica by-product. As such, these conditions encouraged the
formation of non-defined core@shell structures, (as seen in the
top row of Fig. 3). As the number of moles of NH,OH and
fractionated additions of TEOS increased, more defined core@-
shells were formed, and increasing ts,e; Was observed.

The prediction expression of tge;, as determined by regres-
sion analysis, is given by:

lhel = —0.86+4.74 -0+ 10.20- B+ 0.13 -7
(2)
+((B—0.67) - (y — 5.65) - 3.12)

where o is number of moles of TEOS, f is the number of moles
of NH,OH and 7y is the number of fractionated additions of
TEOS. The parameter estimates for the equation can be seen in
Table 3. The model was found to agree well with the data with
an r> of 0.71 and RMSE of 4.74 (Table 2). Analysis of variance
(ANOVA) demonstrated the model was highly significant with a
p-value of < 0.0001. As such, the model explains the variance in
the outcome, and H, is rejected. A plot of actual vs. predicted
response for shell thickness, determined from the regression
analysis, is presented in Fig. 4a and demonstrates the success
of the model.

The shell thickness was observed to be linearly dependent
on the number of moles of TEOS. The number of moles of
NH,OH similarly impacted the size. Additionally, an inter-
action between the number of moles of NH,OH and the
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Table 3 Parameter estimates that were deemed to be active in effecting
the silica shell thickness of SPION@SIO, nanoparticles formed. The para-
meter estimates were calculated from the regression analysis and used in
the prediction expression. In the case below, the fractionated addition of
TEOS is included as a parameter, regardless of its p-value, due to its
presence in the interaction term. Note that the t-ratio is the estimate
divided by the standard error. If >1.96 (absolute value) the parameter is
statistically significant. If the absolute value is <1.96 the parameter is not
statistically significant. The p-value is the probability of the null hypothesis
(Ho) being true. The lower the p-value the less likely the Hg is true. Herein,
the null hypothesis assumes the experimental factors have no impact on
the outcome

Parameter Estimate Std Error t Ratio  p-Value
Intercept 0.86 3.46 -0.25 0.806
TEOS () 4.74 0.94 5.06 <0.0001
NH,OH (f) 10.02 2.30 4.43 0.0002
Frac. Add. TEOS (y)  0.13 0.46 0.28 0.7808
(B —0.67)-(y —5.65)  3.12 1.09 2.87 0.0091

number of fractionated additions was identified. It is important
to note here, that the fractionated addition of TEOS alone did
not have a significant effect (p-value = 0.9263), however it is
included due to its presence in the interaction term. A larger
mean shell thickness was achieved for higher number of
moles and more additions, while the inverse produced smaller
particles. These relationships are summarised in eqn (2) and
the contour maps presented in Fig. 4b-d. Overall, it was seen
that increasing each of the terms increased the size of particles:
increasing the number of moles of TEOS meant more material
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Fig. 4 Regression analysis of the silica shell thickness,tsne, on SPION@
SiO, nanoparticles formed. (a) Actual vs predicted scatter plot of the silica
shell thickness, where the black markers are the treatment shell thickness,
the purple line is the mean shell thickness at 14 nm, the blue line is the line
of fit, and the light blue bands are 0.05 significance curve; (b) 2D contour-
map of regression analysis of shell thickness formed within the experi-
mental domain, at 3 fractionated additions of TEOS; (c) the contour-map
at 6 fractionated additions of TEOS; (d) the contour-map at 8 fractionated
additions of TEOS. It is important to note that the black region in the
bottom left-hand corner indicates that the predicted tgneq is below 0 nm.
This is synonymous with the lack of coating of the SPION, and hence,
SPION@SIiO, NPs will not be formed at these conditions.
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was present to form silica shells; increasing the number of
moles of NH,OH increased the presence of aqueous domains,
resulting in larger micelles as the number of moles increased;
and increasing fractionated additions favoured the growth of
the silica shell around the SPION core. These observations
correlate with literature descriptions of silica shell growth,>
however this study illustrates and quantifies the relationship
of the interaction between NH,OH and fractionated addition
of TEOS for the first time. By combining the number of moles of
each parameter and alternating the fractionated additions of
TEOS, exceptional control over shell thickness can be achieved
through careful manipulation of experimental conditions.

It is important to clarify that at 8 fractionated additions of
TEOS between 0.1 to 0.3 mmol of NH,OH and 0.25 and
0.75 mmol of TEOS, it is predicted that no coating of the SPION
core would occur. This is a limitation of the experimental
design model, where the resulting models are often less reliable
at the extremities of the experimental domain. In practice,
these conditions are likely to produce SPION embedded in a
silica matrix, similar to those formed at treatments 111, 112
and 113, for reasons discussed previously.

3.3.2 Monodispersity of SPION@SiO, nanoparticles. The
monodispersity of the NPs, as determined from nanoparticle
size distribution was assessed using nanoparticle entropy
(E,).® Size distribution was analysed using a modified Shannon
entropy, eqn (1). By using this approach, a system can be
described as either highly monodisperse, monodisperse, near-
monodisperse, or polydisperse, based on the normalised nano-
particle entropy, E,. If E, falls in the range 0 to 0.125, it is
classified as highly monodisperse, it is monodisperse if E, is
between 0.125 and 0.206, it is near-monodisperse between
0.206 and 0.618, and anything above 0.618 is classified as
polydisperse.®® Following this classification, all SPION@SiO,
NPs formed were classified as monodisperse or near-mono-
disperse (see Table S1, ESIt), excluding treatments 111 and 113,
which were classified as polydisperse. Treatments 112 and 331
were excluded from analysis due to an insufficient sample size.

The prediction expression of E,, as determined by regression
analysis, is given by:

E, = 0.59 + (—=0.09 - o) + (—0.19 - ) +0.002 -

(3)
+((B—10.65)- (7 — 5.76) - —0.04)

where o is number of moles of TEOS, f is the number of moles
of NH,OH and y is the number of fractionated additions of
TEOS. The parameter estimates for the equation are shown
in Table 4. The model was found to agree well with the data,
with an 7> of 0.68 and RMSE of 0.089 (Table 2). ANOVA
demonstrated the model was highly significant with a p-value
of <0.0001, illustrating again that, overall, the experimental
factors directly impact the monodispersity of the produced
particles, hence, H, was rejected. A plot of actual vs. predicted
response of particle dispersity, determined from the regression
analysis, is presented in Fig. 5a.

The E, was observed to be negatively dependent on the
number of moles of TEOS; with increasing number of moles,
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Table 4 Parameter estimates that were deemed to be active in effecting
the monodispersity of SPION@SIO, nanoparticles formed, described as
nanoparticle entropy (E,). The parameter estimates were calculated from
the regression analysis and used in the prediction expression. In the case
below, the fractionated addition of TEOS is included as a parameter,
regardless of its p-value, due to its presence in the interaction term

Parameter Estimate Std error t Ratio p-Value
Intercept 0.59 0.06 9.22 <0.000
TEOS () —0.09 0.02 —4.73 <0.0001
NH,OH (f) —-0.19 0.04 —4.37 0.0003
Frac. Add. TEOS ()  0.00 0.01 0.23 0.821
(f —6.47)-(y —5.77) —0.04 0.02 -1.97 0.0629
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Fig. 5 Regression analysis of the monodispersity of SPION@SIO, nano-
particles formed, using nanoparticle entropy (E,). Particles are classified as
either highly monodisperse, monodisperse, or near-monodisperse based
on the numerical normalised nanoparticle entropy E, value of 0-0.125,
0.125-0.206, and 0.206-0.618 respectively. (a) Actual vs predicted scatter
plot of the normalised nanoparticle entropy E,, where the the black
markers are the treatment E,, the purple line is the mean E,, at 0.35, the
blue line is the line of fit, and the light blue bands are a 0.05 significance
curve. (b) 2D contour-map of regression analysis of particle entropy
formed within the experimental domain, at 3 fractionated additions of
TEOS. (c) the contour-map at 6 fractionated additions of TEOS and (d) the
contour-map at 8 fractionated additions of TEOS.

there was a decrease in E,. Similar behaviour was observed
for NH,OH. An interaction between the number of moles of
NH,OH and the number of fractionated additions of TEOS was
identified. As discussed for the shell thickness, the fractionated
addition of TEOS term was also included in the model, due to
the presence in the interaction term, despite not exhibiting a
significant effect itself (p-value = 0.821). Monodisperse popula-
tions were achieved at higher numbers of moles and more
additions, while the inverse produced populations classified as
near-monodisperse. These relationships are summarised in
eqn (3) and the contour maps presented in Fig. 5b-d. It is of
interest to note that the terms active in effecting E, were also
active in influencing ¢ge. This is due to the commonality
between the mechanism, outlined in the previous section;
namely that the number of moles of NH,OH influences the
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micelle formed and is used to hydrolyse TEOS Using fractio-
nated additions of TEOS influences the silica shell growth and
the formation of silica by-product. By impacting the micelle
properties (where shell growth occurs) and rate of hydrolysis
of TEOS, it is possible to create monodisperse particles; as
showcased by the interaction of number of moles of NH,OH
and fractionated additions of TEOS. Monodispersity of particle
population is vital in the consideration of such materials for
biomedical applications and hence this observation is impor-
tant, as it clearly demonstrates how both the size and dispersity
of particles can be carefully controlled through manipulation of
experimental conditions.

3.3.3 Population of SPION@SiO, nanoparticles formed.
Population of SPION@SiO, nanoparticles refers to the percen-
tage of the total measured population of particles which exist
as single-core@shell particles. The regression analysis of popu-
lation of SPION@SiO, NPs was performed using the data
collected from TEM analysis (Table 2 and Table S1, ESIT). The
regression model correlation coefficient (r?) was 0.32, indica-
ting that the experimental variation was large for this model.
The significant experimental error is most likely due to the
inherent error in the determination of population, which was
conducted by TEM analysis. The associated population error for
each treatment was calculated from the deviation of population
of core@shells measured per TEM image. This can be be
observed in Fig. 6a, which shows grouping of the data around
the regression line. Nonetheless, the lack of fit test, F-test, was
0.93, demonstrating that although experimental error was
large, it was statistically significant (with good fitting of the
data, p-value = 0.48, Table S2, ESIt), and therefore the regres-
sion model can be used to maximise the population response.
Please refer to Table S2 (ESIt) for lack of fit test information.

The prediction expression for population, as determined by
regression analysis, is given by:

Pop. = 51.97+ 1.80 - o + (—2.26 - )

4)
+ ((x—1.42) - (B — 0.65) - —29.58)

where « is number of moles of TEOS, and f is the number of
moles of NH,OH. The parameter estimates for the equation can
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Fig. 6 Regression analysis of the population of SPION@SIO, nano-
particles formed. (a) Actual vs. predicted scatter plot of the population of
SPION@SIO, NPs, where the the black markers are the treatment popula-
tions, the purple line is the mean population at 53%, the blue line is the line
of fit, and the light blue bands are 0.05 significance curve; (b) 2D contour-
map of regression analysis of population of SPION@SIO, NPs formed
within the experimental domain.
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Table 5 Parameter estimates deemed to be active in effecting the
population of SPION@SIO, formed. The parameter estimates were calcu-
lated from the regression analysis and used in the prediction expression. In
the case below, the number of moles of TEOS and number of moles of
NH4OH are still included as a parameter they are active in the (TEOS-1.43)-
(NH40OH-0.65) parameter

Parameter Estimate Std error t Ratio p-Value
Intercept 51.97 8.26 6.29 <0.0001
TEOS () 1.80 3.53 0.51 0.6145
NH,OH (f) —2.26 8.67 —0.26 0.796

(¢ —1.43)-(f —0.65)  —29.58 8.39 —3.52 0.0015

be seen in Table 5. Across all samples prepared, there was a
mean population of 53% and the RMSE was 18.94, Table 2.
ANOVA indicated that the model was significant as the p-value
was 0.014 and the F-value was 4.25, meaning H, was rejected.
A plot of actual vs. predicted population responses, determined
from the regression analysis, is presented in Fig. 6a. Here the
high experimental error can be observed, from the scattering
around the regression line of fit, and wide confidence bands.
It is likely that other parameters could be influencing the
population of SPION cores coated by silica which has not been
investigated in this study, including, but not limited to, the
concentration of IGEPAL-co-520, the concentration of water, or
indeed the temperature of the system.>?%!

The population of SPION@SiO, was observed to be depen-
dent on the interaction between the number of moles of TEOS
and the number of moles of NH,OH. The term was estimated
to have a negative effect on the population if the number of
moles of both simultaneously increased or decreased. If the
number of moles of either TEOS or NH,OH increased, while
the other decreased, an increase in population of SPION@SiO,
would be observed. These trends can be found in the regres-
sion eqn (4) and contour-map in Fig. 6b, where the contour
planes are curved and the map has a paraboloid-structure. It is
interesting to note that the fractionated addition of TEOS was
determined to have no effect on the population of core@shell
particles formed, contrary to what is reported in literature.®®
Instead, we found that fractionated additions of TEOS con-
tributed only to the shell growth and monodispersity and
hence the mechanism of growth, rather than population of
SPION@SiO, formed.

3.3.4 Optimisation of SPION@SiO, NPs. Using the regres-
sion analysis for each of the response variables, the models
shown herein should allow the production of single-core@shell
NPs with controlled shell thickness, good monodispersity and
with high populations. In order to test the models, the predic-
tion expressions were combined and three validation experi-
ments were conducted, aiming to produce SPION@SiO, NPs
with total sizes of 50 nm, having a shell thickness of 18 nm,
classified as monodisperse, and with a high population of
core@shell particles. For these studies, the experimental con-
ditions were taken at different coordinates of the experimental
design, as seen in Table 6 and Fig. 8, demonstrating that
different experimental conditions may lead to similar particles
being produced. Size distribution of the measured nanoparticle

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Conditions of validation experiments with predicted (pred.) and
observed (obs.) responses, guided by prediction expression of regression
analysis. Note that the predicted error was taken from the prediction
profiler, from JMP software, which uses the prediction expression to
predict the outcome of a response using the conditions outlined above.
The observed error for the tsney and E,, was calculated using the standard
deviation of the sample set. The error bar for population is based on the
deviation of population of core@shells measured per TEM image

Frac. tshen (NM) Pop. (%)

NH,OH add. TEOS Pred.+ E, Pred.+ Pred.+

Run (mmol) TEOS (mmol) Obs.+ Obs.+ Obs.+
1 0.41 3 2.69 19+ 4 0.26 + 0.08 61 + 14
14 £ 3 0.32 + 0.02 54 + 17
2 1.16 7 0.98 19+ 4 0.27 £ 0.07 62 + 14
28 +3 0.20 + 0.02 69 + 28
3 1.16 8 0.63 19+5 0.28 £0.09 67 £ 15
22 £4 0.23 £0.01 77 £11

diameter from TEM (drgm), can be found in Fig. S8 (ESIT).
The mass susceptibility of the nanoparticles is given in Fig. S7
(ESTH).

The silica shell thickness of the three validation experiments
were found to be 144+ 3 nm, 28+ 3 nm, and 22+ 3 nm,
respectively, as seen in Fig. 7. Run 1 and 3 were in good
agreement with the predicted thickness, as observed in
Fig. 8b, whereas run 2 was larger than anticipated. There was
strong agreement between the predicted and observed nano-
particle entropy, with all particles observed to be monodisperse.
Furthermore there was also strong agreement between the
predicted and observed population, which achieved popula-
tions of SPION@SiO, >50% for the three samples. Run 1 used
2.69 mmol of TEOS, across 3 fractionated additions, using
0.40 mmol NH,OH. This supports the regression analysis for
each of the responses: the silica shell thickness was dependent
on the number of moles of TEOS and the combined interaction
of number of moles of NH,OH and fractionated addition of
TEOS, where the shell thickness increased as one of these terms
increased. The particle dispersity was also dependent on the
aforementioned factors, which decreased as the terms increased
(becoming more monodisperse). Section 3.3.3 described the
population of SPION@SiO, to be dependent on the interaction
of TEOS number of moles and the number of moles of NH,OH,
where an increase in population when one number of moles was
high, and the other number of moles was low resulted in high
population yield, reflective of the conditions used in run 1.

Fig. 7 TEM Images of SPION@SIiO, NPs produced for validation experi-
ments, using conditions determined via the response surface prediction
expression.
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Fig. 8 Comparison of observed vs. predicted responses for the validation
experiments, which were designed following regression analysis. (a) Experi-
mental design space, with the experimental coordinates of validation
experiments. (b) Observed vs. predicted scatter plot for silica shell thickness.
(c) Observed vs. predicted scatter plot for nanoparticle entropy. (d) Observed
vs. predicted scatter plot for population of SPION@SIO, nanoparticles
formed. Note that the predicted error for each response was provided from
prediction profiler, given by JMP. The observed error for the tg,e and E, was
calculated using the standard deviation of the sample set. The error bar for
population is calculated from the deviation of population of core@shells
measured per TEM image.

Similar observations were also observed for run 2 and 3, which
used a higher number of moles of NH,OH (1.16 mmol), and
lower number of moles of TEOS (0.98 mmol and 0.63 mmol,
respectively) across more fractionated additions of TEOS (7 and 8
respectively). Interestingly here, particles of similar morphology,
size and characteristics have been produced using different
experimental conditions. These validation experiments demon-
strate that DoE is valuable for the optimisation of this nano-
particle synthesis and allow flexibility for users to achieve their
desired optimised NP. DoE allows accurate prediction across a
variety of parameter combinations, which can be of use in
scenarios where experimental set ups are limited, or can aid in
considering scale-up of particle synthesis.

4 Conclusions

Regression analysis of SPION@SiO, indicated that the number
of moles of TEOS, number of moles of NH,OH and fractionated
addition of TEOS were important parameters in determining
the size, monodispersity and overall quality of the population
of particles formed. Throughout each of the different response
models, the experimental parameters of TEOS and NH,OH
number of moles were statistically relevant, regardless of the
nature of their effect. On the other hand, the number of
fractionated additions of TEOS was found to be significant
only as part of an interaction effect in combination with either
the number of moles of TEOS or number of moles of NH,OH.

Mater. Adv,, 2022, 3, 6007-6018 | 6015
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The cause of these dependencies lies in the mechanism of the
growth of NPs.

SPION@SiO, NPs were synthesised via a reverse microemul-
sion method, as seen in Fig. 1 and discussed in Section 2.2.2.
For clarity and understanding the mechanism will be discussed
in brief, however an in depth discussion can be found by Ding
et al. and Katagiri et al.”>*° In this mechanism, cyclohexane
was used as the continuous phase. Upon the addition of
oleic acid-coated SPION and surfactant IGEPAL-co-520, ligand
exchange occurs, resulting in IGEPAL-co-520 coated SPION.
Following the addition of NH,OH, IGEPAL-co-520 stabilised
water-in-oil (w/o) micelles were formed due the presence of
aqueous domains provided by aqueous NH,OH. Within the w/o
micelles, SPIONs occupy the centre. After the addition of TEOS,
NH,OH causes the hydrolysis of TEOS, which can enter the
micelle where condensation and silica growth can occur. Notably,
a fractionated addition of TEOS avoids the formation of silica NP
by-product by reducing the local concentration of hydrolysed
TEOS and uncontrolled homogeneous nucleation.”® Within this
study, there was a statistically significant interaction between the
factors of numbers of moles of NH,OH, TEOS and control of its
fractionated addition. Through understanding the reaction
mechanism, it is clear why the regression analysis determined
that these experimental factors were highly dependent on each
other. TEOS is clearly needed for the growth of silica shell, with
the amount added impacting the shell thickness, and mono-
dispersity of particles formed. The number of moles of NH,OH is
responsible for both the quantity and size of aqueous domains
present for the hydrolysis and condensation reaction to occur,
and the hydrolysis of TEOS within the reaction mechanism. It is
clear that the shell thickness is directly dependent on the TEOS to
provide the silica source and the presence of the aqueous domain
to allow coating, with fractionated additions controlling the rate
of hydrolysis to also control monodispersity through reducing the
chances of formation of non-core particles. Population is similarly
controlled through these mechanistic interactions. It should,
however be noted that large experimental errors were observed
for the population analysis, illustrating the limitation of the
model for this measured outcome, and the potential influence
of other parameters not included in this study.

These trends were identified and modelled through the use
of DoE. From understanding these findings and their interplay
in the mechanism of core@shell particle formation, they can be
applied to optimise the characteristics of desired SPION@SiO,
NPs, or can be used to match specifications for a given
application or experimental setup. For example, monodisperse
SPION@SiO, NPs with a yield greater than 70% which are
50 nm in size could be synthesised using low number of moles
of NH,OH, and high number of moles of TEOS, over 6 fractio-
nated additions. If altering the size of NPs are of interest, on the
other hand, the protocol could be tuned through altering the
amount of TEOS and NH,OH used, and using 3 fractions of
TEOS. Alternatively, the (population) yield and monodispersity
of NPs may be increased through using 6 fractionated additions,
instead of 3 or 8. This approach has therefore yielded exploitation
of the mechanism of formation of the particles to produce a
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desired goal. It must be emphasised, from the model there are a
number of possible routes to the desired result, as observed from
the validation experiments, which all produced monodisperse
SPION@SiO, NPs that had a desired shell thickness of 18 nm, at
high populations.

The synthesis of NPs can be a complicated and demanding
process to understand. Through using DoE, the intricate reac-
tion process can be studied and modelled, allowing for the
reaction outcome to be predicted in relation to the experimental
domain used. In this study, the synthesis of SPION@SiO, NPs
through a microemulsion method has been modelled using a
3° full-factorial design. Following regression analysis, the silica
shell thickness was found to be linearly dependent on the
number of moles of TEOS, and the interaction between the
number of moles of NH,OH and fractionated additions of TEOS,
whereby increasing these terms were observed to increase the
size of particles formed. Similarly the nanoparticle dispersity was
dependent on the linear effect of the number of moles of TEOS,
and the interaction between the number of moles of NH,OH and
fractionated additions of TEOS. In this case, the increase in one
of these terms resulted in the reduction in nanoparticle disper-
sity. The population of SPION@SiO, NPs was effected by the
interaction between TEOS and NH,OH, and not impacted by the
fractionated addition of TEOS. The complexity of the model
was reflective of the synthesis mechanism, where each of the
reagents hold multiple roles that are dependent on each other in
controlling the properties of the produced NPs. Through using a
DoE approach, these underlying trends were identified and
modelled and could be used for the optimisation of or tailoring
of SPION@SiO, NPs with controlled properties. It is clear that
application of a DoE framework has the potential to provide
insights into numerous other synthetic routes to a wide variety of
materials. We hope that such approaches will be adopted more
regularly in the future.
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