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Chapter 1

Magnetic Nanocrystal Clusters — A Critical Review on the Synthesis and
Applications’

+ Reprinted (adapted) with permission from Xiao, Z., Zhang, L., Colvin, V.L., Zhang, Q.
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1. Magnetic Nanocrystal Clusters — A Critical Review on the Synthesis

and Applications

1.1 Abstract

Magnetic nanocrystal clusters exhibit unique properties that differ from the constituent
nanocrystals due to the intra-cluster interactions. This review article summarizes the recent
advances in the synthesis and application of magnetic nanocrystal clusters. Specifically,
we describe the formation mechanism of the clusters, discuss the strategies to control the
dimensions of the clusters and primary nanocrystals, and showcase the applications of
clusters in magnetic hyperthermia cancer therapy, magnetic resonance imaging, drug
delivery, wastewater treatment, and the formation of photonic crystals. The opportunities
and challenges in improving magnetic nanocrystal clusters for different applications are

also discussed.

1.2 Introduction

When the dimension of magnetic materials is reduced to a specific size, the magnetization
of particles can randomly flip direction due to the thermal fluctuation.™! This phenomenon
is called superparamagnetism. Superparamagnetic nanocrystals can be magnetized quickly
in an external magnetic field, and the magnetization disappears when the magnetic field is
removed.[*-* The superparamagnetism of nanocrystals is usually manifested by the zero
remanence and coercivity in the magnetization curve. Due to their interesting properties,
superparamagnetic nanocrystals remain a rich source of scientific inquiry and

technological exploration. They have found many applications in a wide variety of fields,



such as wastewater treatment, oil reservoir imaging, drug delivery, and hyperthermia for

cancer treatment.[*!

Extensive efforts have been made to generate magnetic nanocrystals of different sizes and
determine their size-dependent properties.*%*% It has been demonstrated that wet
chemistry offers a powerful tool to generate uniform nanocrystals dispersed in solutions.#
171 Many solution chemistry methods have been developed to synthesize an extensive
library of magnetic nanocrystals with different sizes and compositions. These nanocrystals
have enabled researchers to establish the relationship between particle size and magnetic
properties and explore their uses in a wide variety of applications.[*®-?1! It was found that
big nanocrystals exhibit better performance than smaller ones in many applications since
the big magnetic moments make the particles more susceptible to the external magnetic
field.[2228] Increase in nanocrystal size, however, will cause an increase in the anisotropy
energy of the particles. The increased anisotropy energy will block the thermal fluctuation
of the magnetic moment, as manifested by their increased coercivity and remanence.[?7-?°1
The nanocrystals in the blocked state tend to aggregate in the solution, thus compromising

their functionalities in many applications.%-3l

Recently, it was found that the properties of magnetic nanomaterials can be further
modified by clustering nanocrystals into controlled aggregates.®*37 Each aggregate, or
cluster, consists of tens to thousands of small single nanocrystals.[*8-431 The magnetic
properties of clusters may dramatically differ from those of constituent particles due to the
interaction between particles.*> 44 For example, the cluster can retain superparamagnetism

at a much bigger size than isolated nanocrystals.[*> 61 Because of these different properties,



nanocrystal clusters display much better performance in some applications.*4 Since the
properties of clusters depend on the dimensions of both clusters and primary particles, it is
crucial to control these two structural parameters for the establishment of structure-
property relationship and achievement of optimal performance for a specific application.
The synthesis of magnetic nanocrystal clusters has drawn the attention of many researchers,
and many methods have been reported to control the size of the cluster and primary particle.
The nanocrystal clusters are usually synthesized using either two-step self-assembly or

one-step polyol synthesis, as shown in Figure 1.1.147:48]
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Figure 1. 1. The synthesis of magnetic nanocrystal clusters. (a) Schematic illustration of
the one-pot method and two-step method to generate clusters. (b) TEM images of isolated
magnetic nanocrystals. (c) Clusters formed via the two-step method. Figure adapted from
reference [38] with permission. Copyright 2007 American Chemical Society. (d) Clusters
formed via one-pot synthesis.

In this article, we review the recent advances in the synthesis and application of magnetic
nanocrystal clusters. We focus our discussion on the clusters synthesized using the one-pot
method since this method is efficient to control the dimensions of the cluster. We begin the
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discussion with the formation mechanism of magnetic nanocrystal clusters, followed by
the summary of the effort to control the cluster size and primary particle size, the unique
magnetic properties of the clusters, and the application of magnetic nanocrystal clusters in
various fields. We conclude this article with an outlook for the future research directions

of magnetic nanocrystal clusters, including the opportunities and challenges.

1.3 The formation mechanism of magnetic nanocrystal clusters

The ferrite magnetic nanocrystal clusters were usually synthesized by the thermo-
decomposition of the metal salts. In a typical synthesis of clusters, a metal precursor, a
capping agent, and an alkaline substance are mixed in a polyol solvent. The metal precursor
undergoes forced hydrolysis reactions and reductions at high temperatures and turns into
monomers of the nanocrystals (metal oxide), which eventually form the clusters. While
iron precursors may undergo self-hydrolysis in many solutions, the forced hydrolysis at
very high rate is essential for the formation of uniform magnetic nanocrystal clusters. The
most common reactants are summarized in Table 1. By changing the nature and
concentration of the reactants, the reaction time, and the reaction temperature, clusters
consisting of tens to thousands of nanocrystals could be generated.[*® 501 The magnetic
nanocrystal clusters are generally deemed to follow a two-step formation mechanism. In
the first step, primary nanocrystals are formed through nucleation and growth, as indicated
by the conventional LaMer mechanism. Then these primary nanocrystals aggregate to form
clusters. The aggregation of the primary nanocrystals to form clusters might follow
different pathways, depending on the reaction system and conditions. The detailed

mechanism of the cluster formation is still unclear.



Metal oxide nanocrystal clusters might be formed through limited ligand protection (LLP),
first proposed by Narayanaswamy et al. (Figure 1.2).5Y They found that isolated In,O3
nanocrystals were formed when the amount of ligands was much higher than that of the
metal precursor, while clusters (nanoflowers) were formed when the amount of ligand was
significantly decreased. The nanocrystals formed in the reaction tend to group together to
reduce their surface areas until the desired ligand to surface ratio is achieved if the amount
of ligand is insufficient and the primary nanocrystals cannot be fully protected during the
nanocrystal formation. The ligand to surface ratio also accounts for the surprisingly high
uniformity of the clusters. In principle, the LLP mechanism could account for the formation

of clusters composed of other metal oxides, such as iron oxide.

In(Ac); (0.1 mmol) Clusters

’o MA MA
: #4(0.6 mmol)} [(0.3 mmol)

Direct Synthesis

(none)

In(Mt); (0.1 mmol)

Limited ligand protection

Figure 1. 2. The formation of nanocrystal clusters because of the limited ligand
protection (LLP). In sufficient ligand protection (SLP), isolated nanocrystals were formed.
In LLP, particles tended to form clusters to minimize the surface energy. Figure adapted
from reference [51] with permission. Copyright 2006 John Wiley and Sons.

Many researchers found that clusters could be formed even if there is sufficient amount of
capping agents in the reaction solution. The formation of the clusters might be because of

the competition between the attractive force and the repulsive force, as suggested by Cheng



et al.*8 The primary particles assume high surface tension, which makes them tend to
aggregate. Meanwhile, the capping agent binds to the particle surface, which provides the
electrostatic and/or steric repelling force. The balance between these two opposite driving

forces might account for the formation of clusters and determine the cluster dimension.

(a) OIOH HO—\\O (b) . = Fe,0, nanoparticle

HO OCHj;
<OH‘
O F62+ A

Fe304 particle cluster Single Fe30,4 particle

Figure 1. 3. Schematic illustration of the cluster formation due to the conjugative
molecules in the reaction. (a) The primary nanocrystals were interconnected by
dicarboxylic acids. Figure adapted from reference [60] with permission. Copyright 2011
Royal Society of Chemistry. (b) The primary nanocrystals were interconnected by 3,4-
dihydroxyhydroxycinnamic acid (DHCA). Figure adapted from reference [59] with
permission. Copyright 2018 Royal Society of Chemistry.

The clusters could be formed via the ligands' crosslinking of the primary nanocrystals. Wei
et al. synthesize magnetite nanocrystal clusters using diethylene glycol as the solvent and
reducing agent. They attributed the formation of clusters to the dicarboxylic acids, the
oxidative product of diethylene glycol (Figure 1.3).5%1 The dicarboxylic acids could
crosslink the primary particles to form clusters. If triethylene glycol (TEG) or tetraethylene
glycol (TTEG) were used as the solvent and reducing agent instead of diethylene glycol,

only particles were observed as the oxidative product of TEG or TTEG cannot interconnect
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the primary particles. In another work, Togashi et al. synthesized magnetite nanocrystal
clusters using 3,4-dihydroxyhydroxycinnamic acid (DHCA) as the capping agent. Both the
phenolic hydroxy! groups and the carboxylic groups in DHCA can form dative bonds with

iron, thus interconnecting primary nanocrystal to clusters.%

The clusters might undergo Ostwald ripening once the reaction is complete, which leads to
the change of the cluster morphology. In the synthesis of isolated nanocrystals, Ostwald
ripening leads to the growth of big particles at the expense of small particles. In the clusters,
Ostwald ripening usually causes the increase of the primary particles. Gerber et al.
monitored the formation process of magnetite nanocrystal clusters using high resolution
TEM (HRTEM) (Figure 1.4a).51 They found that the diameter of the primary particles
could increase from 5 nm to 25 nm if the reaction time increased from 7 hours to 13 hours
while the cluster diameter remained 250 nm. Gavilan et al. found a similar phenomenon in
the generation of maghemite nanocrystal clusters (Figure 1.4b). Both TEM images and X-
ray diffraction (XRD) spectra clearly show that the primary particles increase dramatically

with reaction time.
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Figure 1. 4. The effect of Ostwald ripening on the morphology of the clusters. (a)
Schematic illustration of the formation of the clusters. Figure adapted from reference [57]
with permission. Copyright 2017 Royal Society of Chemistry. (b) Time-dependent
observation on the formation of the nanoclusters corresponding to the Ostwald ripening.
Both TEM and XRD showed the nanocrystals with increasing size over time. Figures
adapted from reference [58] with permission. Copyright 2017 American Chemical Society.



1.4 Synthesis of the magnetic nanocrystal clusters with controlled dimensions
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Figure 1. 5. The effect of the ligand concentration on the cluster size. The clusters with
decreasing cluster diameter from 300 nm to 40 nm by increasing sodium citrate
concentration in the synthesis. The clusters have good uniformity, and the standard

deviation of the cluster diameter measured by TEM is less than 20%. Figure adapted from
reference [48] with permission. Copyright 2009 Royal Society of Chemistry.

Synthesis of the clusters with controlled dimensions is challenging since there are two
parameters to control, cluster size and primary particle size. In principle, the size of the
cluster and primary particles can be controlled by varying the nature and concentration of
the reactants, the reaction time, and the reaction temperature.®%81 The relationship
between the reaction conditions and the kinetics of nucleation, growth and aggregation has
not been well established. The reaction system and conditions for dimension control were
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usually determined through extensive experimentation. Researchers have developed many
procedures to generate magnetic nanocrystal clusters with different dimensions. The

reaction schemes used are summarized in Table 1.1.

The hydrolysis rate of metal precursors plays a vital role in controlling the size of clusters.
It was found that the hydrolysis rate of the precursors is positively correlated to the cluster
size. Ge et al. prepared magnetite clusters from 30 nm to 180 nm by simply changing
sodium hydroxide concentration.”® Hydroxide in the solution can create an alkaline
medium that induces the forced hydrolysis of iron precursors at high temperatures. The
increase of sodium hydroxide concentration accelerated the hydrolysis rate, thus leading to
a high concentration of primary particles. The high concentration of primary particles
might result in a larger cluster diameter. Their flexible synthesis with an accurate size
control on the clusters was a milestone for discovering the size-dependent properties of the
clusters. The hydrolysis rate can also be increased by increasing the amount of metal
precursors. Liu et al. synthesized clusters from 80 to 400 nm by simply increasing the

concentration of iron chloride from 0.05 to 0.25 mmol L7

The ratio between the ligand and the metal precursor significantly influences the cluster
size. Several studies found that the ligand to metal precursor ratio is negatively correlated
to the cluster size. Cheng et al. found that the size of the magnetite clusters decreased when
concentration of the ligand, sodium citrate was increased. This finding is in agreement with
the LLP mechanism. 8 The authors synthesized uniform magnetite clusters by changing
the concentration of the ligands (Figure 1.5). As the ratio of ligand to precursor increased
from 1/120 to 100/120, the cluster diameter decreased from 300 nm to 40 nm. Part of the

carboxylic groups on the citrate form the dative bond with the iron oxide core, while the
11



rest can provide electrostatic stabilization against other clusters. Using another reaction
system, Wei et al. successfully controlled the cluster diameter from 15 to 70 nm by
reducing the amount of polyacrylic acid (PAA) from 8 mmol to 0.5% The clusters prepared
without PAA were coated with the dicarboxylic acids that originated from the solvent
ethylene glycol. In addition to the concentration of the ligands, the ligand to metal
precursor ratio can also be varied by changing the concentration of the metal precursor,

thus generating clusters of different sizes.[*% 70721

Figure 1. 6. The effect of the sonication pretreatment on the morphology of clusters.
SEM (a—d) and TEM (e—h) images of four cluster samples were obtained from different
times of sonication pretreatment: 40 min (a, €), 30 min (b, f), 15 min (c, g), and 5 min (d,
h), while other parameters were kept unchanged (0.68 g of FeCls-6H20, 1.2 g of NaAc,
and 0.034 g of EDTA-2Na in 20 mL of ethylene glycol at 200 °C for 10 h). Figure adapted
from reference [62] with permission. Copyright 2013 American Chemical Society.

The pretreatment of the reaction mixture also affects the size of clusters. Lin et al. prepared
magnetite clusters of different sizes by sonicating the reaction mixture for different periods
of time (Figure 1.6).1°21 They found that longer sonication pretreatment on the reaction
mixture led to small clusters. This is because the precursors and the ligands were more

readily combined to form the primary nanocrystals when the sonication time was longer.
12



Although such a method is simple and effective, the mixing effect is hard to quantify. This
method may not be well reproducible. This study suggests that the reactants should be well
mixed in the solvent before increasing temperature to achieve good control over the cluster

size in the reaction.

Another factor that influences the size of clusters is the selection of solvent. The polyol
solvent also serves as a reducing agent in generating the magnetite nanocrystal clusters.
After going through forced hydrolysis, the iron(l11) salt will form Fe(OH)s that is partially
subject to reduction by the polyols to form Fe(OH), and convert to FesO4 eventually.l™
The reducing capacity of the polyols determines the rate of the formation of the monomers,
thus changing the size of the clusters. Different types of polyols have been used to tune the
cluster size.*”] Using a mixture of two polyols as solvent provides an efficient way to vary
the reducing capacity of the solvent. Huang et al. reported the synthesis of magnetite
clusters from 50 to 400 nm by changing the ratio of ethylene glycol to diethylene glycol.[8
With the increase of the diethylene glycol content, the clusters formed in such solvent
mixture became smaller. No clusters were formed in a pure diethylene glycol solvent,
which could be ascribed to the extremely slow reduction that impeded the growth of the
clusters. Similar observations have been reported using other polyols, such as triethylene

glycol, 1,2-propanediol, and polyethylene glycol.

The addition of a small amount of water into the reaction mixture could dramatically reduce
the size of clusters. The addition of water to the solvent will cause the reduction of the
viscosity, thus leading to smaller clusters.[®% ¢4 The viscosity of water is around 1 mPa-s
at room temperature, whereas the typical value for various glycols is about 15 to 30 times

higher.[® In a highly viscous medium, the movement of the primary nanocrystals is more
13



kinetically confined and tends to form larger clusters.[®% 41 Conversely, when the primary
nanocrystals have higher mobility in a less viscous medium, smaller clusters can be formed.
Hemery et al. found that the diameter of the maghemite clusters decreased from 50 nm to

16 nm by increasing the amount of water in the solvent.[®®l
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Figure 1. 7. Synthesis of clusters with independent control of cluster size and primary
particle size. (a) Proposed scheme for the independent dimensional control of the clusters.
The amount of water can only dictate the cluster size, while the reaction temperature can
determine the primary nanocrystal size. A library of clusters, with the cluster diameter
from 20 to 200 nm and the size of the primary nanocrystals from 4 to 10 nm, can be formed
in this synthetic system. (b) TEM images and size distributions of the cluster samples with
different cluster sizes. Scale bar: 200 nm. The amount of added water for each cluster
sample synthesis was 2.0, 1.5, 1.0, 0.4, and 0.1 mL, from left to right. Figure adapted from
reference [80] with permission. Copyright 2020 American Chemical Society.

By varying two or more factors, it is possible to control both the cluster size and nanocrystal
size. Xiao et al. successfully developed libraries of clusters with independent dimensional
control over the two parameters by changing the amount of water and the reaction
temperature (Figure 1.7).18% In this work, iron chloride, poly(acrylic acid), urea, and
ethylene glycol were used as the iron precursor, the stabilizing agent, the base, and the
solvent, respectively. In this reaction system, the amount of water only affected the size of
the cluster and had a negligible effect on the primary nanocrystal size. The reaction
temperature only influenced the primary nanocrystal size and had a negligible effect on the

cluster size. Changing the reaction temperature and amount of water provides an efficient
14



approach to produce the magnetite nanocrystal cluster library with tunable cluster size and
primary particle size. Change of other reaction conditions, such as the concentration of
ligands (polyacrylate) and iron precursors, can affect the sizes of both clusters and primary
particles. Nevertheless, this method was only applicable when urea was used to provide the
alkaline environment for forced hydrolysis of the iron precursors. In some other reaction
systems where sodium acetate was used as a base, change in the cluster size was usually
accompanied by the change on the primary nanocrystal size, and vice versa, as reported by
Xuan et al.[1 This was ascribed to the fact that the acetate also binds to the nanocrystal

surface.[®]

While most strategies to control the cluster dimensions were exploited using magnetite as
an example, these strategies can be used in other metal oxide systems such as maghemite
and ferrites. Liu et al. synthesized zinc ferrite (ZnFe204) clusters with a size range of 300
to 600 nm."Y They found that increase in the concentration of sodium acetate led to a
reduction of cluster size. A library of ferrite clusters, including manganese, cobalt, and
nickel, have been reported by Otero-Lorenzo et al. These materials greatly expand the
library of magnetic nanocrystal clusters and provide a rich source for scientific exploration

and technological development.[]

Table 1. 1. Summary of one-step approaches for magnetic cluster synthesis

Reference Composition Capping Alkaline Solvent Reaction Reaction Size range Size control

agent Temp method
Chengt" Fe304/Fe20s3 Succinic acid Urea EG and PG 200 °C Hydrothermal Varying Dc 50-300 solvent ratio
(2011) mixed phase nm and reaction

time

Gavilan®®! Fe304 Polyvinylpyrr Sodium EG 200 °C Hydrothermal Dc at 60 nm, reaction time
(2017) olidone acetate varying grain size

(PVP40) from 11-24 nm

(XRD)

Gel®! (2007) FesOq4 polyacrylic Sodium Diethylene glycol 220 °C NaOH Injection | Varying Dc 30-180 NaOH

acid (PAA) hydroxide (DEG) nm, dp at 6 nm concentration
Hemery!®] y-Fe203 N/A Sodium EDG and N- 220 °C Thermal Varying Dc 10-50 water content
(2017) (oxidizd by hydroxide methyldiethanola decomposition nm

nitrate) mine (NMDEA)
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Kostopoulou® v-Fe203 PAA Sodium DEG 220 °C NaOH Injection Dc 50 and 85 nm water content
1(2014) hydroxide in solvent with
different grade
Lin®% (2013) FesOq4 Ethylenediam | Sodium EG 180- Hydrothermal Varying Dc 100- different time
inetetracetic acetate 200 °C 260 nm, dp at 6 nm of sonication
acid disodium pretreatment
(EDTA Na2)
Maity!®! FesOq4 N/A iron(111) tri(ethylene 245- Thermal Dc 44 nm TREG and
(2011) acetylacetona glycol) (TREG) 280 °C decomposition TREA ratio
te and
triethanolamine
(TREA)
Nikitin(®! FesOq4 Series of N/A Benzy! ether and 210- Thermal Varying Dc 20-40 using different
(2018) organic acid 1,2- 260 °C decomposition nm ligand in the
hexadecanediol synthesis
Otero- Fe304 and Polyethylene Sodium EG 185°C Hydrothermal Varying Dc 30-180 reaction time
Lorenzo!®! MnxFes—Os glycol acetate nm, dp at 7 nm
(2017)
Xuan!®’! FesOs Polyvinylpyrr | Sodium EG and DEG 200 °C Hydrothermal Varying Dc 6-280 Dc controlled
(2009) olidone (PVP, | acetate, nm, varying dp 6-14 | by EG/DEG
K30) sodium nm ratio; dp
acrylate controlled by
acetate/acrylat
e ratio
Chengl®! Fe304 Sodium Urea EG 200 °C Hydrothermal Varying Dc 40-300 amount of
(2009) citrate nm sodium citrate
Gerberl®’] Fe30s Succinic acid Urea EG 200 °C Hydrothermal Varying Dc 100- reaction time
(2017) 250 nm, varying dp
3-25nm
Huang!® FesOq4 PEG-2000, Sodium EG, DEG,PGand | 200°C Hydrothermal Varying Dc 55-480 ratio of solvent
(2016) hexadecyltri acetate triethylene glycol nm
methyl (TEG)
ammonium
bromide
(CTAB)
Lartiguet*¥ v-Fe203 N/A Sodium EDG and 220 °C Thermal Varying Dc 10-30 ratio of solvent
(2012) (oxidizing hydroxide NMDEA decomposition nm
Fe304 by
nitrate)
Liang!® FesO4 PAA and Sodium EG 200 °C Hydrothermal Varying Dc 200- amount of
(2013) sodium acetate 400 nm PAA or SDBS
dodecy!
benzene
sulfonic
(SDBS)
Liul™ (2009) FesO4 Sodium Sodium EG 200 °C Hydrothermal Varying Dc 80-410 amount of iron
citrate acetate nm precursor and
ligand
Liu [ (2017) ZnFe;04 N/A Sodium EG 200 °C Hydrothermal Varying Dc 330- amount of
acetate 560 nm sodium acetate
Lul™ (2016) FesO4 PEG diacid N/A phenyl ether 260 °C Thermal Dc at 25 and 62 nm amount of iron
(Mn =600 decomposition precursor and
Da) and ligand
oleate
Luo™I (2009) FesO4 N/A Sodium EG 200 °C Hydrothermal Varying Dc 90-260 reaction time
acetate nm
Pereiral™! Fes0a4/Fex0s alkanolamine N/A Hydrochloric acid 100 °C Thermal Varying Dc (DLS) using different
(2015) mixed phase S decomposition 30-40 nm ligand
diethanolami
ne (DEA),
triethanolami
ne (TEA) and
triisopropanol
amine (TIPA)
Togashil® Fe304 34- Potassium Water 250 °C Hydrothermal Varying Dc 50-400 reaction time
(2011) dihydroxyhyd hydroxide nm
roxycinnamic
acid (DHCA
98%)
Tong!™ (2015) Fe304/Fe20s3 PEG-2000 sodium EG 200 °C Hydrothermal Varying Dc 30-290 amount of
mixed phase carbonate nm water
Wangl*) FesOq4 1,6- Sodium EG 190 to Hydrothermal Varying Dc 100- amount of iron
(2006) hexanediamin acetate 205 °C 200nm precursor
e
Wangl™® FesOq4 poly Sodium EG 200 °C Hydrothermal Varying Dc 90-350 amount of
(2013) (diallyldimeth acetate nm, varying dp 15- PDDA
ylammonium 35nm
chloride)
(PDDA)
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Wangl™ FesOq4 Sodium Sodium EG and DEG 200 °C Hydrothermal Varying Dc 60-250 ratio of solvent
(2015) citrate acetate nm, varying dp 6-9
nm
Weil (2018) FesOq4 PAA Sodium DEG 200 °C Thermal Varying Dc 15-70 amount of
hydroxide decomposition nm PAA
Xil*1 (2008) FesOq4 Oleic acid Sodium EG 200 °C Hydrothermal Varying Dc 100- amount of iron
acetate 400 nm precursor
Kim[® (2019 Fe3O4 and N/A Sodium EG 200 °C Thermal Dc 29 and 33 nm using different
MnxFe; <04 acetate decomposition metal
precursor

1.5 Properties and applications of magnetic nanocrystal clusters
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Figure 1. 8. Oriented attachment of the primary nanocrystals. The parallel orientation of
the primary nanocrystals was facilitated by Ostwald ripening. Figure adapted from
reference [47] with permission. Copyright 2011 Royal Society of Chemistry.

The magnetic nanocrystal clusters display unique magnetic properties that are different
from their constituent primary particles due to the unique structure of the clusters. These
magnetic properties arise from the interactions between primary nanocrystals within the
cluster.[®-83 Particularly, the clusters might show more attractive properties when the
primary particles within a cluster assume the same crystallographic orientation (Figure 1.8).
One interesting property is that the clusters may remain superparamagnetic until hundreds
of nanometers. These superparamagnetic clusters assume much more magnetic volume
than the isolated nanocrystals.[* 458% |n addition, magnetic nanocrystal clusters show high
saturation magnetization (Figure 1.9).[1 These unique properties are not only interesting
for fundamental research but also useful for technological development since these
properties make the clusters more efficient in moving, heating, and imaging for many

applications. The application of these materials in many different fields has been explored.
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Figure 1. 9. Magnetic properties of clusters. (a) The magnetization curves of the clusters
with different sizes. (b) The 93 nm clusters demonstrated superparamagnetic behavior with
zero coercivity and remanence at room temperature. Figure adapted from reference [45]
with permission. Copyright 2007 John Wiley and Sons.

Another interesting feature of magnetic nanocrystal clusters is their high uptake by various
types of cells. Hemery et al. studied the uptake of 30 nm clusters coated with polyethylene
glycol (PEG) using U87 gliobnlastoma cells.!®! Both the confocal and TEM images show
that the clusters were localized in the lysosomes of the cells, suggesting the clusters were
uptaken through an endocytosis pathway (Figure 1.10). The number of clusters entering
the cell was much higher than the isolated iron oxide nanocrystals. Kim et al. investigated
the uptake of magnetite and manganese ferrite clusters using Vibrating-sample
magnetometer.[”® After incubating the cancer cells with the clusters, internalization of the
clusters was determined by measuring the magnetization of the cells. They found that the
uptake of the clusters depends on the type of cells. MCF10A cells had the highest cellular
uptake capability among various types of cells. The authors also found the roughness of
the cluster surface had significant impact on the cellular uptake, where the clusters covered

with protein corona were preferably taken up by the cells. The clusters remain their

18



morphology in all the in vivo applications since they are hard aggregates. While large
clusters show higher delivery efficiency in the in vitro studies, more work are needed to
determine the optimal size for the in vivo applications since large clusters will be cleared

out by the mononuclear phagocytic system.

Nuclear stain IONPs

Figure 1. 10. Cellular localization of clusters. The confocal and TEM images showing the
localization of clusters (multicore) and particles (monocore) in cells. U87 glioblastoma
cells were incubated with 15 nm nanocrystals and 30 nm clusters to load the nanocrystals.
Figure adapted from reference [85] with permission. Copyright 2017 Royal Society of
Chemistry.
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The magnetic clusters are very efficient in generating heat under the alternating magnetic
field (AMF), which makes them a good candidate for hyperthermia cancer treatment.
Lartigue et al. prepared the maghemite clusters and compared their magnetic heating
performance with isolated nanocrystals. They found that clusters outperformed isolated
nanocrystals. When placed in the same AMF, the clusters could elevate the temperature of
the surrounding solution up to 35 °C in about 30 seconds, which was seven times higher
than that of conventional nanocrystals at the same concentration (Figure 1.11a).1441 They
attributed the improved performance of clusters to the cooperative magnetic behavior of
primary particles within a cluster. The enhanced magnetic heating of clusters was also
reported by Hemery et al.[®® They found that the magnetic heating performance of clusters
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increases with the cluster diameter in the range of 10 to 35 nm. (Figure 1.11b). The
improved magnetic heating performance of clusters was used to kill tumor cells by Lartigue
et al.¥ The MCF-7 tumor cells were incubated with the 24 nm clusters to load the clusters
into the cells. The TEM images show the clusters were localized in the lysosomes of the
cells. (Figure 1.12). A cluster loading of 8 pg per cell could be achieved using the clusters
with an iron concentration of 2 mM. When the cells loaded with clusters were placed in an
AMEF with a field strength of 29 kA/m and a frequency of 520 kHz, the temperature of the

cells increased to 50 °C, leading to a cell death rate of 60%.
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Figure 1. 11. The superior magnetic heating efficiency of iron oxide nanocrystal clusters.
(a) The low field magnetization and (b) the heating of the clusters and the particles. Figures
adapted from reference [44] with permission. Copyright 2012 American Chemical Society.
(c) The SAR of the clusters and particles with different sizes. The clusters outperformed the
particles in nearly all size ranges in both cases. Figure adapted from reference [63] with
permission. Copyright 2017 American Chemical Society

Clusters have also been used as the magnetic resonance imaging (MRI) contrast agent and
showed excellent performance. Maity et al. compared the properties and performance of
44 nm magnetite clusters with 10 nm isolated nanocrystals (Figure 1.13). They found that
the clusters display both much higher specific absorption rate (SAR) value and higher T2
relaxivity for MRI, making the clusters an ideal multifunctional platform for both treatment

and imaging.[®® In their in vivo experiments, the clusters were injected into the mice with
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subcutaneous xenograft tumors of MCF-7 cancer cells. The MRI images show that the
intensities in the kidney and the liver were enhanced, which was due to the clearance of
the clusters by these organs. However, the intensities decayed over time, and the
postcontrast of these sites was not obvious. On the contrary, the clusters retained in the
tumor much longer and the signals from the tumor nearly remained the same over the entire
operation. This was ascribed to the enhanced permeation and retention mechanism where
the clusters passively targeted the tumor sites by penetrating through the leaky vasculature

of the tumor.

(a) | (b) so
s A .
BRI A, O MCO 2mM
AT = * MCO00.2mM
L PR e
2 pm

| ‘ 0 1000 2000 3000
k t(s)

Figure 1. 12. The application of clusters as heating mediator for magnetic hyperthermia

in vitro. (@) The TEM images of the MCF-7 tumor cells containing the clusters. (b) The

magnetic heating of the cells treated with 2 mM and 0.2 mM clusters in the AMF. (c) The

death assessment of the cells placed in the AMF. Figure adapted from reference [44] with

permission. Copyright 2012 American Chemical Society.
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Figure 1. 13. The application of clusters as MRI contrast agent in vivo. (a) The
relaxivities of the isolated nanocrystals and clusters. Sample MNC-10 and MNC-14 were
10 nm nanocrystals and 44 nm clusters, respectively. (b) The MRI image of the SCID mice
using clusters as contrast agent. (¢) The MRI signals in the tumor sites remained nearly
the same over 25 hours. Figure adapted from reference [65] with permission. Copyright
2011 Royal Society of Chemistry.

Magnetic nanocrystal clusters can serve as a multifunctional nanoplatform for disease
treatment. Wang et al. designed a nanoplatform composed of iron oxide clusters and
polypyrrole (PPy) for remotely controlled cancer therapy. (Figure 1.14).1 Poly(ethylene
glycol) was coated on the surface of the platform to improve its biocompatibility and
stability. The iron oxide nanocluster was used for both magnetically controlled drug
delivery and T2-weighted MRI. The PPy not only serves as a photothermal agent but also
was used for drug loading and release. It allows the clusters to release doxorubicin when

irradiated by near-infrared light. Moreover, the cancer cells containing the clusters were
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captured by magnets and could increase the selectivity of the near-infrared irradiation. In
vitro experiment showed that the cell viability was less than 0.15 with the external field,
whereas the clusters were nearly harmless to the cells in the control experiment. In the in
vivo studies, the tumor growth in the mice was clearly inhibited when applying this

nanoplatform.
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Figure 1. 14. The application of clusters as a multifunctional platform for improved drug
delivery. (a) Confocal images of 4T1 cells incubated with Fe304@PPy-PEG-DOX. (b)
Schematic illustration of in vitro combined therapy. (c) Relative viabilities of 4T1 cells

after different treatment. Figure adapted from reference [86] with permission. Copyright
2013 American Chemical Society.

The application of magnetic clusters in environmental remediation has also been explored.
Due to the unique structure and magnetic properties of clusters, they are ideal materials to
capture pollutants and toxic composites from wastewater. Due to the porous structure of
the clusters, they have more specific surface areas than the isolated nanocrystals with
similar overall sizes, which give rise to high absorption capacity. The big magnetic moment
of clusters makes them easy to be captured by a magnet. Wang et al. synthesized the
magnetite clusters with an average size from 95 to 350 nm and studied their performance
in removing arsenic pollutants.’® The clusters were coated with a positively charged
polymer, poly(diallyldimethylammonium chloride), to increase their affinity toward the

As(I11) and As(V) species, which are negatively charged. They found that in both
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experiments for removal, the clusters showed high capacities for the adsorption of the
As(111) and As(V). The adsorption capacity depends on the cluster size. The clusters with
an average size of 200 nm had the best efficiency for low-level arsenic removal due to their
larger magnetization and better colloidal stability (Figure 1.15 a). In another paper from
the same group, the authors used clusters coated with poly(m-phenylenediamine) to
remove Cr(VI) species in the water. Poly(m-phenylenediamine can reduce Cr(VI) to
Cr(111) and then chelate to Cr(l11) species for better adsorption (Figure 1.15 b).[!”) Both
studies showed high removal efficiency of the toxic metal from wastewater and satisfactory
durability where the clusters can be recycled more than five times with little decrease in

performance.
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Figure 1. 15. Clusters for toxic metal removal. (a) The adsorption of As (I11) and As(V)
using magnetite clusters. The clusters were coated with Poly(diallyldimethylammonium
chloride) (PDDA). The sizes for 1-3 were 215 nm, 195 nm, and 185 nm, respectively. The
adsorption of both As (I11) and As(V) followed the pseudo-second-order rate kinetic model,
where the equilibrium adsorption capacity was inversely proportional to the slope of the
curve. The 185 nm clusters had the highest adsorption performances. Figure adapted from
reference [76] with permission. Copyright 2013 American Chemical Society. (b) The
adsorption of Cr(VI) using magnetite clusters coated with poly(m-phenylenediamine)
(PmPDs). The cluster diameter was around 200 nm, and the coating thickness was about
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50 nm. Figure adapted from reference [87] with permission. Copyright 2015 American
Chemical Society.
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Figure 1. 16. Clusters for reversible photonic crystal with magnetically controllable
bandgap. (a) The optical images of the clusters placed in a static magnetic field and the
TEM images of the clusters with their size distribution. Figure adapted from reference [88]
with permission. Copyright 2009 American Chemical Society. (b) Illustration of the
clusters forming photonic crystals. (c) Applying clusters for structural color printing.
Figure b and ¢ adapted from reference [89] with permission. Copyright 2012 American
Chemical Society. (d) Picture of the high-resolution printing using photonic crystals.
Figure adapted from references [90] with permission. Copyright 2009 Springer Nature.

Another interesting application of the superparamagnetic clusters is as photonic crystal.

Magnetic nanocrystal clusters can form responsive photonic crystals in an external field.
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Xia et al. synthesized 100 to 200 nm clusters and observed a clear colored pattern of the
aqueous solution when placed on a magnet (Figure 16 a).[®! The color of the solution was
dependent on the cluster size, where smaller clusters showed purple color while larger ones
became brown to red. He et al. attributed this color change to the Bragg diffraction of the
cluster chains (Figure 16 b).% The clusters form chains along the direction of the field in
a static magnetic field because of the balance between the attractive magnetic dipolar force
and the repulsive steric or electrostatic force of the clusters. The distance between clusters
in the chain is influenced by the size and coating of the cluster as well as the magnetic field
strength.®®1 When this distance is within the optical wavelength range, the light with a
specific wavelength can be reflected due to Bragg diffraction, therefore presenting the

unique color of the cluster solution.

The magnetic nanocrystal clusters have been applied to color production since the bandgap
of the photonic crystal can be controlled by varying the strength of the magnetic field. Kim
et al. proposed structural color printing using the clusters (Figure 16 c).[% %Y The authors
invented a material called M-ink, which was composed of magnetic nanocrystal clusters,
solvation liquid, and photocurable resin. The external field was used to reversibly control
the color of the photonic crystal. When exposed to UV light, the photocurable resin would
polymerize and fix the colored pattern of the clusters in the field. The sequential steps of
“tuning and fixing” finally lead to multicolor printing with high resolution and quality.
This proposed structural color printing scheme significantly impacted color production

since it may replace conventional dyes that cause severe environmental pollution.
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1.6 Conclusions and outlook

In this article we review the recent advances in the synthesis and applications of magnetic
nanocrystal clusters. Solution chemistry has been demonstrated to be an efficient method
to synthesize clusters with controlled dimensions. The clusters might be formed through
different mechanisms in various reaction systems such as limited ligand protection, ligand
crosslinking, and so on. The size of clusters and primary particles can be varied by selecting
different reactants and changing reaction conditions. A large library of clusters with
different compositions, cluster sizes, and primary particle sizes has been generated.
Compared to the conventional isolated nanocrystals, the clusters exhibit superior magnetic
properties due to the intra-cluster interactions. The superior magnetic properties of clusters

make them useful in various industrial and biomedical applications.

While magnetic nanocrystal clusters are promising for many applications, there are still
substantial challenges to address before making full use of these interesting materials. The
physics underlying their interesting magnetic properties have not been well understood.
Micromagnetics simulation will provide a powerful tool to understand the physics and
predict the dependence of the magnetic properties on the cluster size and primary particle
size. Although many methods have been reported to synthesize clusters, the reproducibility
and scalability of these synthesis methods remain a challenge due to the lack of
understanding of the formation process of clusters. More mechanistic studies are needed to
elucidate this complicated process. Another challenge for applying clusters is to improve
the colloidal stability of clusters in various media. Most cluster samples synthesized using
current methods are only stable in pure water, and they tend to aggregate in many biological

and environmental media, limiting their extensive applications.[*” 4 67. 81 New surface
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coating chemistry is needed to stabilize the clusters in various media. The safety of the

clusters needs to be evaluated before applying these materials in clinical setting.%*-%" With

the excellent magnetic properties, magnetic nanocrystal clusters are expected to find

applications in many fields such as magnetic particle imaging, biosensing, etc. %811
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2. Systematic Synthesis of Iron Oxide Clusters with Independent

Dimensional Control

2.1 Abstract

Multicore iron oxide nanoparticles, also known as colloidal nanocrystal clusters, are
magnetic materials with diverse applications in biomedicine and photonics. Here we
examine how both of their characteristic dimensional features, the primary particle and
sub-micron colloid diameters, influence their magnetic properties and performance in two
different applications. The characterization of these basic size-dependent properties is
enabled by a synthetic strategy that provides independent control over both the primary
nanocrystal and cluster dimensions. Over a wide range of conditions, electron
microscopies and x-ray diffraction reveal that oriented attachment of smaller nanocrystals
results in their crystallographic alignment throughout the entire superstructure. We apply
a sulfonated polymer with high charge density to prevent cluster aggregation and conjugate
molecular dyes to particle surfaces so as to visualize their collection by handheld magnets.
These libraries of colloidal clusters, indexed both by the primary nanocrystal dimension
(dp) and the overall cluster diameter (D¢), form magnetic photonic crystals with relatively
weak size-dependent properties. In contrast their performance as MRI T2 contrast agents
is highly sensitive to cluster diameter, not primary particle size, and is optimized for
materials of 50 nm diameter (r, = 364 mm™ s1). These results exemplify the relevance of

dimensional control in developing applications for these versatile materials.
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2.2 Introduction

Magnetic multicore particles are an important class of nanomaterials whose unique
properties are relevant to both medical and optical technologies. 1 Also referred to as
nanoclusters or colloidal nanocrystal clusters, these systems are comprised of tens to
hundreds of sub-10 nm iron oxide crystallites hard aggregated into larger, porous
clusters.*™ In the absence of a magnetic field these materials exhibit superparamagnetic
behavior characteristic of their nanocrystalline composition.[®] As an external magnetic
field is applied, however, the individual crystallites collectively magnetize ultimately
forming magnetic domains encompassing the entire cluster.®1 It is this combination of
superparamagnetism, large magnetic volume and small dimension that underlie their value
as materials for drug delivery, magnetic hyperthermia, magnetic resonance imaging and

responsive photonic crystals. [ -1l

Their magnetic behavior and technological performance should be critically dependent on
both the cluster diameter, D, and the primary nanocrystal diameter, dp.[** 15 1°1 Exploring
these trends has been of interest, but systematic studies over a broad range of material
dimensions has remained an elusive goal.l> 16-181 The challenge is largely synthetic as these
nanomaterials have two distinct structural dimensions of interest and the conventional
“polyol” synthesis of the materials does not easily yield wide ranging tunability or
independent control over either feature.'®?21 Researchers have manipulated cluster
diameter by varying the concentration of iron precursor and surfactant,'® 23281 as well as
altering the solvent;?® 3% however, such conditions also affect the dimensions of the
primary nanocrystals thus confounding any independent evaluation of each critical

dimension.[?6-321 |nsightful strategies for decoupling these two features are available for
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materials with diameters in excess of 100 nm, but they do not extend to smaller

nanoclusters most relevant in medical applications.?* 271

Any consideration of size control must also confront the challenge of forming multicore
particles that remain non-aggregating in water and relevant biological media.l® -3
Magnetic dipolar interactions drive interparticle aggregation and this problem is especially
acute for larger particles.’) To combat this, multicore materials can be charge-stabilized
using polyacrylic acid (PAA) or citrate.[?>26] While these coatings provide substantial
charge repulsion and less particle aggregation in pure water, they fail at lower pH and in
the presence of divalent cations common in biological media such as Ca?*.* Neutral
coatings, such as polyethylene glycol (PEG) or silica, have been widely used for the
stabilization of these and other nanoparticles.*?! Nevertheless, for magnetic nanoparticles,
material aggregation hard to avoid in biological media and large external magnetic fields.
Such conditions increase the attractive magnetic dipolar forces between particles and
diminish electrostatic repulsive interactions.®5-3 531 The difficulty in preventing particle
aggregation in biological media may be one reason there are relatively few in-vivo studies
of magnetic multicore particles in spite of their promise in MRI imaging, drug delivery and

magnetic particle imaging.t*3: 3941

Here we present a method to generate libraries of non-aggregating magnetic multicore
particles with cluster diameters and primary nanocrystal sizes that are independently
controlled. The work takes advantage of the proposed two-step mechanism for cluster
formation so as to achieve dimensional control.’*4%¢1 The resulting materials have tunable
particle diameters from 20 to 200 nm with less than 10% polydispersity; the primary

nanocrystals can be tuned from 4 to 10 nm in diameter thus forming a library of materials
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that span relevant dimensional ranges. Electron microscopy and x-ray diffraction confirm
that the sub-10 nm particles share grain boundaries with aligned crystallographic axes. We
graft a sulfonated polyelectrolyte to the multicore particles to impart colloidal stability over
a wide range of solution conditions, including low pH, and further derivatize the materials
with molecular dyes relevant for biological imaging. The larger multicores, with cluster
diameters greater than 100 nm, form reversible and magnetically responsive photonic
crystals whose properties are relatively independent of size. Their performance as T> MRI
contrast agents reveals a striking dependence on cluster diameter and a conversely weak
dependence on primary nanocrystal diameter. Smaller clusters, with diameters near 50 nm,
provide the best T» contrast with a notably high relaxivity at clinically relevant field

strengths (3.4 T, r = 364 mm™* s2).

2.3 Synthesis and dimensional control of the clusters

Studies of the reaction mechanism of this classic ‘polyol’ synthesis have found that forced
hydrolysis of iron salts leads to the formation of condensed iron oxide phases that gradually
ripen into multicore particles (Figure 2.1 a).[?6 41 Qur strategy for size control of these
materials is based on the expectation that material formation follows a two-step process as
suggested by several mechanistic studies.*'48] The first step depends critically on the small
amount of water either present in hydrous polar solvents and precursors or intentionally
added as a reactant; this water hydrolyzes iron salts leading to the formation of iron
hydroxides that at elevated temperature ripen into very small particles of iron oxide phases
such as magnetite (Figure 2.1 b). The diameter of these primary nanocrystals is fixed during
this first stage. The second process drives aggregation of these crystallites into larger

clusters (Figure 2.1 c¢) which determines the overall cluster diameter and its uniformity.
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The end-products contain tens to hundreds of crystallites in each cluster and are
characterized both by the size of their primary nanocrystal (dp) and by the physical diameter

of the cluster (D) as indicated in Figure 2.1 c.

Methods that allow independent and wide-ranging control over both of these dimensional
features have been elusive. For example to form larger primary nanocrystals investigators
can extend the reaction time, but this also yields broader size distributions. [ 27 37. 40, 411
Moreover cluster dimensions from prolonged reactions typically yield larger clusters with
dimensions in excess of 100 nm. The formation of smaller products, with cluster diameters
well below 50 nm, generally requires a different strategy. Researchers have faced this
challenge by changing the solvent composition, typically mixing ethylene glycol with
diethylene glycol, triethylene glycol or other glycol derivatives; alternatively adding
water can accelerate hydrolysis and change the viscosity of the reaction media both of
which are thought to favor smaller cluster diameters.[*6: 8% 621 Stydies of the product
evolution suggest that primary nanocrystal formation occurs early in the reaction as the
result of the forced hydrolysis of iron salts;[ 4144 acceleration of this reaction at higher
temperatures can lead to the formation of larger primary nanocrystals but also faster cluster
growth.[*5: 461 Conversely, the addition of water can limit primary nanocrystal aggregation
and yield smaller cluster dimensions.[*% 43 46 These observations suggest that by limiting
the hydrolysis reaction and primary nanocrystal aggregation, through both manipulation of
temperature and water, it may be possible to achieve independent control over both

dimensional variables.
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Heating| 399 g
T 9998,

CO(NH,), + 3H,0 - CO, + 2NH,* + 20H-

ii. Fe3*+30H - Fe(OH),

iii. Fe(OH);+ OHCH,CH,OH - Fe(OH), + OHCH,CHO
iv. Fe(OH),+ 2Fe(OH); > Fe,0,

Figure 2. 1. Synthesis of the iron oxide nanoclusters. (a) Synthetic scheme for the reaction.
Water and temperature are used to tune the cluster dimension. PAA stands for polyacrylate.
(b) Reaction pathway for the formation of Fe3Os. (C) The internal structure characterized
by electron microscopy shows the clusters are composed of many primary nanocrystals. In
this example, the cluster size (D¢) is 50 nm and the primary nanocrystal (dp) diameter is 10
nm.

Using the insights provided from this prior work, we manipulated the water content and
temperature of the reaction in systematic ways to produce uniform and size-tunable cluster
diameters. Shown in Figure 2.2 and Figure S2.1 are products ranging in cluster diameter
(Dc) from 20 to 200 nm. Water is an essential reactant in this synthesis as it hydrolyzes the
iron salt and ultimately contributes to the aggregative growth of clusters. Prior studies, in
agreement with our own observations, have demonstrated when water is stringently
removed from the reactants, clusters in excess of several microns will form (Figure S2.1
c). As water content is increased smaller diameter multicore particles are formed. Water
apparently accelerates the cluster formation process leading to more growing clusters
competing for individual crystallites.[”! For example, at 185 °C and iron concentrations of
100 mwm, clusters over 120 nm in diameter form with relatively low water concentrations
(0.3 m water). When the amount of water is increased to 6.2 m the cluster dimensions fall

to 35 nm for the same conditions (Figure 2.2 a-e). Over this range the primary nanocrystal
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size remains unchanged at 4 nm. Water places multiple roles in the reaction, both
influencing the forced hydrolysis of the iron salt as well as the kinetics of aggregation
through the solution viscosity.[*®1 When there is more water available, there is faster
hydrolysis and primary nanocrystal formation, leading to more rapid aggregation and thus
smaller clusters.[*> 1 We also found that cluster uniformity generally improved with
increasing water content, presumably as the initial cluster nucleation even occurred over a

narrower time window (Figure S2.4 d).

Reaction temperature provides the best avenue for manipulating primary nanocrystal
dimension. Higher temperatures speed up nucleation, promote Ostwald ripening, and
encourage the non-aggregative growth of crystals.[**l We find that for the same reaction
conditions we form larger primary nanocrystal sizes at higher temperatures.3-%¢! At the
maximum temperature, which is 275 °C for our reactor, we measure primary nanocrystal
sizes up to 10 nm (Figure 2.1 c) via electron microscopy. By gradually decreasing the
temperature to the lowest level that permits crystallization of the iron oxides within six
hours, or 185 °C, we can reduce the primary nanocrystal dimensions from 10 to 4 nm
(Figure S2.2 a-f). While manipulating reaction time yields similar trends, it comes at the
expense of particle uniformity (Figure S2.4 e). Notably, the cluster diameter of samples
prepared at different temperatures are all near 50 nm for the same fixed concentration of
water. As a result, it is possible to independently control both of the characteristic

dimensions of multicore magnetic particles.
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Figure 2. 2. Dimensional control of the cluster synthesis by water. (a-e) Transmission
electron microscopy images (top) and size distribution histograms (bottom) of the cluster
samples with different cluster sizes. Scale bar: 200 nm. The molar concentration of water
for each synthesis is 6.2, 3.9, 2.6, 1.1 and 0.3 m, respectively. The y axis represents the
number of clusters counted. For each sample, a total of 500 clusters were measured for
overall cluster diameter. The reported spread in diameter is the standard deviation from
the measured diameters of the 500 clusters.

Through control over temperature and water content we can generate libraries of uniform
iron oxide nanoclusters (Figure S2.3) with tunable cluster diameters (D¢), from 20 to 200
nm, and primary nanocrystal sizes (dp), from 4 to 10 nm. The cluster uniformity is notably
consistent across the varying samples ranging from 6 to 10% on the overall cluster diameter.
The size distributions of these samples are equivalent or in some cases better than those

reported by other researchers.[4-47]

While microscopy can be used to visualize the smaller nanocrystals present in these
materials, the presence of overlapping crystallites in the field of view makes quantitative
assessment of their uniformity problematic.l*?! X-ray diffraction linewidths (Figure S2.6)
can be used to confirm that the average crystallite dimensions are consistent with those
observed by electron microscopy. As anticipated, the materials for which we measured

smaller primary nanocrystal diameters via electron microscopy also had broader diffraction
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linewidths (Table 2.1). However, quantitative agreement between the methods was not
observed. Instead we found primary nanocrystal dimensions measured from microscopy to
be smaller than the grain size calculated from the diffraction linewidths. This has been
observed by others and is attributed to the oriented attachment of primary nanocrystals

during the formation of the clusters.[* 16:67]

Table 2. 1. The cluster size (D¢), particle size (dp) and grain size measured by both
electron microscopy and x-ray diffraction. The samples are denoted as D¢-dp. The molar
concentration of water for the synthesis of sample 6-25 to 6-90 (left part) is 6.2, 5.4, 4.2,
3.9, 1.7 and 0.84 wm, respectively, with a reaction temperature of 215 °C. The reaction
temperature for the synthesis of sample 5-45 to 10-45 (right part) is 200, 215, 230, 245,
260, 275 °C, respectively, with a molar concentration of water of 4.2 m.

Sample ([.?_CI/ET\% (ql,_)g\r/ln ) siC;er:?r:?n Sample gfé?v'm) (qrpllznﬂ ) siC;;?rllr:n

(XRD) (XRD)
6-25 25 6.0 10.6 5-45 45 5.0 9.9
6-35 35 6.0 10.5 6-45 45 6.0 10.6
6-45 45 6.0 10.6 7-45 45 7.0 11.6
6-50 50 6.0 10.6 8-45 45 8.0 12.8
6-70 70 6.0 10.5 9-45 45 9.0 14.3
6-90 90 6.0 10.6 10-45 45 10.0 16.6

We also explored the effect of other reaction conditions, including the concentrations of
polyacrylate (PAA), urea and iron salts and compiled our results in Figure S2.4. PAA
provides a surface coating for the nanoclusters,?* 281 while urea ensures a basic reaction
environment that promotes forced hydrolysis and ripening of iron oxides.[?®! Neither of
these agents exert substantial control over cluster dimensions although they do impact

sample uniformity (Figure S2.4 b and c¢). The iron salt concentration contributes to the

45



overall number of primary nanoparticles, and thus can impact cluster size as well as the
dimensional distributions. Others have noted the concentration of iron has the most impact
on the primary nanocrystal aggregation process, with comparatively little effect on the
ripening and crystallization of the materials.[?”-281 We observed that iron concentration was
an important variable to control with respect to both cluster diameter as well as uniformity;
we selected an optimal value (100 mm) which is much less than our estimated concentration
of water (3900 mm). Excess water is necessary in order to force the hydrolysis of the iron
salts in polar solvents and ultimately form the iron hydroxides that ripen into primary
nanocrystals. At very low levels of iron precursor (18 mm) nucleation is likely to occur
over long periods of time leading to small and ill-formed materials. With increasing
precursor concentration (56 mm), nucleation of the primary nanocrystal will proceed
quickly and separately from the slower aggregation of clusters leading to larger materials
with poor uniformity. Finally, at the highest iron concentrations we found more uniform
clusters but with very small diameters. Our speculation is that for these conditions the
surfaces of the primary nanocrystals are iron-rich which may alter their propensity to

aggregate (Figure S2.4 a).[%8l

Our examination of the morphology of these clusters largely confirms what others have
reported for these multicore materials: namely, that these particles are superstructures
which consist of aggregates of primary nanocrystals. We describe these aggregates as
‘hard’ because the small crystallites of iron oxide share common interfaces with no
intervening surfactant.!*® ¢! While microscopy from these samples are consistent with this
structural model, further confirmation comes from an analysis of the surface area of the

bulk multicore powders. These samples possess surface areas that range from 55 to 110
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m?2 g (Figure S2.5). Samples with larger primary nanocrystals had lower surface areas as
would be expected. Also as anticipated the cluster diameter had little impact on overall
surface area; even though a 20 nm cluster would have nominally more surface area than a
200 nm cluster, this difference is negligible given the surface area contributed by the much
smaller primary nanocrystals. We calculated the expected surface areas of these materials
assuming isolated, non-aggregated, primary nanocrystals and generally found these values
to be twice as large as the measured surface areas. Thus, roughly half of the surface area
of the smaller nanocrystals is in contact with neighbors in ways that limit the access of

those interfaces to molecular gases, in this case nitrogen, during surface area analysis.

High resolution TEM and electron diffraction reveal a cluster morphology with densely
packed primary nanocrystals. Shown in Figure 2.3 are representative data from two
samples with smaller (Figure 2.3 a) and larger (Figure 2.3 c¢) cluster dimensions. In both
instances the primary nanocrystals are evident as are shared interfaces between neighboring
primary nanocrystals. These data are consistent with the surface area analysis (Figure S5)
which indicates that some shared interfaces are inaccessible for surface adsorption.
Electron diffraction from these materials reveals that the primary nanocrystals possess
some degree of crystallographic alignment in agreement with prior studies of these
multicore structures.® 431 Figure 2.3 b and d show the electron diffraction patterns from
an individual cluster. In each example the bright areas at specific angles, as opposed to
rings, are more consistent with diffraction from a single crystal as opposed to randomly
oriented crystallites.[*®] When electron diffraction is collected from many clusters, the
diffraction spots merge together to form rings consistent with polycrystalline, randomly

oriented material (Figure S2.9). For asingle nanocluster the specific reflections in electron
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diffraction are not perfect spots as would be expected for a single crystal, but rather narrow
arcs (Figure 2.3 b, d).[® 9 This indicates some level of misalignment between closely
aligned domains.™! Further evidence for this structure can be seen in the widths of the x-
ray diffraction peaks; an application of the Debye-Scherrer formula yields scattering
domain sizes significantly larger than the measured microscopy would suggest (Table
2.1).8 These data suggest the particles undergo an oriented attachment process as they
aggregate, and that in the final multicore cluster this alignment is nearly perfect over the

entire particle.” 48l

Figure 2. 3. Internal cluster structure. (a, c) High-resolution TEM (HRTEM) and (b, d)
the selected area electron diffraction (SAED) pattern of the sample in a and c, respectively,
with diffraction rings identified according to magnetite.

These electron microscopy observations are consistent with x-ray diffraction of the purified
powders, as shown in Figure S2.6 a and b. Reflections consistent with iron oxide crystal
phases are present; magnetite (FesOs) and maghemite (Fe2Oz) are notoriously difficult to
distinguish using x-ray diffraction although the separation of higher order peaks is
consistent with magnetite (Figure S2.6 ¢ and d).% ] Raman spectroscopy (Figure S2.7)
finds peaks consistent with both Fe(Il) and Fe(Il). This data, along with the materials’
black appearance (Figure 2.1 a), are strong evidence that as-synthesized the slightly more

reduced form of iron oxide (FesO4) is dominant.5% These isolated magnetite nanocrystals
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can undergo a slow oxidation process,!*® and over two months samples gradually become
reddish-brown, likely corresponding to FesOs, if not stored under nitrogen.  This
observation is consistent with their magnetic properties. The saturation magnetization
values range from 74 to 86 emu/g Fe3O4; these values are very close to that seen for bulk
magnetite (Msat ~ 90 emu/g Fe304),°! which indicates these are high quality-crystals with
well-formed surfaces.®™ The materials are superparamagnetic at smaller dimensions with
a small remanence (~13 Oe) at larger dimensions (Figure S2.8). For the smaller cluster
sizes (below 50 nm in diameter) there is no observable hysteresis in the dependence of

sample magnetization on applied magnetic field at room temperature.

2.4 Surface functionalization of the clusters
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Figure 2. 4. Surface functionalization of the clusters. (a) The DLS size distribution of a
typical as-synthesized cluster sample and further modified by P(AA-co-AMPS), with a
polydispersity index (PDI) of 0.12 and 0.11, respectively. (b) The hydrodynamic size of the
cluster sample and P(AA-co-AMPS) modified sample at different pH where x indicates the
visible aggregation of the cluster in aqueous solution. (c) Stability in phosphate-buffered
saline (PBS, 1X) of the as-synthesized cluster sample (right) and P(AA-co-AMPS) modified
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sample (left). (d) The images of the EDANS dye labeled cluster sample under UV radiation
with a magnet (contoured in red) on top of the solution for 3 hours and finally redispersed
in the solution with the magnet removed and rinsed by water. The cluster sample used in
the above tests has a D of 45 nm and d, of 4 nm.

A conventional polyacrylate additive (PAA, Mw = 6,000) is included in these reactions as
others have shown that this surface coating yields non-aggregating materials in pure water
(Figure 2.1 a); 224 the products are dark brown or black stable suspensions depending on
the concentration. Infrared spectroscopy (Figure S2.10) of the native materials shows
features consistent with polyacrylic acid.[®? PAA both binds to the cluster surface and
promotes colloidal stability. Figure 2.4 a shows that the hydrodynamic diameter of a 45
nm cluster (TEM dimension) is larger (Du= 65 nm) due to the polymer coating. These
clusters are not stable in the ionic media relevant for biological applications as
demonstrated by their sedimentation (Figure 2.4 b and c) in acidic solution or phosphate
buffered saline (PBS). They must undergo modification with a more robust and functional
polymer coating in order to remain non-aggregating under conditions that shield their

charge-repulsive interactions.[32 37491

We applied a sulfonated polyelectrolyte used to stabilize surfactants in the high brine water
of underground aquifers to generate stable suspensions;®> 531 we reasoned that the
increased charge of the polymer, along with the sulfonic acid moieties, would contribute
to a strong steric and charge-repulsive interface able to reduce aggregation between
particles. Briefly, a sulfonic acid polyelectroyte [P(AA-co-AMPS)] was anchored to the
surface of iron oxide cluster by a catechol-iron bond. Figure 2.4 a shows the hydrodynamic
sizes increase to 100 nm after polyelectrolyte grafting; in contrast to polyacrylate this

surface coating provides materials resistant to aggregation under a wide range of conditions.
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Surface coatings containing sulfonic acids have not yet been applied to biologically
relevant nanoparticles, but they are known to be robust and the charge-stabilized coatings
for applications in oil and gas recovery. To tether the coating to the iron oxide surface, we
relied on a catechol head group (nitro-dopamine) to form a bidentate bond with iron.[#754]
The inclusion of a nitro functionality in this structure further strengthens the iron-catechol
bond and makes the polymer coating that much more stable.®® We characterized the
polymer by HPLC and NMR (Figure S2.11) prior to conjugation: the average molecular
weight was 87,000 g/mol, and the AA to AMPS ratio was nearly 1 to 1. Other investigators
have found that in the case of polyethylene glycol (PEG) polymer chains terminated in
single catechols can be gradually removed from nanoparticle surfaces after washing. !
Because of this, the polymer (cat-PAMPS) geometry includes many catechols so as to
strengthen the attachment of the coating to the multicore particle. The resulting samples
are larger in hydrodynamic diameter as expected given the larger chain length of the cat-
PAMPS. We optimized the ratio of the catechol along the PAMPS backbone: generally
better stability is observed when there are 20 catechols distributed among the 300 units in
each polymer chain. If polymer chains contained higher ratios of grafting sites then coated

clusters could become cross-linked into larger aggregates.

These clusters are easily modified as we retain some free acrylic acids as well as amines at
the particle interfaces allowing for conjugation of fluorescent dyes (Figure S2.12). In some
cases the amine groups were used as conjugation points for organic acids available on
common dyes; alternatively, other dyes were conjugated first to the catechol grafting agent,
and then incorporated onto the polyelectrolyte as seen in Figure S2.12 ¢ and e. In the case

of a hydrophobic dye, Dil, we altered our surface modification strategy by using an
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amphiphilic polymaleimide-octadecene that functionally wrapped the multicore particle.
The hydrophobic character of this surface allowed us to tether Dil to the water-soluble
clusters (Figure S2.12 g).571 In each example, the emission characteristics of the dye-
labeled particles was equivalent to the original dye behavior (Figure S2.12 b, d, f, h). We
note that the dye conjugation schemes are efficient enough to permit the visualization of

labeled clusters using a handheld ultraviolet light (Figure 2.4 d).

2.5 Clusters as dynamic photonic crystals

Magnetic multicore materials can form a dynamic photonic crystal superstructure under
the application of a weak magnetic field.[?l Figure 2.5 a shows the changing colors that
result as a small handheld magnet is brought close to a vial of the initially dark brown
clusters. As compared to Figure 2.4, these clusters are not functionalized by any
fluorescent dyes and their colors arise from the diffraction of visible light. Reflection
spectroscopy (Figure 2.5 ¢) confirmed what is apparent to the naked eye: under even weak
external fields these suspensions develop a strong reflection peak that shifts from the red
to the blue with increasing magnetic field. Moreover, the peak intensity is very sensitive to
the angle between the applied field and the optical detector as would be expected for a

photonic crystal (Figure 2.5 b, d).

This behavior is consistent with prior studies which term these materials “magnetic
photonic crystals”. 58 % Their optical diffraction is thought to arise not from a three-
dimensional arrangement of particles but from scattering from particles assembled into
one-dimensional chains. To visualize these superstructures we applied for the first time
cryogenic SEM to the aqueous suspensions (Figure 2.5 e). The observed interchain

distances are on the order of microns and thus too large to account for the observed
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scattering of visible light seen here. In contrast, intrachain particles are closely spaced,
though not touching, and become more densely packed with increasing magnetic field. The
particle-particle packing within each chain, larger than the diameter of the particles as they
are not touching, accounts for the optical diffraction.3* 0-621 The particle-particle
separation here is governed by an interplay between attractive magnetic dipole-dipole and
Van der Waal interactions and surface charge repulsion; we note this is in contrast to hard
sphere photonic crystals in which this separation is solely dependent on particle diameter
as the particles physically contact each other.[5® 5% Notably, the clusters coated with the
sulfonic acid polyelectrolytes are quite stable against field-induced aggregation and can be

cycled on and off into a diffractive state multiple times.
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Figure 2. 5. Clusters as magnetically controllable photonic crystals. (a) Images of the
cluster solution showing different colors at different external magnetic field strength, (b)
the reflection spectra of the clusters solution at different external magnetic field strength,
(c) the intensities of the reflection spectra at different detector angles, (d) the setup of the
reflection spectrometer where the distance (L) and angle (o) between the magnet and the
sample can be adjusted, and (e) the cryo-SEM images and the proposed magnetically
induced photonic crystal structures of the cluster solution at different magnetic field
strength. Scale bar: 5 um. The clusters presented in Figure 2.5 a, ¢ and e have a D. of 120
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nm and a dp of 4 nm. In Figure 2.5 d, the cluster sizes are 60 nm, 100 nm, 120 nm and 200
nm, respectively, with the same dy, of 4 nm. All cluster samples been coated with
polyelectrolyte to prevent irreversible aggregation.

For the same external field conditions we can also observe how the optical properties
depend on cluster dimensions (Figure 2.5 ¢). We found no significant visible diffraction
for suspensions containing cluster dimensions below 100 nm. In smaller particles the
magnetic dipole-dipole interaction is much less pronounced and not large enough to
overcome the particles’ electrostatic repulsion. As cluster diameters exceeded 100 nm
diffractive phenomena became apparent; we noted for the exact same applied field and
solution concentrations, with increasing diameters there was a small blue shift in the
diffractive peak from 560 to 590 nm (Figure 2.5 ¢). We speculate that as clusters increase
in dimension they experience more magnetic dipole-dipole attraction which draws the
particles closer together leading to the observed blue shift. This simple explanation
presumes that the repulsive interaction between our highly charged particles is large and
relatively independent of cluster diameter (Figure S2.13). This assumption may not be true
for magnetic particles with less charged surfaces and indeed another study of this
phenomenon reported the opposite trend in conditions of varying magnetic field.% In
describing the optical properties of magnetic photonic crystal cluster dimension is one of

several material parameters that can be related to the color and stability of the diffraction.
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2.5 Clusters as efficient MRI contrast agent
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Figure 2. 6. MRI T2 contrast highly depends on D. and weakly on d,. (a) The phantom
images of the clusters of different cluster sizes at different atomic iron concentrations. All
sample positions are marked by a dotted ring, and the black color signifies the contrast.
The red box highlights that at 0.2 mm only those particles with dimensions of 50 nm appear
dark in phantom images. (b) The T2 relaxivity of the cluster samples with different D (black,
same dp at 4 nm) and d;, (red, same D¢ at 50 nm). The error bars in the cluster size represent
the standard deviation of the cluster diameters found from TEM imaging and that of r2
was based on the regression coefficients from the linear fitting of the concentration-
dependent contrast (see Figure S2.14). The blue dash line fits the Universal Scaling Law
model proposed by Sandre et. al™ where r; is linear increasing to the square of Dc. The
four points (D¢ > 50 nm) accompanied by blue stars indicate the relaxivity as measured by
MRI contrast. However, we consider these data obscured by the propensity of larger
particles to aggregate in large external fields. This aggregation is severe enough at these
dimensions to lead to rapid sedimentation and inhomogeneous solutions of contrast agent;
we include them to illustrate the problematic nature of measuring the relaxivity of rapidly
aggregating contrast solutions.

Particle dimensions and surface chemistry are also important factors in the design of
nanoparticle MRI contrast agents.[!” 64851 Figure 2.6 a shows the phantom images in a
MRI scanner of a range of different cluster diameters, where the contrast changes very
rapidly with the variation of cluster concentration among all samples. Consistent with this
observation in phantom images is the quantitative analysis of the relaxivity shown in Figure

2.6 b. These values are found from the slope of the contrast versus particle concentration
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(Figure S2.14) and demonstrate that at intermediate cluster dimensions (50 nm), the MRI
T2 contrast is optimized. Since there is only a negligible difference in the saturation
magnetization of these cluster samples (Figure S2.8), we can conclude that the physical
size of the clusters is the major contributing factor to the size-dependent relaxivity. The
optimized size-dependent relaxivity, r. = 364 mm™ s, is modestly higher than the best
values reported for similar multicore materials even at this very high and clinically relevant
magnetic field (e.g. 3.4 T).[% ¢ Interestingly, primary nanocrystal size has only a slight
impact on relaxivity (Figure 2.6 b, red). Others who have studied size dependence for very

small clusters have also reported an increase in relaxivity with increasing size.[66 6]

Once cluster dimensions exceed 50 nm, however, their contrast decline with increasing
diameter (Figure 2.6). This observation is consistent with studies of larger clusters which
reported a decline in relaxivity with cluster dimension.'”1 Conceptual models for T»
nanoparticle contrast generally predict monotonically increasing T relaxivity with
increasing particle diameter. Briefly, the magnetic gradients of larger particles will
influence a larger volume of water simply by virtue of their increased surface area; this in
turn will lead to more influence on the relaxation of proton spins and consequently greater
contrast (Figure 2.6b, dashed line).**! We find that as the cluster dimensions increase
beyond 50 nm the relaxivity begins to fall. This behavior arises from the inevitable
aggregation of clusters induced by the large applied field of the MRI scanner, more than 3
T in these experiments. While we have successfully formed colloidally stable materials
(Figure 2.3), even weak magnetic fields can induce limited aggregation as observed in the
formation of magnetic photonic crystals (Figure 2.5). Larger magnetic particles are driven

to aggregate more when they are magnetized due to increased dipole-dipole interactions,
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and such magnetization is likely in the large fields present in an MRI scanner.[*% This leads
to interparticle aggregation, significantly lowering cluster concentration resulting in an
underestimate of contrast relaxivity. For any in-vivo application such behavior is not
acceptable and for all practical purposes these larger materials are limited in their
applications as MRI contrast agents.[®1 For smaller clusters at all field strengths, or for
larger clusters that never experience the high fields of MRI scanners, our current coatings
are sufficient to preclude cluster aggregation. Further improvements in MRI contrast
especially in high field scanners will require particle surface coatings that are better able

to impose both electrostatic and steric barriers to magnetic-field induced aggregation.

2.6 Conclusion

It is possible to systematically generate uniform libraries of multicore iron oxide
nanoparticles whose two critical dimensions can be tuned over ranges relevant to both
photonic and biomedical applications. Independent control over the cluster and particle
dimensions is possible through rational choice of the reaction water content and
temperature, respectively. While these nanoclusters are not as monodisperse as isolated
nanocrystals, their polydispersity is sufficient (¢ < 10%) to examine size-dependent
properties with some precision. Surface control is critical for these materials as most
applications require non-aggregating and stable suspensions, often in water. We applied a
sulfonated polyelectrolyte to this problem and demonstrated how it could be further
derivatized with molecular dyes for visualizing clusters. To demonstrate the relevance of
dimensional control, we formed visible magnetic photonic crystals from these materials.
The optical phenomena were readily observed for cluster diameters greater than 100 nm

and exhibited only a weak dependence on material dimensions. Conversely, cluster
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diameter played a significant role in the effectiveness of these materials as T» contrast
agents for MRI. For both applications the propensity of the materials to aggregate played
a central role but in very different ways. In the case of the photonic crystals, limited and
ordered aggregation is necessary in the presence of weak applied fields; for clusters that
are too small, interparticle attractive forces are not sufficient to drive their assembly into
1D chains. In contrast for MRI applications interparticle interactions between larger
clusters can limit performance especially as large-scale aggregates sediment out of solution.
This synthetic approach now makes it possible to examine size-dependent properties in

these materials with far more control, and optimize their behavior for different applications.

2.7 Experimental Section

Materials and Reagents: Ethylene glycol (anhydrous, 99.8%), Iron(lll) Chloride
Hexahydrate (FeCls-6H.O, ACS reagent, 97%), Urea (ACS reagent, 99.0%),
Azobisisobutyronitrile (AIBN, 98%), Acrylic acid (anhydrous, contains 200 ppm MEHQ
as inhibitor, 99%), 2-Acrylamido-2-methylpropane sulfonic acid (AMPS, 99%),
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
>99.9%), 3,4-dihydroxyphenethylamine hydrochloride (Dopamine), Rhodamine B (>95%),
5-((2-Aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS), methoxypolyethylene
glycol amine (PEG-NH., Mw = 5,000), Poly(maleic anhydride-alt-1-octadecene) (PMAO,
Mw = 30,000), triethylamine, iron standard solution (Fe(NOs)s in HNO3 0.5 mol/L, 1000
mg/L Fe) Certipur®, 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid
monosodium salt hydrate (FerroZine™ Iron Reagent), ammonium acetate (for molecular
biology, >98%), hydroxylamine hydrochloride (99.995% trace metals basis), and sodium

nitrite (ACS reagent, >97.0%) were purchased from Sigma-Aldrich. Polyacrylic acid
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sodium salt (PAA, Mw~6,000) was from Polyscience Inc. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), 6-carboxyfluorescein (FAM),
sulfuric acid (ACS grade, 98%), hydrochloric acid (ACS grade, 37%) and hydrogen

peroxide (30%) were purchased from Fisher Scientific.

Synthesis of Fe3Os clustered nanoparticles: The clusters were synthesized using a
hydrothermal method also referred to as the “polyol” synthesis. In a standardized reaction,
FeCl3-6H20 (540 mg, 2. mmol) was first dissolved in ethylene glycol (20 mL) using a
magnetic stirrer. Then PAA (250 mg, 0.042 mmol) was then added into the solution,
followed by urea (1,200 mg, 20 mmol) and ultra-high purity deionized water (1.5 mL,
specific resistance less than 18 m€). The mixture was vigorously stirred for 30 min,
yielding a transparent and bright yellow solution. A Teflon-lined reactor with a total
volume of 40 mL was immersed in 37% HCI for 30 min, and then washed by water several
times and dried in oven at 60 °C. The suspension was subsequently transferred to the
Teflon-lined stainless steel autoclave, tightly sealed and then heated at 185 °C for 6 hours
with a temperature ramp of 20 °C/min. After the reactant cooling to room temperature, a
black solution was recovered; for such reaction conditions electron microscopy revealed
the presence of multicore nanoparticle clusters with an average cluster diameter of 50 nm.
The clusters were precipitated by placing a rare earth cubic magnet under the container and
then washed by a mixture of acetone and Milli-Q water several times to remove impurities.
The product was finally redispersed in water and could be concentrated by using a magnet.
Clusters were then attracted to the bottom of the vial near the magnet and the nearly

colorless supernatant was decanted slowly. The amount of water added to the synthesis (0
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to 4 mL) controls the overall cluster dimension (D), and the reaction temperature (185 to

275 °C) controls the primary nanocrystal diameter (dp) as described in the main text.

Synthesis condition for Figure 2.2: The molar concentration of water for the synthesis of
a-e is 6.2, 3.9, 2.6, 1.1 and 0.3 m, respectively. Other reaction conditions are fixed at: 100
mwm FeClsz-6H20, 2.1 mm PAA, 1 m urea and 20 mL ethylene glycol and heated at 185 °C

for 6 hours.

Synthesis condition for Table 2.1: The molar concentration of water for the synthesis of
sample 6-25 to 6-90 (left part) is 6.2, 5.4, 4.2, 3.9, 1.7 and 0.84 wm, respectively, with a
reaction temperature of 215 °C. The reaction temperature for the synthesis of sample 5-45
to 10-45 (right part) is 200, 215, 230, 245, 260, 275 °C, respectively, with a molar
concentration of water of 4.2 m. Other reaction conditions are fixed at: 100 mm FeClz-6H,0,

2.1 mm PAA, 1 m urea and 20 mL ethylene glycol and heated for 6 hours.

Synthesis condition for Figure S2.1: (a-c): 100 mm FeCl3-:6H20 + 7.2 m H20, 100 mm
FeCl3-6H20 + 0 m H20 and 100 mm anhydrous FeClz + 0 m H2O, as iron precursors,
respectively. The synthesis conditions are standardized except for added water and iron
salt: 2.1 mm polyacrylate and 1 m urea in 20 mL ethylene glycol heated at 185 °C for 6

hours.

Synthesis condition for Figure S2.2: These samples were synthesized at 185, 200, 215, 230,
245 and 260 °C, respectively. Other reaction conditions are fixed at: 100 mm FeClz-6H-0,

3.9 M H20, 2.1 mm PAA, 1 m urea and 20 mL ethylene glycol and heated for 6 hours.

Synthesis condition for Figure S2.4: The amount of FeClsz-6H.0, polyacrylic acid (PAA),

urea, water, and reaction time and temperature is shown in a-f. Unless stated in the figure,
60



other reaction conditions are standardized at: 100 mm FeCls-6H20 3.9 m H20, 2.1 mm PAA,

1 M urea and 20 mL ethylene glycol and heated at heated at 185 °C for 6 hours.

Poly(AA-co-AMPS) modified nanoparticles: The as-synthesized clusters were further
modified by a co-polymer prepared as described below. Poly(Acrylic acid-co-2-
acrylamido-2-methyl-1-propane sulfonic acid), or Poly(AA-co-AMPS), improves the

colloidal stability of the materials in biological media.

Synthesis of Poly(AA-co-AMPS): Poly(AA-co-AMPS) was synthesized by free radical
polymerization. In a typical synthesis, AMPS (1.5 g), acrylic acid (0.50 g) and AIBN (50
mg) were added to DMF (10 mL) and stirred for 30 min. The mixture was then transferred
to an oven equipped with an ultraviolet illumination lamp (LZC-4Xb photoreactor, UVA
350 nm, 36 W) and polymerized under ultraviolet radiation for 1 h; while the solution
remained colorless it did become more viscous. The resultant copolymer was purified by
using a dialysis bag (Cellulose Membrane, MWCO 3,000 Da, Sigma-Aldrich) and then
freeze-dried (LABCONCO FreeZone 6 Liter Freeze Dry Systems) for 2 days. The freeze-
dried polymer powder was dissolved as described below and analyzed by NMR. The
molecular weight of the product, around 87,000 g/mol, was determined by size exclusion

chromatography also as described below.

Functionalization of Poly(AA-co-AMPS) by nitrodopamine to make dopa-Poly(AA-co-
AMPS): Nitrodopamine was synthesized following an existing protocol. Five grams
dopamine was first dissolved in 150 mL H20 and vigorously stirred in an ice bath, followed
by the addition of sodium nitrate (6.5 g). Fifty milliliters of 20% sulfuric acid was added

to the mixture at a rate of 1 drop (0.05 ml) per second. Note that the reaction must be fully
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vented as NO; is generated as a by-product. The ice bath was then removed, and the
reaction was allowed to sit at room temperature for at least 12 h. Nitrodopamine
hydrogensulfate (nitrodopa) was obtained by filtering this mixture and washing the residue
with cold water several times, after which it was freeze dried into a powder. Two hundred
milligrams of Poly(AA-co-AMPS) was dissolved in 0.1 M MES buffer (10 mL) and then
EDC (12 mg) and (20 Mg) dried nitrodopa were added. The mixture was stirred at room
temperature for 2 h and was then purified by dialysis (Cellulose Membrane, MWCO: 3,000
Da, Sigma-Aldrich). After this purification, the functionalized polymer solution was 10
mg/mL (£ 1 mg/ml) based on the final volume of the solution. On average there were

twenty molecules of nitrodopa conjugated to each polymer chain.

Grafting functionalized Poly(AA-co-AMPSO onto the clusters: Ten milliliters of 500 ppm
(in terms of Fe304) clusters (D¢ = 45 nm, d, = 4 nm) solution was added to 2 mL of the
previously prepared dopa-Poly(AA-co-AMPS) solution (~10 mg/mL) with a rate of 1 drop
per second. The mixture was stirred for 30 min during which time the polyacrylate native
to the clusters was replaced by dopa-Poly(AA-co-AMPS). The excessive dopa-Poly(AA-
co-AMPS) was removed by collecting the clusters using a magnet followed by
resuspension in water several times. The dopa-Poly(AA-co-AMPS) coating was confirmed

by FTIR and DLS.

Fluorescent nanoparticles: the nanoparticles could be further treated with fluorescent
molecules, including EDANS, Rhodamine B, FAM and Dil, to make them visible in

biological settings.
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EDANS labeled clusters: Five milliliters of dopa-Poly(AA-co-AMPS) coated cluster (D¢ =
45 nm, dp = 4 nm) solution with a concentration of 1000 ppm was first mixed with 0.2 M
MES buffer (5. mL), followed by EDC (10. mg) and EDANS (1 mg). This solution was
stirred at room temperature for 2 h. The EDANS labeled clusters were washed by water

several times to remove unbounded dye.

FAM or Rhodamine B labeled clusters: FAM (4 mg) or Rhodamine B (5 mg) was dissolved
in 0.1 M MES buffer (10 mL), followed by the addition of EDC (10 mg) and nitrodopa (3
mg). The mixture was stirred at room temperature for 2 h, after which it can be stored in
the fridge at 4 °C as a bulk solution. One milliliter of the nitrodopa conjugated FAM or
Rhodamine solution was added into dopa-Poly(AA-co-AMPS) coated cluster solution (10
mL) previously prepared with a concentration of 500 ppm, and was then stirred at room
temperature for 30 min. The FAM or Rhodamine B labeled clusters were washed and

collected magnetically as described above.

Dil labeled clusters: Dil is a lipophilic dye widely used for staining in cell culture. To
attach such dye onto the clusters, the materials were first modified by the amphiphilic
polymer PMAO-PEG-Dopa. This polymer was formed using standard methods: PEG-NH;
(50 mg) and PMAO (7.5 mg, Mw = 20,000) were dissolved in chloroform (5 mL). Then
nitrodopa (2 mg) was dissolved in DMF (1 mL). The two solutions were subsequently
mixed by vigorously stirring together forming a bright yellow solution. Triethylamine (25
uL) was then added. The reaction proceeded at 25 °C for 24 hours, and then H,O (5 mL)
was added to hydrolyze the unreacted anhydride and the solution became turbid instantly.
The mixture was heated to 60 °C to evaporate chloroform until the solution became clear

again. The resultant polymer was purified by dialysis and finally dissolved in H,O (10 mL).
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The stock solution should be stored at 4 °C. Ten milliliter as-synthesized cluster (D¢ = 45
nm, dp = 4 nm) solution with a concentration of 500 ppm was added in the previously
prepared PMAO-PEG-Dopa solution (2 mL) with a rate of 1 drop per second. The mixture

was stirred for 30 min. Excess polymer was removed magnetically as described above.

Dil (2 mg) was dissolved in 1 mL DMSO and then added to H>O (200 mL) to form Dil
aqueous solution (10 mg/L). The PMAO-PEG-Dopa attached cluster solution with a
concentration of 200 ppm was mixed with the Dil aqueous solution with a volume ratio of
1:1. The mixture was shaken for 24 hours and protected by aluminum foil to prevent
photodecomposition of Dil. Again, the unattached Dil was removed by washing the cluster
magnetically and finally redispersed in water. The Dil labeled cluster solution had a pale

pink color when the concentration was around 100 ppm.

Materials Characterization

Transmission Electron Microscopy (TEM): TEM, high-resolution TEM (HRTEM) and
selected area diffraction (SAED) of the as-synthesized clusters were acquired by JEOL
2100 Field Emission Gun Transmission Electron Microscope at an acceleration voltage of
200 kV. Three microliters of the cluster solution with a concentration of 300 ppm was
dropped on a 200-mesh carbon-coated copper grid. After complete evaporation of water,
the clusters were deposited on the copper grid and were ready for TEM measurement. The
cluster dimension and primary nanocrystal diameter were analyzed by ImageJ; average
dimension and size distribution were determined from measurement of at least five hundred

clusters.
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X-ray diffraction (XRD): XRD patterns of the cluster samples were obtained by Bruker
D8 Discovery 2D X-ray Diffractometer (Cu Ka, A = 1.54056 A). One milliliter of a cluster
solution with a concentration of 3,000 ppm was dropped on the center of a microscope
slides with single depression concave (AmScope BS-C12) with a small magnet placed
beneath. After complete evaporation of water, XRD was performed on the residue and the
diffraction pattern was collected from 10 to 95 °. The grain size of each sample was
calculated based on the full width at half maximum (FWHM) of the (311) peak centered at
35.4 ° by using Origin peak analysis function, and was calculated as the following Debye

Scherrer equation:

A
FWHM cos(0)

Grain size =

In most cases, the XRD data was collected within a day of the sample evaporation in order

to minimize oxidation by air.

Dynamic light scattering (DLS): The hydrodynamic size of the clusters was measured
using a Zetasizer Nano S90. One and a half milliliters of a cluster solution with a
concentration of 100 ppm was placed in a plastic cuvette; after a 2-minute equilibrium
period at 25 °C, DLS data was collected. Each sample was measured three times over a
period of 12 min. The hydrodynamic size was derived from Z average. The error bar
reported for hydrodynamic size corresponds to the standard deviation of the three

measurements.

Fluorescence spectra: The fluorescence of the dye-labeled clusters was measured on a

FluoroMax-4 spectrofluorometer with a xenon arc lamp. The excitation wavelength for
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EDANS, Rhodamine B, FAM and Dil was 380 nm, 466 nm, 492 nm and 549 nm,
respectively. The florescence of the dye-labeled cluster solution was measured by a
fluorometer. Prior to measurement, the cluster solution was diluted to a 50 ppm cluster

concentration to minimize light scattering by the nanoparticles.

Raman spectra: The Raman spectra of the cluster samples were obtained using a Witec
Alpha 300 Confocal Raman Microscope. The sample preparation was the same as for XRD.
Two laser source, 532 and 785 nm, were used to obtain the Raman spectra. The spectra

were collected from 100 to 1500 cm™.

Magnetic resonance imaging (MRI): The T2 relaxivity (r2) of the cluster samples was
obtained on the 3.4 Tesla Tim Trio MRI scanner. The repetition time (TR) was 2280.0 ms,
echo time (TE) was from 9 to 150 ms, the reference Voxel size was 0.5%0.5%10.0 mm, the
slice thickness was 3.0 mm, the slice number was 7, and the slice used for the data was the
second from the top. The cluster samples were first diluted to 38.6 ppm, which was
equivalent to an iron concentration of 0.5 mm. These samples were then diluted to 0.4 mwm,
0.3 mm, 0.2 mm, 0.1 mm and 0.01 mwm, respectively, and transferred to a 100-well plate for
measurement. The error bar of r, was based on the regression coefficients from the linear

fitting of the 1/T2 versus sample concentration.

Surface area analysis: Quantachrome Instruments Autosorb-1 was applied to obtain
N2 isotherms at 77 K from which the surface areas of the cluster samples based on the
Brunauer—Emmett-Teller (BET) theory were obtained. The cluster solution was dried at
60 °C to generate a powered sample. Prior to the measurement, the samples were outgassed

overnight under vacuum at 200 °C.
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Nuclear magnetic resonance spectroscopy (NMR): The 1-H NMR spectrum of the as-
synthesized Poly(AA-co-PAMPS) was collected on a Bruker Ascend™ 600. Ten milligram
powdered Poly(AA-co-AMPS) was dissolved in 0.7 mL D»O and shaken well to form a
homogeneous solution. The solution was then transferred to an NMR tube and scanned 128

times seconds to yield a spectrum.

Size Exclusion Chromatography: The molecular weight of the as-synthesized Poly(AA-
co-AMPS) was measured by size exclusion chromatography (SEC). This data was
collected using an Agilent HPLC 1100 series (Agilent, Santa Clara, CA) chromatography
instrument equipped with a pL-aquagel-OH 40 and a pL-aquagel-OH 60 (25.0 x 300 mm,
15 pum, HPLC column) designed for hydrophilic polymers with molecular weights between
10,000-200,000 and 200,000-10,000,000, respectively. A refractive index detector (RID)
was connected to the end of the column by a 3000 x 0.17 mm, SS capillary tube. Dead
volumes during each test were shortened as much as possible and a constant temperature
of 30°C was maintained during experiments. A series of polystyrene sulfonates with
molecular weights of 1 k, 2 k, 4.2 k, 10 k, 30 k, 80 k, 140 k, 280 k, and 450 k (American
Polymer Standards Corporation, Mentor, OH) were dissolved in phosphate buffers with a
pH of 10 and run through the column to obtain the calibration curve. The Poly(AA-co-
AMPS) sample was allowed to run through the HPLC with the same parameters and
compared to the standard curve for its own molecular weight. The following conditions
were kept the same for each sample: Flow rate: 1ml/min; Pressure: 40 bar; Injection volume:

25.0 pl; Column thermostat temperature: 30 °C; RID unit temperature: 30 °C.

Fourier-transform infrared spectroscopy (FTIR): The IR spectra of the as-synthesized

clusters (Dc = 45 nm, dp, = 4 nm) and polymer modified clusters were obtained on an
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IRATffinity-1S FTIR Spectrometer (Shimadzu). One milliliter of a cluster solution with a
concentration of 500 ppm was dropped onto the center of a glass slide. The slide was dried
at 60 °C to form a thin layer of residue. The spectra were collected from 4000 to 400 cm

at room temperature.

Cluster concentration measurement: The concentration of the cluster solution was
determined using ultraviolet-visible (UV-vis) absorption spectroscopy.* A calibration
curve for spectrophotometric analysis of iron was first obtained from iron standards. The
standard curve was obtained by mixing iron [Fe(NOs3)s] standard solutions (0.2 mL, 1, 5,
10, 25 and 50 ppm, respectively, in terms of Fe), 7.5 m ammonium acetate solution (0.15
mL), 5% hydroxylamine hydrochloride solution (0.25 mL), 0.1% ferrozine solution (0.4
mL) and H>O (1 mL) and placed in a 4 mL quartz cuvette. The absorption peak of Fe(ll1)-
ferrozine composite was at 590 nm in agreement with existing literature, and the peak
intensity is linear with the concentration of iron. To measure the concentration of a cluster
solution, 0.1 mL of the solution was first dissolved in 37% hydrochloric acid (0.89 mL)
with the addition of H202 (0.01 mL); the solution quickly became clear and pale yellow.
Then the above solution (0.1 mL) was diluted with H,O (0.9 mL). Finally, the diluted
solution (0.2 mL) was added in 7.5 M ammonium acetate solution (0.15 mL), 5%
hydroxylamine hydrochloride solution (0.25 mL), 0.1% ferrozine solution (0.4 mL) and
H>0 (1 mL) and placed in a 4 mL quartz cuvette. The absorption spectrum was collected
and compared to the standard curve. The measured concentration, in terms of ppm iron,
was multiplied by a factor of 1.38 (molar mass ratio between Fe and 1/3 Fe30a4.) to express

the concentration in terms of ppm FesO4 for the original cluster solution.
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Magnetic measurements: The magnetization curves of dried cluster samples were
obtained from a vibrating-sample magnetometer (Lake Shore 7400 Series VSM). A tenth
of one milliliter of the cluster solution with a concentration of 1000 ppm was mixed with
10 mg gypsum and then dried at 60 °C prior to measurement. The hysteresis loop was

recorded from 10,000 to -10,000 oersted (Oe) at room temperature.

Photonic crystal characterization: The optical behavior of the sample was observed by
placing 3 mL of a 500 ppm cluster solution (Dc = 120 nm, d, = 4 nm) in a 4 mL plastic
cuvette. A cube magnet (NdFeB, Grade N42, Supermagnetman) was placed on the rear of
the cuvette while a camera was trained on the front. By moving the magnet away from the
cuvette, different colors on the cuvette front surface were recorded and the distance
between the cuvette and magnet recorded. The magnetic field strength at the cuvette

surface was obtained according to a model reported previously:

o= 2 ) e o)
= — |arctan — arctan
T 2zV4z% 4+ 2a? 2(a + 2)\/4(a + 2)? + 2a2

Where By (1.32 T) is remanence field of the magnet, a (3 cm) is edge length of the cube

magnet and z (from 0.5 to 10 cm) is the distance of the cuvette to the magnet.

Reflection spectra: The reflection spectra of the magnetic photonic crystals were recorded
on a SP-UV1000 spectrophotometer (DLAB Scientific) equipped with a tungsten Lamp
over the range of 200 to 800 nm. The same sample and magnet relationship described above
was used for these data. 3 mL of a 500 ppm cluster solution (D = 120 nm, d, =4 nm) was

placed in a quartz cuvette and a cube magnet was placed on the rear of the cuvette. We
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recorded the reflection spectra of the cluster solution by changing the distance and the angle

between the magnet and the cuvette as seen in Figure 2.6.

Cryo-SEM: The cryo-SEM images of the clusters as photonic crystals were obtained on
the SIGMA VP Field Emission-Scanning Electron Microscope (FE-SEM) with cryogenic
capability. Twenty microliters of a 500 ppm cluster solution (D¢ = 120 nm, dp =4 nm) was
dropped on the sample holder and then transferred to the cryogenic chamber with a cube
magnet placed beneath. The distance between the magnet and the chamber was adjusted to

acquire different magnetic field strength.
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2.8 Supplemental Figures

Figure S2. 1. The effect of water on the cluster diameter. (a-c): TEM micrographs of the
iron oxide nanocrystal clusters synthesized using 100 mm FeCl3-6H20 + 7.2 m H>0, 100
mm FeCl3-6H20 + 0 m H20 and 100 mm anhydrous FeClz + 0 m H2O, as iron precursors,
respectively. The cluster sizes are 20 + 1 nm, 200 £ 20 nm and 800 + 100 nm, respectively.
The results show that the removal of the waters of hydration in iron chloride leads to a
much larger cluster size.

Figure S2. 2. High resolution transmission electron microscopy graphs of clusters with
different primary nanocrystal diameters. Scale bar: 20 nm. (a-f): Clusters with primary
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nanocrystal diameter of 4 nm, 5 nm, 6 nm, 7 nm, 8 nm, and 9 nm, respectively. The cluster
diameter of all these samples were around 50 nm. The primary nanocrystal diameter was
varied by changing the reaction temperature while other conditions remaining the same.
These samples were synthesized at 185, 200, 215, 230, 245 and 260 °C, respectively.

A

dp
6 nm 7 nm 8 nm 9 nm

5nm

4 nm

70nm 55nm 45nm 35nm 25nm

C

Figure S2. 3. Libraries of uniform magnetic nanoclusters with tunable dimensions.
Representative TEM micrographs of the library of multicore iron oxide nanoparticle
clusters with different cluster diameters (D¢) and primary nanocrystal diameters (dp).
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Figure S2. 4. The effect of reaction conditions on the dimensions of clusters (Dc) and
primary nanocrystals (dp). (a): the amount of FeCls-6H20; (b): polyacrylic acid (PAA);
(c): urea; (d): water; (e): reaction time; (f): temperature. Unless stated in the figure, other
reaction conditions are fixed at: 540 FeClz-:6H20, 0.6 mL H.0O, 250 mg PAA, 1,200 mg
urea and 20 mL ethylene glycol and heated at heated at 185 °C for 6 hours.
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Figure S2. 5. The specific surface area of the clusters with different cluster diameters
(D¢) and primary nanocrystal diameters (dp). (a): The clusters with different primary
nanocrystal diameters. The cluster diameters of these samples are around 70 nm; (b): The
clusters with different cluster diameters. The primary nanocrystal diameters of these
samples are around 6 nm. The dots represent surface area measured using the Brunauer-
Emmett-Teller adsorption method. The dotted line represents the theoretical surface area
of a solid, non-clustered iron oxide nanoparticle with no internal porosity.
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Figure S2. 6. The X-ray diffraction pattern of the iron oxide clusters. (a & c¢): Clusters
with different cluster diameters (Dc); (b and d): Clusters with different primary nanocrystal
diameters (dp). These samples are denoted as dp-Dc according to their cluster sizes and
primary nanocrystal sizes measured from TEM micrographs. The red and green vertical
bars indicate the peak positions and intensities of bulk magnetite (PDF#19-0629) and
maghemite (PDF#39-1346), respectively.
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Figure S2. 7. The Raman spectra of a typical sample of iron oxide clusters. The average
cluster diameter and primary nanocrystal diameter of the sample are 45 nm and 4 nm,
respectively. The peaks located at 607, 402, 291 cm™ obtained using laser 532 nm and
those at 670 and 312 cm™ obtained using laser 785 nm are the characteristic bands for
FesO4. The higher peaks at 1304 and 1266 cm™ indicate the presence of defects at the
surface of the clusters.
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Figure S2. 8. Magnetization curves of the iron oxide clusters. (a) The clusters with
different cluster diameters (Dc); (b) The clusters different primary nanocrystal diameters
(dp). These samples are denoted as dp-D¢ according to their cluster diameters and primary
nanocrystal diameters based on TEM measurement. The hysteresis loop was recorded from
10,000 to -10,000 oersted (Oe) at room temperature. The saturation magnetizations ranged
in (a) from 81.2 to 86.7 emu/g Fes0a, and in (b) from 78.7 to 86.7 emu/g Fes0a. (c) The
zoom panel recorded at low field from -300 to 300 Oe for sample 6-35, 6-45 and 6-55, with
an initial susceptibility of 30, 50 and 25, respectively. Only a negligible coercivity (13 Oe)
was observed for sample 6-55, indicating the superparamagnetic nature of these samples.
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Figure S2. 9. The selected area electron diffraction pattern of the iron oxide clusters
collected over a large area of particles. The cluster sample has an average cluster diameter
of 45 nm and primary nanocrystal diameter of 4 nm. The nearly continuous diffraction
rings suggest that the clusters assume random orientations in the TEM grid.
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Figure S2. 10. FTIR spectra of the clusters before (black) and after (red) surface
modification. The average diameters of clusters and primary nanocrystals are 45 nm and
4 nm, respectively. The FTIR spectrum demonstrates that clusters after modification with
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poly(acrylic acid-co-2-acrylamido-2-methyl-1-propane sulfonic acid) possess the expected
features. The FTIR spectrum of as-synthesized clusters is similar to that of poly(acrylic
acid), suggesting the clusters are coated with poly(acrylic acid). The FTIR spectra of
clusters after surface modification shows a peak assigned to sulfonated groups, indicating
the presence of Poly(AA-co-AMPS) on cluster surface.
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Figure S2. 11. Characterization of the poly(acrylic acid-co-2-acrylamido-2-methyl-1-
propane sulfonic acid). (a): The NMR spectrum of the as-synthesized Poly(AA-co-AMPS).
The result suggests the molar ratio between AA and AMPS is 1:1; (b): Refractive intensity
response of Poly(AA-co-AMPS) in HPLC, where the recorded value corresponding to the
vertex of the first visible peak between 7-12 min was taken as the retention time; (c):
Polystyrene sulfonates standard curve line with a 5™ degree exponential curve fitting. The
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retention time of the as-synthesized Poly(AA-co-AMPS) shows a weight average molecular
weight of 87,000 g/mol.
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Figure S2. 12. Conjugation of fluorescent molecules onto the clusters. (a, ¢, e & g): The
schematics description of the conjugation chemistry between clusters and EDANS,
Rhodamine B, FAM and Dil, respectively; (b, d, f, h): the fluorescence spectra of the
various fluorescent dyes. The dotted lines in the spectra represent the emission spectra of
the pure fluorescent dyes in water; the solid lines represent the emission spectra of the dyes
labeled cluster samples.
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Figure S2. 13. (a-c) The hydrodynamic sizes and PDIs of the clusters used for photonic
crystal in Figure 5d, with a cluster size of 100 nm, 120 nm, and 200 nm, respectively.
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Figure S2. 14. The inverse of T2 relaxation time of different cluster samples at various
concentration, consistent with the observation in phantom images (Figure 2.6 a). The

relaxivities are found from the slope of these curves and demonstrate that at intermediate
cluster dimensions the MRI T2 contrast is optimized.
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3. The Giant Susceptibility of Magnetic Nanocrystal Clusters

3.1 Abstract

The ability to image, move, and heat superparamagnetic nanomaterials at a distance using
magnetic fields has extraordinary value in biology and medicine. These opportunities
would be vastly expanded by materials with very large magnetic susceptibilities made from
safe constituents like iron oxide. Here we show how moderate exchange interactions
between oriented nanocrystals can lead to more sensitive superparamagnets, a phenomenon
we term giant susceptibility. Micromagnetic simulations illustrate how the fluctuations of
the magnetic moments of the nanocrystal clusters minimizes the energetic cost of
magnetization. The extraordinary sensitivity of these systems to magnetic fields enables
portable magnetic heating and rapid stem cell capture using toy magnetic letters. The
particles can also be applied in-vivo to eradicate solid tumors as well as improve the spatial

resolution of magnetic particle imaging.

3.2 Introduction

When crystalline iron oxide particles are sufficiently small, they are not magnetized unless
a strong enough external field is applied to overcome the thermal fluctuations of their
magnetic moments.[!l  This reversible and switchable magnetic behavior, known as
superparamagnetism, underpins diverse applications that move, image, and heat these
materials often in biological settings.?®! ranslation of these remarkable properties into
practical technology, however, is limited by the large external magnetic fields needed to
manipulate a particle’s magnetization.[’l This barrier could be overcome if the initial

magnetic susceptibility of these materials could be increased. Classic models for
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superparamagnetism describe how thermal energy and crystallographic anisotropy present
intrinsic barriers to the orientation of magnetic moments of nanoscale crystallites.®! This
framework leaves experimentalists with few options for creating more magnetically
susceptible iron oxide particles. Substituents such as manganese and zinc can be mixed
with iron oxide to form ferrites, and for a narrow range of compositions this strategy can
lower crystal anisotropy offering gains in magnetic heating and imaging performance.t® 1
However, ferrites are complex to manufacture and their toxicity profiles present challenges
for many biological applications.'> 12 New strategies for increasing the magnetic
sensitivity of superparamagnets made from earth-abundant, FDA-approved iron oxides

would thus be of great interest.

3.3 The structure and magnetic properties of clusters

Here we demonstrate how moderate exchange interactions between the magnetic moments,
or superspins, of iron oxide nanocrystals interacting in clusters can lead to substantial
enhancement of initial magnetic susceptibility. This work originated in our effort to prepare
diameter-controlled clusters consisting of oriented assemblies of tens to hundreds of
superparamagnetic nanocrystals.*3l We expected some level of exchange interaction
between the individual, sub-10 nm elements of these clusters given their shared
crystallographic interfaces. Exchange interactions between magnetic materials can exert a
powerful influence on the their magnetic properties leading to a plethora of interesting
magnetic phenomena.[*4?% Exchange-coupled core-shell particles, for example, containing
soft magnetic cores and hard magnetic shells exhibit tunable remanence quite different
from each individual component.[?*] We reasoned that if superparamagnetic nanocrystals

were coupled through exchange interactions, as might be expected in our oriented
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assemblies, then superspin alignment would be promoted with a resulting increase in their
magnetic susceptibility (Figure 3.1). This approach is tricky to implement as it requires
moderate interparticle exchange energies. If the individual nanocrystal’s exchange
interactions are too large, then nanocrystal assemblies could revert to blocked single
domain states. If the nanocrystal exchange interactions are too weak, then systems would
behave as non-interacting magnetic superparamagnets well described by the classical

model referenced above.

2t i @

No exchange Moderate exchange High exchange

Figure 3. 1. Tailoring the magnetization of magnetic nanocrystals via changing the level
of exchange interaction. Magnetic nanocrystals (red) possess magnetic moments (blue)
reflecting the contributions from the underlying atomic magnetic moments in the crystalline
iron oxide lattice. Isolated particles behave independently (left) and their magnetic
moments, arising from their superspins, are not aligned. With moderate exchange
interactions (middle) brought about by shared interfaces, adjacent superspins are aligned
but not perfectly. Under conditions of high exchange coupling (right), crystallites are
effectively joined into one lattice and act as a single monocrystalline material.

To realize an intermediate level of particle-particle interaction, we rely on the shared
interfaces of nanocrystals bound together in what we term moderately exchange-coupled
magnetic clusters (MECMags). We limited our study here to pure iron oxide as it is
relatively inexpensive, approved by the FDA in particle forms for clinical applications, and
amenable to large scale manufacturing.!?!! Clusters can be conceptualized as incomplete
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single crystals formed from the oriented aggregation of nanocrystals that, because of
imperfect packing, have some porosity (Figure 3.2 a and Figure S3.1). They are described
dimensionally by both an overall cluster diameter (D¢) and a primary nanocrystal size (dp).
Such assemblies, sometimes referred to as magnetic multicores or nanoflowers, can be
generated through hydrolysis of iron salts in solvothermal reactors.[** 22 281 \We adapted
this synthesis to form gram-quantities of products that are colloidally stable, with
reasonable uniformity in cluster diameter (¢ < 10%), containing tens to thousands of
primary nanocrystals in clusters ranging from 20 to 200 nm in diameter (Figure S3.2).1%
Their compact structure and porous morphology can be resolved by electron microscopy,
and quantified by surface area measurements (Figure 3.2 ¢, d, g and h). For comparison we
also generated isolated nanocrystals of iron oxide that are not assembled through the high
temperature thermal decomposition of iron carboxylates. These reactions yield very

uniform (o < 5%) and non-aggregating crystallites (Figure 3.2 b and Figure S3.5).[2%!
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Figure 3. 2. Characterization of Moderately exchange-coupled magnetic nanocrystal
clusters. (a) Nanocrystal clusters (Red) are coated with polyacrylate (green) and
colloidally stable in aqueous solution. The inset shows an aqueous solution of clusters.

(Middle) A cluster is composed of hundreds of smaller nanocrystals that share
crystallographic boundaries. The nanocrystals are not close-packed and the sample
overall diffracts much like a single crystal. (Right) Two neighboring primary nanocrystal
within a cluster. The primary nanocrystals within a cluster assume the same
crystallographic orientation and share boundaries, giving rising to exchange interactions.

(b) Transmission electron micrograph of isolated iron oxide nanocrystals which serve as
controls in much of this work. Scale bar = 20 nm. (c) An example transmission electron
micrograph of clusters of diameter 90 nm =+ 8.1 nm. (d) High magnification TEM
micrograph shows each cluster is composed of many primary particles. (e) High resolution
TEM image shows the crystalline lattice of a cluster. Its crystallites, here roughly 9 nm in
dimension, possess aligned crystallographic axes. (f) Electron diffraction from a single
cluster reveals well defined spots illustrating the crystallographic orientation of
neighboring primary nanocrystals extends through the entire cluster. (g) Focused ion beam
milling followed by scanning electron microscopy reveals that the internal structure of the
clusters is not a dense compact but has some porosity. (h) Nitrogen isotherm measurements
of the surface areas of dried cluster powders shows that the overall surface area depends
not on cluster diameter (blue, d, = 5 nm) but rather on primary particle diameter (red,
D.=60 nm). The dashed lines are calculated surface areas assuming no contact between
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primary particles (orange) or a completely consolidated monocrystal (blue). (i) The
dimensions of clusters calculated from powder X-ray diffraction patterns as a function of
both primary nanocrystals and cluster dimension.

Electron diffraction of the clusters illustrates that the individual crystallites have aligned
crystallographic axes (Figure 3.2 f) well described by the magnetite (FesO4) phase of iron
oxide. The clusters can under some circumstance form through the oriented attachment of
primary magnetite yielding well-defined and uniform assemblies.[** 22 21 Most important
for this work is the crystallographic alignment of the tens to hundreds of nanocrystals
within the clusters. This is most apparent in the spot-like electron diffraction from one
nanocluster (Figure 3.2 f) which demonstrates the materials are well approximated by a
nearly perfect single crystal of magnetite. Our observation of single-crystal like structure
in this class of materials is not new and has been noted by a few others.?> These assemblies
are single crystals, but they are not perfect crystals. The diffraction spots from individual
clusters show some degree of smearing indicating that the registry of the primary
nanocrystals may not be perfect within individual clusters. The clusters appear as relatively
compact aggregates with irregular surfaces (Figure 3.2 ¢ and d). The FIB-SEM (Figure 3.2
g) suggests an internal structure with some porosity as would be expected from packed

primary particles.

Even though the clusters are single crystals, they possess large surface areas reflecting the
substantial internal porosity present within each cluster. Figure 3.2 h shows the surface
area of dried cluster powders as a function of cluster diameter (D.) for a fixed primary
nanocrystal size (dp). Over many samples the surface area is greater than that expected

from fully densified nanocrystal aggregate. Moreover, the external diameter of the cluster
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has no impact on the measured surface areas illustrating that some of the internal interfaces
of the primary nanocrystals are not shared with neighboring particles (Figure 3.2 h).
Notably as the primary nanocrystal dimension decreases in different samples, the surface
area increases (Figure 3.2 h) further illustrating the accessibility of the internal interfaces
of primary particles. Not all interfaces are available, however, as measured surface areas
are roughly half what would be expected for isolated particles. Electron microscopy reveals
that the primary particles contact their neighbors through hard interfaces (Figure 3.2 d and
e and Figure S3.3) lowering the available internal surface for gas adsorption. Aggregative
growth of clusters in this solvothermal reaction is self-limiting yielding uniform assemblies
that themselves are non-aggregating in various suspensions. These materials have
polyacrylate coatings which can be further modified yielding suspensions in water or in
other biologically relevant media that remain uniform with no nanocluster-nanocluster
aggregation or sedimentation (Figure S3.4).131 Solid samples can be recovered from these
suspensions and dispersed into a non-magnetic matrix. This format that allows their
magnetic properties to be evaluated in the absence of cluster rotation and inter-assembly

interactions.[?°]

At room temperature the clusters with cluster diameters under 45 nm are superparamagnets
with a magnetization that increases with increasing field strength until the samples are
completely magnetized (Figure 3.3 a and Figure S3.6). The saturation magnetizations of
clusters larger than 40 nm are within 20% of that expected for bulk magnetite (92 emu/g)
confirming their excellent crystallinity.?” In this work we are concerned with the behavior
at very low applied fields (inset of Figure 3.3 a). For smaller cluster assemblies, the absence

of remanent magnetization is consistent with superparamagnetic behavior; we confirmed

93



this classification with temperature-dependent field cooling studies (Figure 3.3 c). Room
temperature remanent magnetization for this morphology was observed only for clusters
larger than 45 nm followed by increasing coercivity (Hc) with increasing cluster diameter
(Figure 3.3 b and Table S3.4). This observation, along with ZFC-FC curves (Figure 3.3 ¢),
identifies the transition from superparamagnetic to blocked single domain magnetic
behavior occurs between 40 and 45 nm cluster diameter with little dependence on the
primary nanocrystal dimensions. We also characterized isolated nanocrystals and found
superparamagnetic behavior under these experimental conditions only for nanocrystals
under 18 nm in diameter (Table S3.3). As compared to isolated nanoparticles, the clusters
retain their superparamagnetic behavior up to much larger cluster dimensions. While this
may be the first report of systematic size-dependent trends in magnetic assemblies of this
type, others have commented that aggregated nanocrystals may exhibit superparamagnetic
characteristics up to dimensions much larger than that expected from studies of isolated

nanoparticles (Figure 3.3 b).[22 23 25

The behavior of these materials at large applied magnetic fields varies only slightly with
sample morphology and dimension, but at the small magnetic fields of interest here there
are profound differences in the initial magnetic susceptibility of the different samples. Here
we define the initial magnetic susceptibility () as the slope of the magnetization versus
applied field (Figure 3.3 d) near zero applied field. The behavior of the magnetization curve
in this low field limit is linear, as expected, and susceptibility could be easily extracted.
We observe that the initial magnetic susceptibility is larger for assemblies of nanocrystals
than for isolated nanocrystals. Within each morphology, though, susceptibility increases

and then decreases with dimension (Figure S3.10). This is shown clearly in Figure 3.3 e
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which compares the initial magnetic susceptibility across sample morphologies and
diameters. Interestingly for both isolated nanoparticles and clusters, once samples are large
enough to exhibit measurable coercivity (Figure 3.3 b and e, 20 nm for isolated
nanoparticles or 45 nm for clusters) their initial susceptibility falls substantially as their

dimensions increase.
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Figure 3. 3. Magnetic properties of both iron oxide nanoparticles and clusters with
different dimensions. (a) Hysteresis loop of isolated nanoparticles and clusters with
different dimensions. The primary nanocrystal size for the clusters is 5 nm. (b) Coercivity
of isolated nanoparticles and clusters with different dimensions measured at room
temperature. The isolated nanoparticles and clusters exhibit coercivities when they are
larger than 18 nm and 45 nm, respectively. The coercivity of isolated nanocrystals and
clusters increases with their dimensions. Isolated nanoparticles show much higher
coercivities than clusters. (c) Zero-field-cooled magnetization curves of isolated
nanoparticles and clusters with different dimensions. The curves were scanned from 5 to
375 K with a magnetic field of 50 Oe. Full FC-ZFC data can be found in supplemental
Figure §3.8. (d) Initial magnetization curve of isolated nanoparticles and clusters with
different dimensions. (e) Initial susceptibility of isolated nanoparticles and clusters with
different dimensions. (f) Activation volume of clusters with different diameters by magnetic
relaxation measurement. All the nanomaterials are dispersed in a matrix of calcium sulfate
at 0.5% ww% for magnetic characterizations. The concentration of iron oxide is
determined using ICP-AES.
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A striking feature of Figure 3.2 e is that the susceptibility of these assemblies is optimized
for 45 nm clusters containing roughly four hundred individual nanocrystals. We term this
behavior giant susceptibility defined here as an initial susceptibility an order of magnitude
higher than average iron oxide bulk materials. This phenomenon was in part anticipated,
but not named, decades ago by Bean et al who postulated that the susceptibility of perfect
superparamagnets should increase with their volume; today the Langevin equation used to
describe the magnetization of superparamagnets explicitly captures this relationship.?®!
This is the first time to our knowledge that this trend has been confirmed over a wide range
of dimensions although Lartigue et al used the relationship to calculate effective magnetic
moments in multicore clusters similar to these.l?s! Our results show that the magnetic
susceptibility of these materials is roughly proportional to particle volume for both isolated
superparamagnetic nanoparticles and assembled clusters (Figure 3.3 €). The unexpected
finding in these results is that clustered materials retain their superparamagnetic properties
up to larger cluster dimensions, and with greater susceptibilities, than the isolated
nanocrystals. Because clusters are comprised of tens to hundreds of smaller crystallites
with many shared boundaries, exchange interactions between them will be an important
contribution to their magnetic behavior.[?®! We confirmed that nanocrystal-nanocrystal
exchange interactions exist in these samples using a magnetic relaxation measurement
technique (Figure 3.3 f and Figure S3.7). This measurement allows for the measure of the
activation volume of a sample which for a 35 nm diameter assembly was 11,000 nm2. This
activation volume increases with assembly dimension confirming some degree of exchange

coupling exists between the primary nanocrystals in the clusters.[% 34
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3.4 Micromagnetic simulations on the clusters
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Figure 3. 4. Monte Carlo simulation on the magnetic properties of iron oxide clusters.
(a) The schematic illustration of clusters of different diameters. (b) The magnetization
curves of iron oxide clusters with different diameters. Jo;=0.6 kcal/mole. (c) The
susceptibility of iron oxide clusters and isolated nanoparticles with different dimensions.
(d) The effective magnetic moment and anisotropy energy barrier of iron oxide Clusters
and nanocrystals with different diameters. (e) The magnetization curves of iron oxide
clusters with different exchange constant. D. =42 nm. (F) The susceptibility of iron oxide
clusters with different exchange constant. (g) The effective magnetic moment and
anisotropy energy barrier of iron oxide clusters with different exchange constants. (h) Spin
configuration of the iron oxide clusters with different exchange constants. (i) Angular
distributions of the spins within the clusters of different exchange constants. D. = 42 nm.
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To gain insight into these experimental observations, we have performed micromagnetic
simulations of the systems using a Monte Carlo method that adjusts sampling to capture
kinetically trapped blocked states. The simulated assemblies consist of tens to hundreds of
individual nanocrystals organized into closely packed spherical clusters (Figure 3.4 a). A
local spin approximation is used for each nanocrystal and it sets the magnetic dipole
moment, or superspin of each nanocrystal, to a magnitude defined by the collective atomic
spins contained in the entire assembly, or global superspin.*2l Each superspin interacts with
the crystal lattice of iron oxide through magnetic anisotropy, with the external field through
the Zeeman coupling, and with other superspins through dipolar and exchange couplings
between neighboring nanocrystals.*?l Exchange interactions can only exist between
neighboring particles whose atomic orbitals are within a few angstroms of each other.[?% I
As is clear in Figure 3.2, some portion of the nanocrystal surfaces within the assemblies
are bound to their neighbors creating a possibility for exchange interactions, and this was
confirmed by the relaxation measurement of the activation volume (Figure 3.3 f and Figure

$3.11).

To explore how exchange interactions between neighboring primary particles may affect
the initial magnetic susceptibility of the cluster, the particle-particle exchange interactions
are parametrized by an effective exchange constant, Jetr. We conceptually relate this
parameter to the extent of hard aggregation in a cluster. Isolated nanocrystals with no
shared boundaries would have a Jest = 0 while a cluster consisting of completely fused
nanocrystals and no internal porosity is assigned a Jess = 2 kcal/mole. At this limit we should
recover the behavior of a larger, isolated single crystal given that each solid nanocrystal is

completely exchange coupled to its neighbors. We expect that the clusters studied here
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would fall in between these two limits and achieve the best agreement with experimental
data for a moderate exchange coupling of Jefr = 0.6 kcal/mole. Figure 3.4 b shows the
simulation of magnetization in these systems. It increases with the applied field and
saturates at a value equivalent to the bulk material. These moderately exchange-coupled
smaller clusters are superparamagnetic with no notable remanence for diameters less than
45 nm. As we increase the number of interacting nanocrystals, however, the materials
develop large magnetic moments unable to spontaneously reorient, leading to blocked
single domain states. The size-dependence of the initial susceptibility for clusters is in good
agreement with experimental results (Figure 3. 4 ¢ and e). This is also true for
micromagnetic simulations of isolated nanoparticles, which transition from
superparamagnetic to blocked single-domain states at around 18 nm diameter (Figure

S3.13). This limits their maximum susceptibility compared to aggregated nanocrystals.

To understand better the superparamagnetic behavior of larger clusters, we simulate how
the magnetic properties of fixed-size (42 nm) clusters depends on the exchange coupling,
Jerr between the individual subunits. When Jetr is small, the magnetic superspins of
neighboring nanocrystals do not align (Figure 3.4 e and f). The cluster doesn’t develop
global particle superspins, and therefore has a low susceptibility. As Jess IS increased,
primary nanocrystals have a greater tendency to align their moments into a global superspin
that remains in a superparamagnetic state (Figure S3.12). Accordingly, the susceptibility
increases with Jets and peaks at what we term to be ‘moderate’ exchange coupling. Further
increasing Jerr, however, makes the global superspin rigid in orientation, leading to lower
magnetic susceptibilities. In this blocked state, the individual superspins within the cluster

are strongly correlated. Their reorientation requires that they pass coherently over a large
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energetic barrier defined by the crystalline anisotropy of the particle lattices, creating a

significant obstacle to magnetic dipole alignment at low applied fields.

Our simulations can illustrate the dynamics of spin reorientation in these assemblies which
help us understand how moderate exchange coupling lowers the barriers to global
superspin reorientation. With no exchange coupling, or Jett = 0, the nanocrystal superspins
are not aligned (zero net magnetic moment), as shown in Figure 3.4 h and i, and the system
has a small susceptibility. At moderate exchange coupling, Jett = 0.6 kcal/mole, the
superspins become partially correlated, leading to coherence in the dynamics of the global
superspin. This global superspin can relatively easily overcome the anisotropy energy
barrier because its constituent superspins do not reorient at the same time. This minimizes
the energetic barriers and results in a large initial susceptibility. For the increased exchange
coupling, Jett = 2 kcal/mole, the superspins are nearly aligned and move coherently in
response to applied fields (Figure S3.14). Now the global superspin is locked, or rather
blocked, and unable at low applied fields to reorient its large magnetic moment against the
magnetic anisotropy barrier of the crystal lattice. The mutual coherence of individual
nanocrystal superspins persists in the presence of external fields and the dynamics illustrate
the relative coherence of reorienting spins in these assemblies. Moderate exchange
coupling provides some coherence to the overall alignment of superspins, but when they
are reorienting, it allows for less coherence among their dynamic changes, and as a result

a smaller initial magnetic susceptibility.

We can extract the effective energetic barriers for rotation of the global superspin in the
clusters (Figure S3.15) by simulating the zero-field cooling curves (ZFC) of our model

systems. This analysis gives us the ability to calculate the energetic barriers and the net
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effective magnetic moment of the global superspin as assemblies are reorienting. Figures
3.4 d and g illustrate how the effective crystal anisotropy energy barriers and the global
dipole moments depend on the diameters of clusters and the degree of their exchange
coupling. Figure 3.4 d shows that as the cluster sizes increase, for moderate exchange
coupling of Jest = 0.6 kcal/mole, the global moment .t increases with the cluster volume.
It remains smaller than in solid particles of similar sizes because of a partial misalignment
of particle superspins in the clusters (Figure 3.4 h). Figure 3.4 g reveals the formation of
global superspins with moments p as the effective exchange coupling in the clusters (42
nm) is changed within Jets between 0 to 5 kcal/mole. At moderate exchange coupling of Jest
between 0.5 to 1 kcal/mole, the global superspin is developed and its magnitude is only
slightly reduced from what would be expected in a bulk particle of similar diameter, as
shown in Figure 3.4 d. These results underline that tuning the exchange coupling between
nanocrystals can trade off against the physical dimensions of their assemblies: both features
can be used to optimize the overall susceptibility (Figure S3.16). While the simulations can
help explain the qualitative trends observed in the susceptibility results, they predict an
initial magnetic susceptibility two times larger than what we measured in our 45 nm
diameter Clusters. These results suggest that imperfections in the experimental materials
are present. We may be able to further increase assembly susceptibility through
manipulation of their exchange constants, or alternatively improvement in the

crystallographic alignment of the individual nanocrystals across the entire cluster.

Even though we may not have reached the theoretical limit of giant susceptibility, we
anticipate that the gains we have realized would still be valuable to technologies that seek

to heat, image, and move magnetic materials. We first confirm the size- and morphology-
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dependent susceptibility trends found in solid samples are also present, and larger, in the
dilute aqueous suspensions relevant for applications (Figure S3.10). The initial DC
susceptibilities of clusters in liquids are over 400, compared to 90 in the solid state. This is
not surprising as cluster rotation and field-induced aggregation can both lead to
enhancements in DC susceptibility.?8] Also important is that our prior analysis centered on
DC susceptibility, yet for applications in heating and imaging the applied magnetic field is
alternating up to about a kilohertz. We elected not to present a full characterization of the
frequency dependent behavior as DC and AC susceptibilities are well known to be related.
At frequencies below a MHz in water, for example, we expect a linear relationship between

DC and the relevant AC susceptibility.*

3.5 The biomedical applications of clusters

We find that gains in the initial DC magnetic susceptibility of these materials translates
into improved magnetic nanoparticle heating. Magnetothermal heating can be applied to
problems as diverse as cancer treatment and brain stimulation as magnetically labelled
tissues, cells, or sub-cellular structures can be heated selectively in a non-invasive
manner.[* & 20351 This efficiency of this process is frequently quantified by the specific
absorption rate (SAR) and we show in Figure 3.5 c that the SAR of these assemblies tracks
their initial DC susceptibility.[*! Magnetic heating is not a simple technology to implement
as the production of magnetic fields large enough to ensure meaningful heating requires
high wattage power sources, cumbersome metal coils, and efficient cooling systems.E71 We
reason the magnetic field application would be greatly simplified using highly susceptible
clusters and permit new approaches to applying magnetic fields. As an example, these

highly susceptible nanomaterials could be readily heated by fringe fields located on top of
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electromagnetic coils obviating the need to place samples inside of narrow bore coils
(Figure S3.17). We have also designed and applied a compact, portable, battery-operated
device capable of heating a solution of highly susceptible clusters by 6 degrees with
exceedingly low fields (Figure 3.5 a and b, H = 3.2 kA/m or 40 Oe, f = 130 kHz). We have
applied these portable devices inside of tissue culture incubators, demonstrating
magnetothermal destruction of HeLa cells only when highly susceptible clusters are present
(Figure 3.5 d and Figure S3.18). Clusters of other sizes as well as isolated magnetic

nanoparticles have no measurable biological effects under portable magnetothermal

heating conditions.
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Figure 3. 5. Clusters are much more effective in applications that use external magnetic
fields to heat, move or image. (a-d) Clusters make wearable/portable magnetic heating
device possible. (a) Photograph of the of the battery-operated magnetic hyperthermia
system portable magnetic heating device powered by batteries. (b) Heating profile of iron
oxide clusters or nanoparticles solutions in the battery-operated magnetic hyperthermia
system (H = 3.2 kA/m, f = 130 kHz). The concentration of iron in the solution is 4 mg/mL.
(c) SAR and initial susceptibility of the clusters as the functions of the cluster diameters.
The change of SAR and initial susceptibility of the clusters with diameter show similar
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trends, suggesting the SAR of clusters is related to their initial susceptibility. (d) Cell killing
effect of the clusters and nanoparticles in the battery-operated magnetic hyperthermia
system. Results show that clusters are much more efficient than nanoparticles in killing
tumor cells. Hela cells were used as an example. (e-h) Clusters enables the elimination of
tumors in mice using iron oxide nanomaterials under clinically relevant alternating
magnetic field. (e) Infrared thermal images of tumor-bearing mice after treatments with
clusters and nanoparticles. (f) The change of tumor volume with time after intratumoral
injection of 60 uL of iron oxide nanoparticles or clusters solution (7.5 mg Fe/mL) and
treatment for 1 hour under AMF (9.35 kA/m, 325 kHz). (g) Photographs of excised tumors
at the end point for different treatment groups. (h) Weights of excised tumors at the end
point for different treatment groups. (i-j) Clusters as the tracer of magnetic particle
imaging (MPI). (i) MPI projection images using iron oxide clusters or nanoparticles. (j)
The MPI graph of a mouse using iron oxide clusters as the tracer. (k-1) Magnetic targeting
of cells. (k) Fluorescent image of human mesenchymal stem cells loaded with clusters; blue,
nuclei; green, lysosome; red, Dil-clusters. The image shows that the clusters were localized
in the lysosome of cells. (I) Fluorescent images of MSCs loaded with iron oxide
nanoparticles or clusters attracted by a magnetic letter. The magnetic field strength is
smaller than 5 mT. The cells were labeled with dil. Top, MSCs loaded with clusters (38 nm)
Bottom, MSCs loaded with isolated nanocrystals (15 nm). The results show that clusters
are much more efficient than nanocrystals in magnetic targeting of cells.

The robust colloidal stability of the clusters makes them suitable for many biomedical
applications. Figure 3.5 illustrates how a clinically safe alternating magnetic field could be
used to completely eradicate tumors in mice treated with highly susceptible clusters.
Magnetic hyperthermia is difficult to achieve in-vivo given the larger working distances,
and subsequently lower external field strengths, available to interact with magnetic
nanoparticles. As a result, magnetothermal ablation of tumors in rodent models has
required either that researchers use ferrite nanomaterials or apply clinically unsafe fields.">
38. 391 We determined the anti-tumor efficacy of clusters using C57BL/6N mice with
subcutaneous MC-38 tumors as a model. When the tumor volume reached ~200 mm?, the
mice received an intratumoral injection of isolated nanoparticles or clusters suspended in
saline. The mice were then treated for one hour under an alternating magnetic field of
H=9.35 kA/m (117 Oe) and /=325 kHz. The tumor temperature was increased to 50 °C and
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40 °C by clusters and nanoparticles, respectively (Figure 3.5 e and Figure S3.19). The
hematoxylin and eosin (H&E) stained tumor sections show clusters exhibited much more
significant tumor tissue damage than isolated nanoparticles (Figure S3.20 a). Mice treated
with highly susceptible clusters had complete eradication of their tumors compared to a
sham control and those treated with isolated nanoparticles (Figure 3.5, f-h). The body
weight and the major organs of the mice did not show noticeable change after treatment,
suggesting the safety of the treatment (Figure S3.20 b and Figure S3.21). While more
expansive toxicology work would of course be required for further development, we note
that the FDA currently approves nine different formulations of iron oxide particles as MRI

imaging agents several of which have morphologies comparable to those of the clusters.!!]

Supersusceptible magnetic clusters are also effective as tracers in magnetic particle
imaging (MPI). MPI is a background-free method for detecting magnetic material in bulk
samples through local changes in material magnetization induced by applied fields
typically operating in the kilohertz range.? %1 One obstacle for the clinical application of
MPI is its low spatial resolution. Linear response models for the MPI imaging process
predict that tracers with greater magnetic susceptibility should be more detectable, and this
advantage can be used to improve the spatial imaging of biological samples.[“% 41 Qur
experimental results qualitatively confirmed this prediction (Figure S3.23) and show the
FWHM of the MPI point spread function is optimized for clusters with dimensions between
35 and 45 nm. Shown in Figure S3.23 is the MPI point spread function (PSF) and the spatial
resolution as found from the PSF. Resolution improves with particle susceptibility and
samples with the largest susceptibility offer spatial resolution two times better than that

found with the commercial MPI tracer Vivotrax™ (Figure 3.5 i). The improved
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performance of the highly susceptible particles was also observed in-vivo (Figure 3.5 j)

where bolus injections resulted in rapid liver clearance in rodent models.

Finally, we explore how the giant susceptibility of the clusters could enable the magnetic
capture of cells using very low magnetic fields. Capture of various cells with magnetic
nanomaterials is important for many in vitro and in vivo applications and the purification
of stem cells has received recent attention in this regard. 4> %31 These separations are
limited by the need to generate large magnetic fields in order to affect rapid separations.
41 Stem cells incubated with clusters could readily take up these materials within 2 hours
(Figure 3.5 k and Figure S3.24). Once labelled, the cells can be captured using extremely
low magnetic fields (< 5 mT or 4 kKA/m) such as those found in the inexpensive magnetic
composites used in toy magnet letters. Clusters or isolated nanoparticles were loaded into
human mesenchymal stem cells with 1 pg Fe/cell by co-incubation with the materials
(Figure 3.5 k). Notably no cytotoxicity was observed for the clusters (Figure S3.25). Cell
culture plates were then placed on top of a 1 cm “A” magnetic letter. Within 15 minutes
red fluorescence from the labelled stem cells was apparent on the outline of the letter for
samples preincubated with highly susceptible clusters whereas virtually no cells were

observed for samples exposed to isolated nanoparticles (Figure 3.5 I).

3.6 Conclusion

Magnetic susceptibility exhibits a striking size-dependence in both isolated nanoparticles
and clustered assemblies of iron oxide nanocrystals; it is optimized in the largest volume
superparamagnetic materials and falls dramatically once blocked single domain behavior
develops. For cluster dimensions of approximately 40 nm, the initial magnetic

susceptibility is an order of magnitude larger than smaller clusters and isolated nanocrystals.
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We term these systems “giant susceptibility”. A similar size-dependence was observed for
isolated iron oxide nanoparticles although the optimized susceptibility was much lower and
peaked at smaller dimensions. Micromagnetic simulations of these aggregates illustrate the
importance of moderate exchange coupling between primary particles in clustered
materials; because of this interaction these aggregates remain superparamagnetic up to a
larger volume than isolated nanocrystals yielding larger susceptibilities. These highly
susceptible clusters have superior properties in both magnetic capture, magnetic particle
imaging as well as for magnetic heating applications. Their exquisite sensitivity to applied
fields makes it possible to apply portable, battery-operated devices to the inductive heating
of biological materials as well as inexpensive refrigerator magnets to the capture of live

cells containing the particles.

3.7 Experimental and Simulation

The in vitro and vivo studies of the clusters were performed by Dr. Qingbo Zhang and Dr.
Linlin Zhang from Rice University. The Monte Carlo (MC) simulations of our materials
were performed by Dr. Sanoj Raj and Prof. Petr Kral from University of Illinois, Chicago.
The magnetic particle imaging studies were performed by Dr. Benjamin Fellows, Chinmoy
Saayujya, Dr. Prashant Chandrasekharan and Prof. Steven Conolly from University of

California, Berkeley.

3.7.1. Nanomaterial preparation

Materials and Reagents. Iron acetylacetonate (Fe(acac)s 99%), oleic acid (technical grade,
90%), benzyl ether (98%), triethylenetetramine (>97%), hydroxylamine HCI, sodium

hydroxide, calcium sulfate hemihydrate (>97%), Ethylene glycol (anhydrous, 99.8%),
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Iron(I1l) Chloride Hexahydrate (FeCls-6H2.0, ACS reagent, 97%), Urea (ACS reagent,
99.0%), Azobisisobutyronitrile (AIBN, 98%), Acrylic acid (anhydrous, contains 200 ppm
MEHQ as inhibitor, 99%), 2-Acrylamido-2-methylpropane sulfonic acid (AMPS, 99%),
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
>909.9%), 3,4-dihydroxyphenethylamine hydrochloride (Dopamine), methoxypolyethylene
glycol amine (PEG-NH., Mw = 5,000), Poly(maleic anhydride-alt-1-octadecene) (PMAO,
Mw = 30,000), triethylamine, iron standard solution (Fe(NOz)3 in HNO3 0.5 mol/L, 1000
mg/L Fe) Certipur®, 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid
monosodium salt hydrate (FerroZine™ Iron Reagent), ammonium acetate (for molecular
biology, >98%),  hydroxylamine hydrochloride (99.995% trace metals basis),
poly(ethylene glycol) methyl ether methacrylate (Mw = 500), and sodium nitrite (ACS
reagent, >97.0%) were purchased from Sigma-Aldrich. Polyacrylic acid sodium salt (PAA,
Mw = ~6,000) was from Polyscience Inc. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), sulfuric acid (ACS grade, 98%), hydrochloric acid (ACS grade, 37%)
and hydrogen peroxide (30%) were purchased from Fisher Scientific. 1,2-Distearoyl-
snglycero-3-phosphoethanolamine-N [methoxy(polyethylene glycol)-2000] (ammonium
salt) (DSPE-PEG2000) were purchased from Avanti Polar Lipids. All the chemicals were

used as received.

The synthesis of the clusters with various cluster diameters and primary nanocrystal

diameters and their surface functionalization with polysulfonate can be found in Chapter 2.

Synthesis of Isolated iron oxide nanoparticles. Isolated iron oxide nanoparticles are
prepared by thermal decomposition of iron precursor. In a typical synthesis of 5 nm

nanoparticles in diameter, iron acetylacetonate (12 mmol), 1,2-tetradecanediol (60 mmol),
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oleic acid (72 mmol), oleylamine (72 mmol), and benzyl ether (60 mL) are mixed in a
round-bottom flask and heated at 100 °C for 1 hour under vacuum. Then, the temperature
of the solution is increased to 200 °C and maintained for 2 hours with argon flow. Finally,
the temperature of the reaction mixture is increased to 300 °C and maintained for 1 hour.
The temperature ramping rate is set at 5°C/min. The synthesized nanocrystals are purified
by repeated precipitation with ethanol and dispersion with toluene. Larger iron oxide
nanocrystals could be synthesized by seeded growth from the 5 nm nanocrystals or varying
the concentration of the reactants and temperature of the synthesis. The as-synthesized iron

oxide nanoparticles are coated with oleic acid and are dispersed in toluene.

Phase transfer of iron oxide nanoparticles to water. The isolated iron oxide nanoparticles
are transferred into water by coating the nanocrystals with poly(ethylene glycol). In brief,
toluene solution of iron oxide nanocrystals (2 mg/mL, 10 mL) and chloroform solution of
DSPE-PEG (4 mg/mL, 10 mL) are mixed in a round bottom flask under magnetic stirring.
40 mL DMSO is added to the mixture at a rate of 1 mL/min using a syringe pump. Then
the toluene and chloroform are removed using a rotvap. 32 mL deionized water is then
slowly added to the solution using a syringe pump. DMSO is removed through using a
centrifugal filter (Vivaspin 20, 100 kDa). Free DSPE-PEG in the solution is further
removed through ultracentrifugation. The product is washed 3 times using water. Finally,
the solution is passed through a 0.2 um syringe filter to remove the aggregates. The iron

oxide nanoparticles are finally coated with PEG and dispersed in water.
3.7.2. Structural characterizations

Transmission Electron Microscopy (TEM). TEM micrographs, high resolution TEM

(HRTEM) micrographs, and selected area electron diffraction (SAED) patterns of the
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samples are acquired using a JEOL 2100 Field Emission Gun Transmission Electron
Microscope at an acceleration voltage of 200 kV. The samples are prepared by evaporating
3 uL of nanocrystal solution with a concentration of around 0.3 mg/mL on a 300-mesh
carbon-coated copper grid. The diameters of clusters and primary particles are obtained by

counting more than 500 clusters using the software of ImagelJ.

Scanning Electron Microscopy (SEM). The SEM images of the clusters are acquired on a
LEO 1530 SEM operating at an acceleration voltage of 20 kV. To prepare the SEM sample,
0.1 mL 5 mg/mL cluster solution is dropped on the SEM sample holder with a carbon

conductive tab (9 mm) on top. The solution is dried overnight at room temperature.

Focused lon Beam- Scanning Electron Microscopy (FIB-SEM). The FIB-SEM images of
the clusters are acquired on a Helios 5 DualBeam Focused lon Beam- Scanning Electron
Microscopy. The sample is prepared using the same method as the SEM samples. The

operating voltage of the primary beam of electrons is 15 kV.

Dynamic light scattering (DLS). The hydrodynamic diameter of the iron oxide nanocrystals
is measured using a Malvern ZEN-3600 Zetasizer Equipped with a HeNe 633 nm laser
(Malvern, UK) at 25 °C. To perform the measurement, 1.5 mL of the nanocrystal solution
with a concentration of 0.1 mg/mL is placed in a plastic cuvette. The average size is

obtained over three measurements for each sample.

Surface area analysis. The surface area of the clusters is measured using a Quantachrome
Autosorb-iQ3-MP/Kr Brunauer—Emmett—Teller (BET) surface analyzer. N2 isotherms is

measured at 77K. The clusters are magnetically collected from the solution and dried at
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60°C overnight. Prior to the measurement, the clusters powder is outgassed overnight under

vacuum at 200°C.

Inductively coupled plasma atomic emission spectroscope (ICP-AES). The concentration
of iron in the solution is measured using an inductively coupled plasma atomic emission
spectroscope (ICP-AES) equipped with an auto sampler (Perkin-Elmer). The samples are
prepared by digestion of iron oxide nanocrystals using hydrochloric acid and H20,. 0.1 mL
of sample is mixed with 0.89 mL of HCI and 0.01 mL of H20.. The solution gradually
becomes clear and turns yellow with the digestion of iron oxide. The resulting solution is

then transferred to a 10 mL volumetric flask and diluted to 10 mL using pure water.
3.7.3. Magnetic characterizations

The initial magnetization curve and hysteresis loop of the iron oxide nanocrystals are
measured using a vibrating-sample magnetometer (Lake Shore 7400 Series VSM). The
magnetic properties of the samples in the form of solid are measured in a capsule. The
nanocrystals are dispersed in a solid matrix of calcium sulfate with the volume ratio of
1:300 to prevent the movement of nanocrystals and minimize the dipole-dipole interactions
between nanocrystals. To measure the magnetic properties of the iron oxide nanocrystals
in solutions, 80 puL solution is loaded in a liquid sample holder. The concentration of the
iron oxide is measured using ICP-AES. The initial susceptibilities of the samples were
determined from the magnetization of the samples at 1 gauss using linear regression

analysis.

A superconducting quantum interference device (Quantum Design MPMS) is used to

measure the zero-field-cooled (ZFC) - field-cooled (FC) magnetization curve, AC
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susceptibility, direct current demagnetization (DCD) curve, and the relaxation curve of the
samples. The nanocrystals are dispersed in a solid matrix of gypsum to prevent movement
of nanocrystals and minimize the dipole-dipole interactions between nanocrystals. The
ZFC-FC measurements are performed with a magnetic field of 10 Oe. AC susceptibility is
measured within a temperature range from 10 to 370 K and with a magnetic field of 4 Oe.
The DCD curve is measured by saturating the sample and then measuring the remanence
after applying reverse fields of different field strength. To perform the magnetization
relaxation measurements, the sample is first saturated in a positive field (50 kOe). Then a
negative reverse field is applied to bring the sample into the switching region and the

magnetization decay is recorded as a function of time for 75 minutes.

The magnetic viscosity coefficient of the iron oxide nanocrystals is determined by fitting

the magnetization relaxation data to the following equation:
M(t) = Cons + S(ti)
0

where M is the magnetization, S is the magnetic viscosity coefficient, t is the time, tois the
reference time, and the plus or minus sign describes whether M is increasing or decreasing
with time. The irreversible susceptibility of the sample is obtained by differentiating the
measured DCD curve. The activation volume of the samples is calculated using the

following equation.

_ kBT Xirr
Ve = 127272000
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where k is the Boltzmann constant, T is the temperature, y;, is the irreversible
susceptibility, Msis the saturation magnetization of nanomaterials, and S is the magnetic

viscosity coefficient.
3.7.4. Monte Carlo simulations

The Monte Carlo (MC) code was used and added to the pool of standard interactions of
nanoparticle (NP) superspins (magnetic anisotropy, dipole-dipole, and Zeeman coupling),
as well as the exchange interactions between different-NP superspins to describe the

magnetic properties of moderately exchange-coupled magnetic magnetite clusters.

In a local-dipole approximation, the global spins in each (single-domain) nanoparticle are
represented by a superspin located in the NP center. The magnetic interactions include the
Zeeman coupling of the NP-superspins with the external magnetic field, the
magnetocrystalline anisotropy (MA) of superspins within NPs, the dipole-dipole (d-d)
coupling between NP-superspins and the exchange interactions between superspins of

individual NPs. The total energy of an ensemble of NPs is given by

Ny Np ~—Np
E, =Z, (EL-Z+EL-A)+Z. Z (B + g
i=1 i=14=j=i+1

where EZ is the Zeeman energy and E{* is the MA energy of an isolated NP in a given

orientation with respect to the external magnetic field. The Zeeman energy is given by

Ef = —K,(H M)
where K, = 4.33 - 10~* kcal/mol, H = (0,0, H,) is the external magnetic field vector in

Gauss units and Mi is the magnetic dipole unit vector. The magnetocrystalline anisotropy
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of NPs is approximated by a quartic term of the bulk magnetite (FezO4) with a Fd3m crystal

structure

Ef = K [(Mj, ML)" + (M ML) + (M3, ML)°]

where Ky, = 0.117 kcal/mol is the quartic-order anisotropy constant and
M, Mj,, M;, are the X, ¥, Z components of the magnetic dipole unit vector in the reference
NP coordinates. Here, higher orders of the bulk MA energy and its NPs-shape corrections
are neglected. In iron oxide, the quartic term has a cubic symmetry with easy and hard
magnetization axes oriented along the cube body diagonals and edges, respectively. The
simulations give the same results for cubic and spherical NPs of the same volume, since

their magnetic anisotropy dependences are the same (shape anisotropy isn’t considered).

Then, dipole-dipole coupling energy between pairs of NP-superdipoles is given by

Edd =g, M- ﬁl _ 3(Mi'77ij)(M;"Fij)

5 13 5 15
|rl-,-| |rl-,~|

2
Where K,; = "zﬂ

Y[

= 0.208 kcal/mol * a® and the distance between superdipoles (|7;;]) is

measured in units of a (cuboid edge length), m¢ = M, -V =3.0-10729 4-m? is the
intrinsic magnetic moment of a homogeneously magnetized NP (5 nm NC), Ms = 480 KA/m
is the saturated magnetization of a bulk magnetite, and V is the NP volume. The saturation
magnetization in magnetite SPM NPs can be smaller than in bulk magnetite due to the
presence of non-collinear (canted) spins showing a spin-glass-like behavior. We assume
that the saturation magnetization of the modeled NPs is ~40-50% smaller than in bulk

magnetite because of spin canting within a ~1 nm thick surface layer.
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Magnetic structures of materials are largely controlled by the exchange interactions
between spins sitting on neighboring atoms. When NPs recrystallize, the exchange
interactions between groups of atoms in neighboring NPs are reestablished and need to be
considered. This effective coupling between neighboring NPs can be approximately
evaluated from the formula,
E® = — Jatomic ) Si* 5 = _]effS_)l' 5_;
ij

where Jaomic is the atomic exchange constant and s, s; are spins of neighboring atoms
present at a boundary layer between the sintered neighboring NPs. Since the atomic spins
within each NPs can be assumed to be parallel and oriented as the superspins S_Z S_; of the
neighboring NPs, the exchange energy can be approximately evaluated from the second
formula, where Jess is an effective exchange constant for the neighboring NPs. The
exchange energy is larger for larger for NPs having more atomic spins at their shared

boundary.

The MC algorithm computes the energy difference, AE;, between two superspin
configurations of all NPs within the clusters before and after the proposed local motion of

NP-superdipoles. Using the Metropolis criterion, the new configuration is accepted when

AET
AE; < 0 or when a random number in the interval [0, 1] is smaller than e «7, otherwise,
the old configuration is counted and the algorithm proceeds. In a MC cycle, the algorithm
is run 10 times over all the NP superdipoles (looped in randomized order), and a new

configuration is accepted based on the Metropolis criterion.
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Note that MC codes can efficiently search microstates (along MC trajectories) which are
very likely populated within the equilibrium ensembles representing the systems. In
contrast, periodically re/magnetized systems can occupy kinetically trapped states, which
characterize their non-equilibrium magnetic properties. Since MC methods drive systems
towards equilibrium, irrespective of the barrier sizes, to find such trapped states by MC
methods, we need to somewhat limit the sampling to prevent the system to easily pass non-
thermal barriers, as in experiments. When we tested the MC sampling in the present
systems with BS (hysteresis), we found that the coercivity was gradually disappearing with
the number of MC sampling steps. To clearly distinguish between SPM and BS states, we
have limited the superdipole angle search within 20°. Moreover, we used 300 MC cycles
for the equilibration of the systems and the next 200 MC cycles for averaging of the
configurations of all the NPs local superdipoles and to plot the magnetization (other
approaches were also tested). In the simulations, the magnetic field was changed by 2

Gauss steps.

Effect of dipole-dipole and exchange interactions on the magnetic properties of Clusters

To understand the effect of different interactions on the susceptibility of clusters, the
magnetization of 42 nm clusters of 5 nm NPs with separately turned on/off exchange and
d-d interactions was simulated. It turns out that the exchange interactions (Jert = 0.6
kcal/mol) can affect the magnetic susceptibility much more than the relatively weak d-d
interactions. When the exchange interactions are turned on, the susceptibility is large, when
they are turned off (NPs do not overlap), the d-d interactions dominate, and the

susceptibility is small.
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To examine the effect of d-d interactions on the susceptibility of clusters in matrices, we
have simulated systems composed of separated 13 nm large NPs, each representing one
fictive cluster. The simulated systems 1 and 2 have randomly oriented NPs, while system
3 has NPs with their easy axis aligned parallel to the external magnetic field. The
unfavorable d-d interactions between close NPs (system 1) give a smaller susceptibility
than favorable or negligible d-d interactions between separated NPs (systems 2 and 3);
every NP is meant to be one cluster. These results can explain the experimental
observations for clusters embedded in solids, silica, and liquids. When clusters are in the
solid matrix, they are randomly arranged at distances of D < 5 nm and fixed, so that
unfavorable d-d interactions between them reduce their susceptibility (system 1). In
contrast, randomly arranged but fixed clusters in silica (D > 200) have a larger
susceptibility (system 2). Finally, free clusters can get arranged in an energetically
favorable manner (system 3) by rotation, translation, and chain formation (in the magnetic

field), so that d-d interactions can enhance their susceptibility.

Angular distributions of superspins at different effective exchange constants

Figure 3.4 i shows the angular distributions of superspins in 42 nm clusters with different
Jett. The easy axis of NPs was parallel to the external magnetic field and superspins were
initially aligned along it with the help of a short simulation done under extreme conditions
of Jert = 10 kcal/mol and H = 100 Gauss. Then, we ran separate simulations for different
Jett (H=0) and obtained (after 50 MC steps) the distributions shown in Figure 3.4 i. As
expected, the distributions are narrower for larger Jert and wider for smaller Jesr. These

distribution widths, which correspond to partly equilibrated superspin orientations, provide
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some guidance in our estimation of the freedom and entropy of superspins contributing to

the free energy barrier.
Calculation of energy barriers and magnetic moments

To understand the SPM-BS transitions in the studied systems, we have calculated the
remagnetization free energy barriers for clusters and solid particles of different sizes.
According to the Neal’s relaxation theory, a free energy barrier of Ey ~ 20-25 kgT can still
be overcome in reasonable timescales, where kg is the Boltzmann constant, and T is the
room temperature. Therefore, we have assumed that a given system is in an SPM state if
Eb < 20 kgT, and in a BS state if Ey, > 20 kgT. In solid particles, we have calculated the
energy barriers (just enthalpy) directly from E, = KV, where K = 1.04 x 10* J/m? is the
magnetic anisotropy constant of magnetite, V is the volume of the magnetic material.
However, it is not easy to calculate these energy barriers in clusters. Therefore, we have
first simulated in clusters their Zero-field cooling (ZFC) curves (see below), giving their
blocking temperatures Tg at the curve maxima, which could then be related to the energy

barriers by Ep = 25 kgTe.

The theoretical energy barriers, Ep, and magnetic momenta, pefr, of cubic solid particles
and clusters of different sizes are simulated. In solid particles, these parameters are
calculated from E, = KV and pet = Ms V, where Ms (480 kA/m) is the saturation
magnetization. To calculate the effective energy barrier in clusters, Ep, we have simulated
their zero-field cooling (ZFC) curves. The temperature-dependent simulations are
performed in two steps. In the first step, a simulated annealing is performed starting from

a temperature, Tmax, Which higher than Tg, so that the particles are initially in SPM states.
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The system is cooled down to a very low temperature at zero magnetic field (H =0 Oe). In
the second step, a small cooling field (H = 10 Oe) is applied to the system, which is slowly
heated up to Tmax While the magnetization is recorded with temperature. In these processes,
we have changed the temperature 5 K increments, used 300 MC cycles for the equilibration
of the system at a given temperature, and the next 200 MC cycles for averaging the
configurations of the NPs dipoles (averaged over 9-ROC). From the Tg maxima in ZFC,
obtained for clusters of different sizes, we have calculated the energy barriers, Ep = 25 kgTs
for different sizes of clusters with Jefr = 0.6 kcal/mol. To obtain the effective magnetic
momenta (peff) for clusters of different sizes, as shown in Figure 3.4 a, we have equilibrated
the systems for 300 MC stepsat H = 0 Gauss and calculated the average vector sum of the

superdipoles in the next 200 MC steps.

To also understand the effect of Jetr on the barrier Ep, we have simulated ZFC (averaged
over 100-ROC) for 42 nm clusters with different Jess for a fixed size of clusters. We can see
that E, monotonously increases with Jefr with an average slope of 10 (E» ~ 20 kcal/mol for

Jett ~ 2 kcal/mol).

It is important to note that, Jesr dictates whether a given cluster will in a paramagnetic,
superparamagnetic, or ferromagnetic state at a fixed temperature. Within the cluster, we
have two level of superparamagnetic behavior. First, on the level of NPs superspin, and the
other on the level of cluster superspin due to the correlation (Jerr) of NPs superspin. This
phenomenon is like what is observed in SPM NPs (atomic spins coupled together which
moves like one big spin). At the given Jest for a given cluster, there exists a maximum
temperature after which the cluster will go from SPM to paramagnetic state. This

temperature is analogous to the Curie temperature on the level of superspins.
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Estimation of the magnetization entropy

The contribution of a magnetic entropy to the free energy barriers, Ep, is dependent on Jest
(restriction of superspin angles). The magnetic entropy of a single (magnetic) dipole

moment is given by
21T s
S = ka d(pf d6 sin(0) p;(6, @) Inp; (6, )
0 0

where kg is the Boltzmann constant, p;(0, ¢) is the probability density of the dipole
moment M; having the angle 6 relative to the z-axis and the angle ¢ with respect to the x-
axis. In equilibrium, the probability density is given by

e—E/kBT

fozn de f:dG sin(@) e"E/kBT

Di (01 (p) =

Here, E is the total energy of the dipole moment (sum of magnetic anisotropy energy and
Zeeman coupling). The integrals can be easily evaluated by Monte Carlo integration

schemes.*®

In our entropy estimation, we have considered isotropic systems (without magnetic
anisotropy and in the absence of the external magnetic field), where the 2D (angular)
probability density of wunit vectors is 1/4x. Then, the entropy is S =

—kaoz”mpf:desin(e)-i-ln(i). When the angles of the distribution are

unrestricted, we obtain a maximum entropy of Smax ~2.53 Kg.

When the angles of the distribution are restricted, as in the case of their Jes-coupling within

the magnetic clusters, then the entropy can be estimated from S = —kj fon d@ sin(0) - 27 -
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ﬁ - In (4—1n) where the angular restrictions are used in the integral limits. The entropy grows

as a function of the restricted angle 8 from S = 0 to a maximum entropy of Smax ~2.53 Kg.
It is important to note here that the Jet is acting like a strong magnetic field. Increasing the

Jets Will have similar effect on the entropy like increasing the external magnetic field.

We can estimate the magnetic entropy contribution to the free energy barriers in solid
particles and clusters. In principle, loosely misaligned superspins can have a relatively
large entropy contribution to the free energy (G=H-TS), which can be reduced when the
superspins are more constrained during their crossing over the barrier. A 40 nm solid
particle has a free energy barrier of AG = E, ~ 95 kcal/mol, while a 42 nm cluster formed
by 249 NPs of a 5 nm diameter has AG = E, ~12 kcal/mol. We can estimate the entropy of
superspins crossing the barriers. If the rotation of NP superspins is unrestricted (8 = 0 -
180°), then every superspin in a cluster (300 K) contributes by TS ~ 1.50 kcal/mol; in
contrast, when the rotation is restricted (6 = 0 - 30°), we obtain TS ~ 0.1 kcal/mol. Thus,
the entropy contributions are very small in solid particles, but they can be relatively large
in clusters, depending on the restrictions of its superspins. A cluster with superspins having
no angle restrictions (6= 0 - 180°) has TS ~374 kcal/mol (249 x 2.53 kgT), while if the
angles of individual superspins are restricted (6 = 0-20°) TS ~ 11 kcal/mol (249 x 0.076
ksT). During the crossing of the barrier, some superspins become further restricted, so their
entropy becomes reduced (TS drops), which effectively increases the barrier height. Given
the relatively small barriers present in clusters, the variation of magnetic entropy during

their crossing can significantly contribute to the barrier heights.

Effect of primary particle losing contacts or being missed
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In the experiments, clusters of different sizes are composed of 5 nm NPs, which are
assumed to be in contact with their neighbors. However, during the self-assembly and
recrystallization processes, some NPs might lose contacts or be missing (smaller overlap
reduces Jest within neighboring NPs). This can reduce the correlations of NP-superspins
within the clusters and affect their magnetization. To understand these effects, we have
simulated a 36 nm cluster (177 NPs of 5 nm size with Jess = 0.6 kcal/mol) where randomly
chosen NPs had a smaller coupling (Jert = 0.1 kcal/mol) with neighboring NPs, missed
connections (Jert = 0 kcal/mol) with neighboring NPs, or were entirely removed. As NPs
loose contacts with their neighbors or become removed, the cluster susceptibility is reduced.
Interestingly, when NPs are removed the cluster, susceptibility is less affected than when

they just lose their contacts.

Effect of rotated primary particles

In the above modeling, we have assumed that recrystallized NPs have their [111] easy axis
(crystal structure) aligned parallel to the Clusters [111] axis. However, the crystal and
supercrystal structures could be deliberately rotated with respect to each other, while
recrystallization should still be possible. Such mutual rotation could provide a broad
spectrum of possible clusters and porous metamaterials. We have simulated the
magnetization of 42 nm clusters of 5 nm NPs simultaneously rotated with respect to the
supercrystal. The [111] crystal axis (parallel to the external magnetic field) had different
angles (0°, 23° and 45°) with respect to the Clusters [111] axis. We observe significant
changes in the magnetization of 9-ROC, where the coercivity is decreased from 8 (0°) to 3
Gauss (45°). These results could be more pronounced at lower temperatures or in clusters

formed of larger NPs.
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We have also studied the effect of random NPs rotations. We simulated a 42 nm cluster of
5 nm NPs each of which was separately and randomly rotated (Jesr = 1.2 kcal/mol), and
recorded magnetization of 9-ROC. The obtained results were compared with the non-
random system (a 42 nm cluster of 5 nm NPs with Jesr = 1.2 kcal/mol), as described in
Figure 3.4 e. BS became less pronounced (coercivity is decreased from 18 to 5 Gauss, red
vs blue curve) because the anisotropic energy barrier was effectively reduced due to
random orientations of NPs. In clusters with randomly orientated NPs, the total effective
superspin is smaller because the superspins in individual NPs are oriented randomly, due
to the random orientation of the NPs easy axis. This system behaves somewhat like a
metallic glass where the structure is not crystalline, but rather it is disordered with a

negligible anisotropic energy barrier.

Magnetization of isolated iron oxide nanoparticles

The MC model is used to calculate magnetization of solid magnetite nanoparticles of
different sizes made from 5 nm NPs. The result shows that the solid particles are in SPM
state when their sizes are below 15 nm and in BS beyond 15 nm. The MC steps used here
are the same as in the porous clusters studied above and Jerr was chosen in such a way that

we get solid particles in SPM state below 15 nm and in BS state above 15 nm.
3.7.5. Magnetic hyperthermia
Measurement of specific absorption rate of clusters

For the specific absorption rate (SAR) measurement, 1.0 mL of aqueous solution of iron
oxide clusters was added to a 2 mL cryovial insulated with Styrofoam. The cryovial was

placed in the center of the inductive coil, and the induction heating system was turned on
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for 90 s. The temperature increase in the solution was recorded in real time with a fiber
optic temperature sensor (Photon Control). The experiment was carried out under close to
adiabatic conditions. The average slope of the temperature versus time plot during the first
20 s of heating was calculated by forward linear fitting for each sample and subtracted by
that of water alone to compensate for the heat exchange with the environment. SAR was

calculated with the following equation

dT
SAR = m_Fe Cso1Ms0y E

where mg, is the mass of iron (Fe) in the aqueous solution as determined by ICP, mg,; is

the mass of the solvent, C,,, is the specific heat of the solvent (4.184 J K™ g1).
In vitro magnetic hyperthermia using the portable device

HeLa cells were purchased from the American Type Culture Collection (ATCC) and
maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 37°C with 5% CO,. Around 1 x 10* HeLa cells were seeded into
96-well stripwell microplates (Corning) and allowed to attach overnight. A single well of
cells was taken from the strips and placed into a 1.5 mL microcentrifuge tube. Iron oxide
nanoparticles or clusters were diluted to 2 mg/mL with culture medium and added to the
well. The tube was placed in a homemade inductive coil. The portable device is powered
by batteries. The magnetic field strength and frequency are 3.2 kA/m (40 Oe) and 130 kHz,
respectively. The cells were exposed to the alternating magnetic field for one hour followed
by live/dead staining with Calcein-AM and propidium iodide (P1). Cells were imaged using

ZOE Fluorescent Cell Imager (Bio-Rad Laboratories). The cell killing efficiency was
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quantified immediately after the hyperthermia treatment using MTT Cell Viability Assay

(ThermoFisher Scientific).
In vivo magnetic hyperthermia

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at Rice University. Female C57BL/6N mice (6 weeks old) were purchased from
Charles River. MC-38 cells were purchased from Kerafast and cultured in DMEM with 10%
FBS. Xenograft tumors were induced by subcutaneous injection of 5 x 10° MC-38 cells
into the right flank of the mice. Tumors were monitored until reaching ~200 mm?3 in
volume. The mice were anesthetized with 2% isoflurane and injected with 60 pL of either
iron oxide Clusters or nanoparticles (7.5 mg Fe/mL in 5% dextrose) or saline intratumorally
at 3 pL/min using a syringe pump. The mice were placed on a polycarbonate mouse cradle
inside an inductive coil (5 turns, 5.00 cm inner diameter) with the tumor centered with the
coil in the axial direction. The mice was exposed to an alternating magnetic field (9.35
kA/m, 325 kHz) for one hour. The temperature of the tumor was monitored using an

infrared camera (FLIR E95).

The data represent mean + s.d. or mean * s.e.m. Statistical analysis was performed using
GraphPad Prism (v8.0). One-way analysis of variance (ANOVA) with post hoc Dunnett’s
test was used to analyze difference between groups. P values are indicated by asterisks in

the figures. P value of 0.05 or less was considered statistically significant.
3.7.6. Magnetic particle imaging

Full width at half maximum measurement
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Point spread function (PSF) were obtained using the arbitrary waveform relaxometer. A 40
uL test sample was excited using a 20 mT (peak-to-peak) sinusoidal excitation field at 20
kHz while under a slow-shift field moving from -100 mT to 100 mT to recreate the PSF of
the tracer. The full width at half maximum (FWHM) of the tracer PSF was extracted as an

indicator of tracer resolution.
Projection image

MPI projection image of a linear resolution phantom containing 35 nm clusters was imaged
in the Berkeley FFL projection scanner. Aliquots of undiluted tracer were spaced between
700 um and 3.4 mm apart, increasing at intervals of 300 um. Acquisition was performed
using a 20 kHz, 40 mT (peak-to-peak) sinusoidal excitation field under a 6.3 T/m gradient.
Mild deconvolution and thresholding were performed to reduce hazing effects and present
improved viewing contrast. The phantom demonstrated an in-scanner resolution of

approximately 1.6 mm perpendicular to the projection axis.
Magnetic particle imaging in vivo

All animal procedures were approved by the Animal Care and Use Committee (ACUC) at
the University of California, Berkeley. Full-body MPI projection scans were obtained on
laboratory mice injected in a tail vein with 20 UL of tracer solution (5 mg/mL) and imaged
20 minutes post-injection. Images were taken in the Berkeley field-free line (FFL)
projection MPI scanner by projecting along the dorsoventral axis. Acquisition was
performed using a 20 kHz, 40 mT (peak-to-peak) sinusoidal excitation field under a 6.3

T/m gradient with 6 cm x 10 cm field-of-view. The MPI image was superimposed on an
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X-ray projection image (kubtec XPERT 40) of the mouse for co-localization and

anatomical reference.
3.7.7. Magnetic targeting of human mesenchymal stem cells
Cellular uptake of clusters

Human mesenchymal stem cells (hMSCs) were purchased from Lonza and maintained in
Mesenchymal Stem Cell Growth Medium (Lonza) at 37°C with 5% CO.. The cells were
cultured in a 1-well glass chamber until confluence. The clusters or isolated nanoparticles
were diluted to 100 pg/mL with culture medium and added to the chamber. The chamber
was placed on a magnetic plate to increase cellular uptake. The Clusters and nanoparticles
were incubated with cells for 0.5 hour and 4 hours, respectively. Then, the cells were
washed twice with PBS to remove extracellular nanocrystals and detached with trypsin-
EDTA for magnetic targeting. The average amount of nanocrystal uptake is ~ 1pg Fe/Cell

for both Clusters and nanoparticles.
Magnetic targeting of stem cells in vitro

The hMSCs loaded with clusters or isolated nanoparticles were suspended in growth
medium and added to a 1-well glass chamber. The chamber was placed on an A-shape
fridge magnet and incubated for 30 min at 80 rpm on a digital shaker (Southwest Science).
Then, the floating cells were removed. The cells that were attracted by the fridge magnet
were stained with cell membrane dye Dil (ThermoFisher Scientific) and imaged using IVIS

Imager (Perkin Elmer).

Subcellular localization of clusters
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The subcellular localization of iron oxide nanocrystals in hMSCs were examined using
both fluorescence microscope and transmission electron microscope (TEM). hMSCs were
seeded in a 2-well glass chamber and allowed to attach overnight. For fluorescence
microscopy, the iron oxide nanocrystals were labeled with Dil. The lysosomes were labeled
with green fluorescent protein (GFP) by incubating the cells with CellLight Lysosomes-
GFP (ThermoFisher Scientific) for 16 h. The cells were incubated with Dil-labeled
nanocrystals (100 pg Fe/mL) for 2 h on a magnetic plate. The extracellular nanocrystals
were removed by washing the cells twice with PBS. The nuclei were stained with Hoechst
33342 (ThermoFisher Scientific). The cells were imaged using DeltaVision fluorescence
microscope (Applied Precision). For TEM examination, the cells were loaded with
unlabeled nanocrystals, fixed with glutaraldehyde and osmium tetroxide, dehydrated,
embedded in resin, cut into ultrathin sections (70 nm), counter-stained with aqueous uranyl
acetate and lead citrate, and imaged using JEOL 1230 High Contrast Transmission Electron

Microscope.
3.7.8. Cytotoxicity studies

Around 5 x 10 hMSCs were seeded in 96-well plates and allowed to attach overnight.
Cells were incubated with 0, 10, 20, 50, and 100 pg Fe /mL of clusters for 2 hours at 37 °C.
The nanocrystals were then replaced with fresh culture medium. The cytotoxicity of
nanocrystals was evaluated by measuring cell viability at 24 h and 48 h time points using

MTT Cell Viability Assay (ThermoFisher Scientific).
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3.8 Supplemental Figures and Tables

Figure S3. 1. Additiona micrograph of the clusters. (a-b) SEM of the clusters with a
diameter of 90 nm # 8.1 nm. (c-d) High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) of the clusters.
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Figure S3. 2. TEM and size distributions histograms of the cluster with different cluster
sizes. The primary particle size is 4 nm. For each sample, a total of 500 clusters are
measured. The cluster sizes are presented as the average diameters + standard deviation.
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Figure S3. 3. TEM images of the cluster with different primary nanocrystal sizes. (a-f)
The primary nanocrystal size is 4 nm, 5 nm, 6 nm, 7 nm, 8 nm, 9 nm, respectively. Scale

bar: 50 nm. These samples have similar cluster diameter of around 80 nm.

Water D Water D

Day 1 Day 7
Figure S3. 4. The excellent colloidal stability of concentrated clusters in both water and
cell growth media (DMEM). After one week, there was no visible aggregation of the
clusters in both settings. The cluster sample has a Dc of 40 nm and dp of 4 nm and was
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coated with dopa-PAA-PAMPS-PEG. The concentration of the clusters were both 10,000
ppm in water (left) and media (right).

5+0.1nm 9+0.5nm 12+0.7 nm 14+1nm

18 +1 nm n ZZilﬁm ‘ o éSian - 3312nmAﬂ
Figure S3. 5. TEM images of the iron oxide nanoparticles with different diameters. Scale
bar: 50 nm.
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Figure S3. 6. The magnetic properties of the nanoparticles and clusters. (a-d)
Magnetization curves of the isolated iron oxide nanoparticles. The nanoparticles are
dispersed in wax. (e-h) Magnetization curves of the iron oxide clusters with different
cluster diameter. The clusters were dispersed in gypsum. The primary nanocrystal size is
around 5 nm. (e-h) Magnetization curves of clusters with different cluster diameter. The
average cluster diameter is around 38 nm.
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Figure S3. 7. Dependence of initial susceptibility of iron oxide nanomaterials on their
volume. (a-b) Isolated nanoparticles with different volumes. (c-d) Clusters with different
volumes. The primary nanocrystal size is 5 nm.
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Figure S3. 8. The zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves
of the clusters. (a-c) The cluster diameter is 25 nm, 35 nm, and 45 nm. The primary
nanocrystal size is 5 nm. The curves are scanned from 5 to 375 K with a magnetic field of
50 Oe. The blocking temperature is defined as the peak of the ZFC curve and is indicated
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in these data by a vertical dashed line. Notably the blocking temperature of nanoclusters
smaller than 40 nm is lower than 300 K, indicating they are superparamagnetic at room
temperature. The blocking temperature of clusters larger than 40 nm is larger than 300 K,
indicating that they are blocked single domain particles.
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Figure S3. 9. The AC susceptibility of the clusters. (a-b) The cluster diameter is 25 nm

and 35 nm. The primary nanocrystal size is 5 nm. Out-of-phase magnetic susceptibility of

cluster is scanned from 5 to 380 K and with an AC field of 1 Hz to 1000 Hz at 4 Oe.
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Figure S3. 10. The magnetic susceptibility of iron oxide clusters in different forms. (a-c)
Clusters with different cluster diameter. The primary nanocrystal size is 5 nm. (d-f)
Clusters with different primary nanocrystal size. The cluster diameter is 38 nm. a & d:
clusters in the form of dried powders; b & e: Clusters dispersed in a solid matrix (gypsum);
¢ & f: clusters in liquid solution.
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Figure S3. 11. The activation volume of the clusters. The cluster diameter is 35 nm and
the primary nanocrystal size is 5 nm. (a) The direct current demagnetization (DCD) curve
of the clusters. (b) The irreversible susceptibility of clusters at different magnetic field,
which are calculated from the DCD curve shown in panel a. (¢c) The magnetic relaxation
of the clusters at different magnetic field. (d) The magnetic viscosity of clusters at different
magnetic field, which are calculated from the relaxation curve shown in panel a.
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Figure S3. 12. The magnetic moment and anisotropy energy barrier of clusters and
nanoparticles and the effect of magnetic interactions on the magnetic properties of
clusters. (a) Relative magnetization of the 42 nm clusters at different Jesr. Inset shows the
spin configuration within the clusters at Jert = 0.6 and 1.2 kcal/mol. (b) Effective magnetic
moment and energy barrier of Clusters and nanoparticles. (c) Contributions of dipole-
dipole and exchange interactions to the magnetization and susceptibility of clusters. The
diameters of primary nanocrystals and clusters are 5 nm and 42 nm, respectively. (d) The
effect of d-d interactions on the susceptibility of isolated nanoparticles. System 1: All the
NPs have a random orientation and the interparticle distance is less than 5 nm. System 2:
All the NPs have a random orientation and the interparticle distance is larger than 100
nm. System 3: NPs have their easy axis parallel to external magnetic field and form a
chain-like structure. In each system, there are 13 nanoparticles in total with a diameter of
13 nm.

137



40 1(a) 100 |(b) 1004 (€)
30
™ —— Clusters —~ 80
9 ?Z 5 &0 —e— Particles 8 80
= 5 > 2 60 2 60
= S =
£ = 5 3
5_10 / lid 5 8 # § 404
5‘20 / sold 10 m (&) (&)
lid 1 —
-30 Sold 20 om 20 201
solid 30 nm
-40 solid 40 nm 0 o //__.
-80 -40 0 40 80 0 10 20 30 40 50 60 70 0.0 05 10 15 20
H (Gauss) Diameter (nm) Je (kcal/mol)

Figure S3. 13. The magnetic properties simulated using the Monte Carlo methods. (a)
The simulated magnetization curves of isolated nanoparticles with different sizes. The Jes
of 15 kcal/mol was used to simulate the magnetization curve of the nanoparticles. (b) The
simulated coercivity of clusters and nanoparticles with different diameters. (c) The
simulated coercivity of clusters with different exchange constant. The cluster diameter is
42 nm and the primary nanocrystal size is 5 nm.
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Figure S3. 14. Configuration of superspins within the clusters of different exchange
constants. Each raw represents the snapshots of the spin configuration within the clusters
at different time. When Jer = 0, the directions of the spins are all random. Each spin
changes direction with time independently. When Jess = 0.4, the spins within a cluster points
to roughly the same direction. The spins within a cluster change direction with time. When
Jett = 6, the spins within a cluster point to the same direction and they do not change

direction with time.
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Figure S3. 15. Simulated zero-field-cooled magnetization curve of clusters and their
energy barrier. (a) The simulated ZFC curves of clusters with different cluster diameters.
(b) The simulated ZFC curves of the 42 nm clusters with different Jewr. (C) The energy
barrier Ep for the 42 nm cluster at different Jerr. (d) The magnetic entropy as a function of
an NP superspin angle restriction 6.
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Figure S3. 16. The effect of defects and the orientation of primary nanocrystals on the
magnetization curves of the clusters. (a) The 36 nm cluster is composed of 177 primary
nanocrystals (5 nm), where 30 primary nanocrystals (randomly chosen) have reduced
exchange coupling or missing. 1-3: The effective exchange constants of the 30 primary
particles are 0.6, 0.1, and 0 kcal/mol, respectively. 4: The randoms chosen 30 primary
particles are removed (b) The 36 nm cluster with 50 primary nanocrystals (randomly
chosen) having reduced exchange coupling or missing. (¢c) Magnetization of clusters where
[111] axes of individual NPs are rotated with respect to the [111] supercrystal axis, which
was parallel to the magnetic field (Jeft = 0.6 kcal/mol). (d) The magnetization of a 42 nm
cluster (Jer = 1.2 kcal/mol) formed from 5 nm NPs with the [111] NPs easy axis aligned
parallel to the [111] supercrystal axis (red curve) or with the NPs randomly rotated (black
curve).
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Before Heating After Heating 20.0°C

Figure S3. 17. Magnetic heating of iron oxide clusters solution above the coil. One drop
of the clusters solutions (10 mg Fe/mL) is located 1 cm above the coil. The temperature of
the clusters solution increased from 19.8°C to 36.8°C within 20 seconds as monitored by
an IR camera. The quick increase of temperature indicates the clusters can be efficiently
heated on top of the coils where the magnetic field is lower than that inside the coil.
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Figure S3. 18. Cell killing effect of clusters and nanoparticles in the battery-operated
magnetic hyperthermia system. HeLa cells were used as an example. Red, dead cells
labeled with propidium iodide (PI1); green, live cells labeled with calcein. The HeLa cells
were effectively killed by clusters under a low amplitude alternating magnetic field (40 Oe,

133 kH2).
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Figure S3. 19. Magnetic heating efficiency of iron oxide clusters in vivo. (a)The
schematic illustration of the experimental design of in vivo magnetic hyperthermia cancer
treatment. (b) The photograph of the mouse in the heating coil. (c) Representative IR
images of tumor-bearing mice under magnetic heating with iron oxide particles or clusters.
Tumors are indicated by black dashed circles. (d) The representative temperature profile
of the tumor tissue.
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Figure S3. 20. The magnetic hyperthermia treatment of mice. (a) The histological
examination of tumor tissues after different treatments. Hematoxylin and eosin (H&E)
staining of tumor tissues was performed 24 hours after the treatments. The results show
that iron oxide clusters led to more significant tumor-damaging activity than nanopatrticles
under alternating magnetic field. (b) The body weights of the mice after different treatments.

143



Saline Particles Clusters Particles + AMF Clusters + AMF

7\4

Heart

Liver

Spleen @

Figure S3. 21. The histological examination of major organs after different treatments.
Hematoxylin and eosin (H&E) staining of tumor tissues was performed 24 hours after the
treatments. The results show that the treatments did not cause noticeable change to the
major organs of the mice.
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Figure S3. 22. Results of in vivo magnetic hyperthermia study using iron oxide
nanomaterials in the literature and this work. Red color of the symbols represents
complete elimination of the tumors; blue color of the symbols represents incomplete
elimination of the tumors. The dash line is the safety limit of the magnetic field (Hxf <5
x 10° A/m Hz). The material in this work (clusters) is the only materials that is below the
safety limit and eliminated the tumors.
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Figure S3. 23. The clusters as MPI contrast agents. (a) The magnetic particle imaging
point spread function of clusters and nanoparticles (Vivotrax). The FWHM of Vivotrax and
iron oxide Clusters are 11.4 mT (1.63 mm) and 6.4 mT (0.92 mm), respectively, indicating
the higher performance of Clusters. (b) The full width at half maximum of iron oxide
clusters with different diameters.
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Figure S3. 24. Subcellular local
cells. (a) Fluorescence images of the isolated nanoparticles in human mesenchymal stem
cells (hMSCs). (b) Fluorescence images of nanoparticles in hMSCs. (c) The TEM image of
the isolated nanoparticles in hMSCs. (D) The TEM image of clusters in hMSCs.
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Figure S3. 25. The cytotoxicity of clusters. (a) Hela cells incubated with clusters at
different concentrations. (b) Human mesenchymal stem cells (MSCs) incubated with
clusters at different concentrations. The viability of cells was not changed 48 hours after
the additions of the clusters, indicating the clusters are not toxic to Hela cells and MSCs.

Table S3. 1. Synthesis conditions of iron oxide Clusters with different dimensions.

Clusters Synthesis conditions
Dc dp FeCl3-6H,O | Ethylene | PAA | Urea |Water | T | Time
(hm) | (hm) (mg) glycol (mL) | (mg) | (mg) | (mL) | (°C) | (h)
12 5 540 20 250 | 1200 5 200 6
16 5 540 20 250 | 1200 4 200 6
21 5 540 20 250 | 1200 3 200 6
25 5 540 20 250 | 1200 2.5 200 6
31 5 540 20 250 | 1200 2 200 6
36 5 540 20 250 | 1200 | 1.75 | 200 6
40 5 540 20 250 | 1200 1.5 200 6
44 5 540 20 250 | 1200 1 200 6
50 5 540 20 250 | 1200 | 0.75 | 200 6
60 5 540 20 250 | 1200 0.5 200 6
80 5 540 20 250 | 1200 0.3 200 6
102 5 540 20 250 | 1200 0.2 200 6
125 5 540 20 250 | 1200 0.1 200 6
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38 5 540 20 250 | 1200 | 1.4 | 200 6
38 6 540 20 250 | 1200 | 1.4 | 215 6
38 7 540 20 250 | 1200 | 1.4 | 230 6
38 8 540 20 250 | 1200 | 1.4 | 245 6
38 9 540 20 250 | 1200 | 1.4 | 260 8
38 10 540 20 250 | 1200 | 1.4 | 275 10

Table S3. 2. Hydrodynamic diameters (HD) of the iron oxide clusters with different
dimensions. For both TEM and DLS measurements, the polydispersity of the size
distributions is less than 10%. # Indicates the as-synthesized clusters coated with PAA,
while * indicates they have been modified with Poly (AA-co-AMPS-co-PEG).

TEM DLS
dp (nm) Dc (nm) HD# (original) HD* (modified)
4 2812 53 71
4 38+3 72 87
4 50+4 79 99
4 60£5 83 106
4 80+7 97 135
4 100+ 9 121 150
4 125+ 13 145 182
Table S3. 3. Magnetic properties of the iron oxide nanoparticles.
Nanoparticle Diameter (nm) Msat (emu/g Fes04) x (SI) Hc (Oe)
6 42 0.3+0.04 0
8.6 47 2.6+0.3 0
12.2 66 9.6+0.6 0
14.3 70 16+0.9 0
17.8 78 18+1.1 1
23 80 1240.8 8+0.5
28 83 6.5+0.4 61+2.8
33 86 6.3+0.2 111+3.6
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Table S3. 4. Magnetic properties of the iron oxide clusters.

D¢ (nm) dp (nm) Msat (emu/g FeszO4) x (SI) Hc (Oe)
12+1 ) 58 5.1+0.8 0
16+2 ) 61 14.5+2 0
2142 5) 65 29.1+2 0
2743 5 70 53.6+1 0
3143 5) 71 72.813 0
36+3 5 72 92.6+3 1.0£0.1
404 5 73 109.5+5 1.2+0.1
42+4 5 73 12145 1.5+0.2
4615 5 73 101.5+4 3.2+0.2
5045 5 74 83.3+4 6.7+0.7
6016 5 74 51.6+4 9.4+0.9
8048 5 76 22.6+1 14.9+1.6

102+10 5 77 16.9+0.2 17+1.2

125+13 5 78 13.6%2 19.1+1.5
38+4 5 73 98.6+6 0
38+4 6 74 95.2+6 4.8+0.2
38+4 7 76 88.3+5 6.7+0.7
38+4 8 79 75.1+5 8.9+0.9
38+4 9 81 60.2+4 12.5+1.4
38+4 10 83 50.4+4 29+2.6
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Enhanced Susceptibility of Manganese Doped Ferrite Clusters?

T Reprinted (adapted) with permission from Xiao, Z., Guo, X., Villanova, J., Bi, Y., Avidan,
S., Effman, S., Zhang, Q. and Colvin, V.L. Portable Heating and Environmental
Remediation Using the Giant Susceptibilities of Manganese-Doped Ferrite Clusters. In

preparation.

154



4. Enhanced Susceptibility of Manganese Doped Ferrite Clusters

4.1 Abstract

Magnetic nanomaterials generating heat under the alternative magnetic field (AMF) have
been well recognized in various fields due to their high efficiency and fast heat transfer
between the heat source and medium. Low amplitude AMF is incredibly desired for
environmental applications as it reduces energy costs and simplifies the heating equipment.
However, effective heat generation under the low amplitude AMF has been elusive. We
present the manganese ferrite clusters (MFCs) that could address this issue. The MFCs
benefit from both exchange interactions of the primary nanocrystals and an increase in the
saturation magnetization due to manganese doping. By optimizing the materials' nanoscale
dimensions and manganese content, we achieve the maximum magnetic susceptibility and
the highest heating performance at low amplitude AMF. We further apply the excellent
heating capability to contaminant remediation using battery-operated portable devices and
achieve highly efficient degradation of methylene blue and streptomycin. The exemplary
performance makes the manganese ferrite clusters a strong candidate for cost-effective

environmental remediations and potential biomedical applications.

4.2 Introduction

Magnetic fluid heating (MFH), also referred to as magnetic hyperthermia treatment in the
biomedical field, is an emerging heating technology well recognized in biomedical studies
such as cancer treatment and neuron stimulation.['*! It also draws attention to
environmental studies for contaminants remediation.[’*1 When exposed to an alternating

magnetic field (AMF), magnetic nanomaterials can generate heat localized around the
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surface of the nanoparticles (nanoheaters) and gradually dissipate to the surrounding
media.[**4 In biomedical studies, nanoheaters delivered to the target region can raise the
surrounding temperature in a short period.*>'71 Moreover, the magnetic field could reach
the tissue in-depth, offering flexible treatment for internal organs.t®! Superparamagnetic
iron oxide nanoparticles are biocompatible and are therefore the ideal candidate for clinical
hyperthermia treatment.l*® 2! |n environmental studies, except for the rapid response in a
localized area, energy consumption is also an issue to be addressed. MFH has a high energy
conversion efficiency, while the high surface areas of magnetic nanomaterials can
effectively facilitate the degradation of the contaminants.?® 21 Therefore, MFH has many

advantages over conventional therapies and remediation techniques.

An important parameter to evaluate the magnetic heating of nanoheaters is the specific
absorption rate (SAR), the rate of energy absorbed by the unit mass. The high SAR value
of the nanoheater demonstrates the effective heating performance of the nanoheaters,
allowing for a more thorough heat transfer to effectively facilitate chemical or biological
reactions. Many studies have worked on developing high SAR magnetic nanomaterials.
One strategy is achieved through dimensional and structural control by making cubic
nanoparticles, core-shell nanoparticles, or clustering tens to hundreds of nanoparticles to
form either the self-assembly (superparticles) or hard aggregates (clusters).?>?51 Another
effective way is to increase the saturation magnetizations of the materials by doping other
divalent metals such as Zn, Mn, Co, and Ni and forming ferrites (MxFez.xOs, M = Zn, Mn,
Co, Ni).[?6-2%1 For example, Noh et al. reported the Zn and Co-doped core-shell materials

with a SAR as high as 4,000 W/g.E% In contrast, the undoped iron oxide is only about 106
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W/g in the same AMF. Nevertheless, metals like Ni and Co should be avoided as they are

highly toxic.B% %2

However, the above high SAR values are usually achieved in the AMF with high amplitude
(200 to 800 Oe, 16 to 64 kAm™) and frequency (300 to 500 kHz).[5 22 2430 The high
amplitude AMF demands costly and complicated equipment. More importantly,
nonspecific heating via eddy current poses a potential danger to normal tissues or organs
in biomedical applications.®*34 The general guideline for safe biomedical operation is that
the product of the frequency and amplitude should not exceed 5 x 10° Am™s™, where a
more restrictive limit is 4.85 x 108 Ams?, based on the AMF duration.* ! To make
nanoheaters perform well in the AMF that is both safe and energy-efficient, improving the
magnetic susceptibility is essential as susceptibility represents the responsiveness of the
material to the external field at low amplitude.?® -3¢ However, magnetic nanomaterials
usually have a low susceptibility value.®*4° There is a need for highly susceptible

materials to heat under AMF with low amplitude and frequency.

Here, we report the manganese ferrite clusters (MFCs) with tunable dimensions and
compositions for efficient heating under low amplitude AMF. Benefit from exchange
interactions of the primary nanocrystals, clusters are prone to align under low field while
doping Mn can increase the saturation magnetization.[**#4 We explore how different
parameters of the MFCs affect magnetic susceptibility and their SAR values under low
amplitude AMF. The SAR is highly associated with susceptibility, where the cluster
dimensions and manganese content play an important role. The highest susceptibility

(x~178) is almost twice that of the best iron oxide samples. The SAR reaches 6 W/g with
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a power input of only 10 W. We further apply their excellent heating capability at low
amplitude AMF contaminants remediation. The high degradation efficacy is examined
through a model using methylene blue and streptomycin as the target pollutant. The
exemplary performance makes the manganese ferrite clusters a strong candidate for cost-

effective environmental remediations and potential biomedical applications.

4.3 Characterizations of the manganese ferrite clusters

We have prepared the manganese ferrite clusters (MFC) with uniform size distributions
under hydrothermal conditions using the well-established polyol synthesis. After magnetic
separation and purification, the MFC aqueous solution forms a black ferrofluid that
manifests strong attraction to a permanent handheld magnet (supplemental Figure S4.1).
To reveal these materials' morphology, composition, and properties, we have performed a
series of characterizations on them, and the result is shown in Figure 4.1. As seen in Figure
4.1 a and b, the transmission electron microscopy (TEM) images demonstrate a uniform
size distribution of these clusters with an average overall diameter of 84 £ 7 nm. Each
cluster comprises hundreds of primary nanocrystals, with an average nanocrystal diameter
of 5.5 nm. As shown in Figure 4.1 c, further magnification indicates the lattice fringes are
parallel within the neighboring primary nanocrystals. Figure 4.1 d is the selected area
electron diffraction (SAED) pattern of a single cluster. Instead of the continuous ring
pattern of the typical polycrystals, the scattered dots indicate a near-single crystal nature of
the cluster.[®! The parallel lattices and the particular SAED pattern can be ascribed to the
oriented attachment of the primary nanocrystals. When the primary nanocrystals aggregate
to form the clusters, they align their crystal lattices and gradually merge into single crystals

with shared boundaries. 8471 The alignment of these primary nanocrystals plays a vital role
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in the magnetic properties of the clusters and could help the magnetization of the clusters

under a low external magnetic field.[?
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Figure 4. 1. The morphologies, composition, and magnetic properties of the manganese
ferrite clusters (MFC). (a, b) Transmission electron microscopy (TEM) images of these
clusters. (c) High-resolution TEM (HRTEM) image. (d) Selected area electron diffraction
(SAED) pattern of a single cluster. (e, f) Element mapping of Fe and Mn for the cluster
shown in b. (g) The XRD of the manganese ferrite clusters and iron oxide cluster (10C).
(h) The magnetization curves of MFC (i), 10C (ii), manganese ferrite nanoparticles (iii),
and iron oxide nanoparticles (iv).
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Figure 4.1 e and f represent the element (Fe and Mn) mapping of the manganese ferrite
cluster shown in Figure 4.1 b. The homogenous distribution of the two elements suggests
Mn is evenly doped into the ferrite crystal structures. Using inductively coupled plasma
(ICP), the composition of the MFC sample is quantitatively determined to be
Mno.1sFe2.8504. The low manganese content can ensure the Mn2* dopant only replaces the
Fe?* on the octahedral site, which is essential for improving magnetic properties.[?® 48 4
The XRD of the MFC and the iron oxide cluster (I0C) is shown in Figure 4.1 g. Compared
with the standard XRD pattern of MnFe2>O4 and Fe304, the MFC has a mixed pattern, while
the 10C is only consistent with the FesO4 standard. Finally, the magnetization curves of
the MFC, 10C, manganese ferrite nanoparticle (MFNP), and iron oxide nanoparticles
(IONP) are shown in Figure 4.1 e. The 10C has a comparable cluster diameter (53 nm) to
the MFC. The MFNP and IONP have an equivalent particle size (6 nm) to the primary
nanocrystal of the MFC and IOC. A near superparamagnetic pattern with negligible
coercivity and remanence is observed for all samples. The clustered materials have higher
saturation magnetizations than their nanoparticle counterparts. Meanwhile, the manganese
ferrite material is better than iron oxide, indicating the improvement by doping Mn into the
Fe304 lattices. MFC has the highest saturation magnetization, up to 89 emu/g, and the

fastest response to the low field.

Figure 4.2 a shows the schematics for the manganese ferrite clusters: the cluster diameter
(Dc) that represents the overall physical dimension of the entire cluster, the primary
nanocrystal diameter (dp) that represents the dimension of the primary nanocrystal, and
along with the material composition, are the three essential parameters that govern the
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magnetic properties of the manganese ferrite clusters. The key to discovering and
optimizing the dimensional- and compositional-dependent magnetic properties of these
materials relies on the flexibility of the synthesis. Similar to the iron oxide nanocluster
synthesis, the cluster diameter, and primary nanocrystal size are independently tuned by
water and reaction temperature, respectively.®% Additionally, we use Mn/Fe ratio in the

synthesis to control the material composition.

Figure 4. 2. Manganese ferrite clusters with varying dimensions and compositions. (a)
The clusters’ schematics show they are the hard aggregates of hundreds of primary
nanocrystals. (b-d) MFC with increasing cluster diameter of 32 + 3 nm, 53 + 5 nm, 68 + 7
nm, respectively, with the cluster size distribution shown in e. (f-h) MFC with increasing
dp of 3.5 nm, 55 nm, 10.5 nm. (h-j) MFC with increasing manganese content of
Mno.osF€2.9504, Mno.15Fe2.8504, Mg eFe2.404. Scale bar: 100 nm.

Shown in Figure 4.2 b-d are the MFC samples with increasing cluster diameters of 32 £ 3
nm, 53 £ 5 nm, 68 + 7 nm by reducing the amount of water in the synthesis: the deviation
is less than 10% (Figure 4.2 €) and therefore, the clusters are pretty monodispersed.
Meanwhile, the primary nanocrystal size is constant at 5.5 nm. Water contributes to the
metal precursor hydrolysis and primary nanocrystal aggregation processes, and more water
leads to a smaller cluster diameter.% Our synthetic method can make manganese ferrite
nanoclusters with uniform size distributions from 24 to 100 nm (Table S4.1). Shown in
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Figure 4.2 f-h are the MFC samples synthesized at different temperatures, where the
increasing primary nanocrystal size of 3.5 nm, 5.5 nm, 10.5 nm, and an equivalent cluster
diameter of 68 nm can be observed. The reaction temperature is essential in the primary
nanocrystal formation process, and a higher temperature can lead to a larger nanocrystal,
which is consistent with the LaMer growth mechanism. The nanocrystal size can be

independently tuned from 2 to 11 nm (Table S4.2).

As determined by ICP, the composition is equivalent to Mno.isFe2gs04 for all the MFC
samples in Figure 4.2 b-d and f-h. We have noted that the composition of the as-synthesized
clusters is only associated with the molar ratio of Mn to Fe in the precursors of the synthesis.
However, there is a consistent difference between the final composition of the MFC sample
and the Mn/Fe ratio in the precursors. The conversion for Fe into MFC is nearly 100%,
while that of Mn is about 8 to 12%. The non-stoichiometry doping of Mn into FezOa4 has
been found in many other polyol synthesis systems, which can be attributed to the fact that
Fe?* and Fe®" is easier to undergo forced hydrolysis to form oxide than Mn?* [15 49 51-53]
Shown in Figure 4.2 i-k are the MFC samples with increasing Mn content (Mno.osFe2.9504,
Mno.1sFe2880s, MnosFe2404) but equivalent cluster diameter (68 nm) and primary
nanocrystal size (5.5 nm). Note that larger clusters tend to be formed when increasing Mn
precursors in the synthesis (Table S4.3). More water is needed to reduce the cluster
diameter to keep the cluster diameter constant. Moreover, the high-resolution TEM
(HRTEM) images indicate a larger spacing along the <111> direction at higher manganese
content, corresponding to the larger lonic radius of Mn?* than Fe?*. Our synthetic method
allows the independent control of the MFC dimensions and compositions, forming a library

of the MFC samples.
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4.4 The magnetic and magnetothermal properties of manganese ferrite clusters
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Figure 4. 3. The size-dependent magnetic properties of the manganese ferrite
nanoclusters. (a) The magnetization loop curves from -250 Oe to 250 Oe and (b) the loop
curves from -10 Oe to 10 Oe. The cluster size (Dc) of the MFCs are 40 nm, 53 nm, and 68
nm, respectively, with the same primary nanocrystal size (dp) of 5.5 nm and the same
composition Mng 1sFe28804. As a reference, the Fes04 sample has a Dc of 40 nm and dp of
5.5 nm.

To understand the magnetic behaviors of the clustered materials at the low field, we
compare the magnetization loop curves from -250 Oe to 250 Oe of the MFC samples (dp
5.5 nm, Mno.1sFe28804) with different cluster diameters, as shown in Figure 4.3. Here, an
iron oxide cluster sample (Dc 40 nm, dp 5.5 nm) is used as a reference, whose magnetic
susceptibility has been proven the highest among 10Cs. The MFC and I0C samples
generally reach their saturation at around 1,000 Oe (Figure 4.1 h), while at a low field of
100 Oe, equivalent to the surface of a fridge magnet, more than 50% of the saturation
magnetization can be achieved for the 53 nm MFC (Figure 4.3 a), indicating a fast response
to the external field. The magnetizations of the MFC samples at 100 Oe are about 20% to
40% higher than that of the 10C, suggesting that manganese doping can improve the

magnetic properties of the iron oxide materials. Moreover, it is clear that the
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magnetizations are dimensional dependent but are not simply proportional to the cluster
diameter. To further reveal such dimensional-dependent magnetic properties of the
manganese ferrite clusters and optimize their properties, more samples need to be examined,

which is shown in the following content.

At an even low field from -10 to 10 Oe, as shown in Figure 4.3 b, a clear difference among
the samples is seen: smaller clusters, including the 53 nm and 40 nm MFCs and the 40 nm
IOC, are superparamagnetic with zero coercivities, while the larger clusters, 68 nm MFC
is ferromagnetic with a coercivity of 2.3 Oe. The presence of coercivity indicates the
magnetic spins become “blocked”, which can impede the alignment of the clusters with the
external field, corresponding to the lower magnetization value of the 68 nm MFC compared
to other samples. As the magnetization curves become more linear at around zero field, we
rely on the sloop of the initial curve to calculate magnetic susceptibility and find such
values of the 40 nm, 53 nm, and 68 nm MFC are 135, 182, and 119, respectively, where
the reference 40 nm I0C has a susceptibility of 93. Therefore, the higher susceptibility
indicates a better performance of the manganese ferrite materials under the low field than

the iron oxide materials.

Conventional magnetic nanomaterials rely on AMF with high magnitude and frequency to
achieve desired heating performances. For example, the VEVOR High Frequency
Induction Heater can generate a field amplitude of 40 to 800 Oe and frequency up to 1,000
kHz, as illustrated in Figure 4.4 a and Table 4.1. The energy input starts from 15 kW, and
the machine needs an extra water-cooling system to maintain a sustainable operation. Such
heaters have been widely used for various biomedical and environmental applications. The

low voltage heating module (Figure 4.4 b and Figure S4.2), on the contrary, generates an
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AMEF with a frequency of 133 kHz and a field amplitude from 10 to 50 Oe, and more
importantly, it has a power input as low as 10 W and can be powered by the 9 V batteries.
Such portable heating devices do not need a complicated cooling system as air cooling is
sufficient. According to the linear response theory, the heat generated by the
superparamagnetic nanomaterial is proportional to the magnetic susceptibility, the square
of the field amplitude, and the frequency of the AMF.® Therefore, applying such a low
voltage heating module poses a considerable challenge for magnetic nanomaterials that are

greatly limited by their low susceptibilities.
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Figure 4. 4. The magnetothermal properties of the manganese ferrite nanoclusters. (a)
The commercial induction heater and (c) the temperature-time profile of the samples
heated by the commercial induction heater. The sample concentrations are kept at 1 mg/mL
and with a frequency of 373 kHz and field strength of 40 Oe. (b) The portable induction
heater used in this study and (c) the temperature-time profile of samples heated by the
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portable heater. The concentrations of the samples are kept at 4 mg/mL. A 9 V battery
powers the device that generates a frequency of 133 kHz and field strength of 25 Oe.

We first examine the heating performance of the MFCs in the conventional heater that
provides a field amplitude of 40 Oe and a frequency of 373 kHz, and the result is shown in
Figure 4.4 c. As seen from the curves, the temperature of the solution starts to increase as
soon as the field is turned on and decreases a little when the field is off, indicating the
magnetic heating of these materials. For the 40 nm, 53 nm, and 68 nm MFC, the
temperature change in 5 min is 4.9 °C, 5.8 °C, and 4.1 °C, respectively, consistent with
their magnetic susceptibilities. However, the iron oxide clusters have a much higher
heating performance as the temperature change is 9.7 °C. We attribute this discrepancy to
our prior magnetic analysis centers on the DC susceptibility, where the heating of magnetic
nanomaterials involves the alternative magnetic field and the AC susceptibility. Although
an improved DC susceptibility can lead to a gain in the AC susceptibility, the relationship

between the two terms is especially complicated under high frequency.?*

Table 4. 1. Comparison of the commercial induction heater and the portable heating
device used in this study.

Commercial Portable
Cost $4,000~10,000 $10
Power input 15 kW 6~15 W
Cooling Water cooling Air cooling
Field Strength 40 ~ 800 Oe 10 ~50 Oe
Frequency 300 ~ 1,000 kHz 133 kHz
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Further, we examine the MFCs’ ability to operate under low amplitude AMF, which is
generated in the coil of the portable induction heater powered by one 9V battery. The field
strength and frequency are 25 Oe and 133 kHz, respectively, as measured by an
oscilloscope with a sniffer coil probe (Figure S4.3). The power consumption of the portable
heater applied in this study is 10 watts as monitored by the ampere meter. The magnetic
heating profiles of these samples are shown in Figure 4.4 d. The heating pattern is largely
similar to what is seen in Figure 4.4 c, but the scope of the temperature is much lower,
which is anticipated due to the low field amplitude and frequency. For the iron oxide
sample, the temperature change over 5 min is only 0.7 °C, whereas the temperature
increases 1.3 °C, 1.7 °C, and 1.2 °C for the 40 nm, 53 nm, and 68 nm MFC, respectively.
The better heating performances of the MFC are consistent with their higher magnetic
susceptibilities under the low-frequency field. We also note that the isolated nanoparticles
have a negligible response to the portable induction heater. We prepare the 6 nm iron oxide
nanoparticles and the 6 nm manganese ferrite nanoparticles, whose magnetic
susceptibilities are 9.7 and 12.6, respectively. At the same colloidal concentration, the
temperature change is only 0.1 °C in 5 min (Figure S4.4). Our finding confirms that a high
susceptibility of the magnetic nanomaterial is the key to magnetic heating under low
amplitude AMF. Based on the colloidal concentration and the temperature change, we
calculate the specific absorption rate (SAR) for the 53 nm MFC is 6 W/g. Although typical
SAR values for biomedical applications are on the order of hundreds to thousands W/g,
our materials are more energy-efficient considering the low power input of the heating

device [22.23,30,47]
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To fully explore the manganese ferrite materials' size- and composition-dependent
magnetic properties, we rely on our flexible synthesis and compare the susceptibilities and
SAR values with different cluster diameters, primary nanocrystal sizes, and compositions.
The result is shown in Figure 4.5. In our previous work, where we focused on the iron
oxide clusters, we discovered 40 nm is the superparamagnetism to blocked single domain
(BSD) transition, where 10C smaller than 40 nm are superparamagnetic and those larger
become ferrimagnetic. According to the Langevin model and Neel model, the susceptibility
of superparamagnetic material is governed by:% 54

- HoMZV
~ 3kT

Where susceptibility is proportional to the magnetic volume and square of the saturation
magnetization, therefore, it is the largest superparamagnetic material that has the highest
susceptibility. In this study, we find susceptibility of the MFCs increases with the
increasing cluster diameter first and then decreases, reaching the maximum at around 53
nm, as shown in Figure 4.5 a. Moreover, the susceptibility of the MFCs is generally a lot
higher than the best of the iron oxide materials (indicated by the dashed line). The
susceptibility enhancement by doping Mn into Fe3Os is realized through two factors. On
the one hand, the MFCs have higher saturation magnetizations than those of the FesO4
materials.[?® 41421 On the other hand, MFCs have a larger transition volume: the MFCs with
cluster diameter smaller than 55 nm are superparamagnetic, while those larger than 60 nm
become ferromagnetic — a pattern similar to the iron oxide materials but the transition
occurs at a larger cluster diameter for the MFCs. As susceptibility is proportional to the

cubic of the cluster diameter, a much higher susceptibility for the MFCs can be expected. %

40]
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Figure 4. 5. The magnetic susceptibility and SAR values of the MFC samples with
varying parameters. (a) The MFC samples have the same d, of 5.5 nm and composition of
Mno.1sFe28504, where the Dc varies from 25 to 90 nm. The dashed line indicates the
susceptibility of the IOC with Dc of 40 nm. (b) The MFC samples have the same Dc of 53
nm and composition of Mno.1sFe2504, Where the dp varies from 2.5 to 10.5 nm. (c) The
MFC samples have the same Dc of 53 nm and d, of 5.5 nm, where the manganese content
in the ferrite composition (x) varies from 0 to 0.6.

The effect of the primary nanocrystal size on the magnetic susceptibility is shown in Figure
4.5 b. Although susceptibility is low when the primary nanocrystal size is smaller than 4
nm, it becomes nearly constant when dp is larger than 5.5 nm. When the primary
nanocrystal is small, they tend to have large surface areas, and the spin-canting effect is
prominent, leading to a decreased saturation magnetization (Table S4.2). Another factor is
that the exchange interaction, which only occurs in a very short range, is not enough to
reconcile among the entire cluster as there are too many primary nanocrystals within. "
As a result, a low susceptibility can be anticipated. When the primary nanocrystal is big
enough, its dimension has little influence on the magnetic properties, consistent with our

previous study on iron oxide materials.

Finally, we show that the content of doped manganese also plays a vital role in their
magnetic properties. As seen in Figure 4.5 ¢, a volcano shape similar to the cluster diameter
is found for the manganese doping: susceptibility increases with the increasing manganese

content (x) first. It then decreases, and a maximum is located at the composition of
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Mno.1sFe28504. When the manganese content is low, doping more manganese can increase
the materials’ saturation magnetization as well as susceptibility (Table S4.3). However,
when the manganese content is high, the position of the dopant in the FesOs lattice has to
be considered. Doping Mn?* intends to substitute Fe?" at the octahedral site of the Fe3Os
lattice. Studies on the ferrite materials have found that the divalent cation dopant can
occupy both the octahedral and tetrahedral sites, which is more common when the dopant
to iron ratio is high.[? 53 55561 Ag the magnetic dipoles in the octahedral and tetrahedral
sites are antiferromagnetically aligned, the misposition of the dopant cation is unfavorable
to the overall magnetization.® 61 Therefore, in the case of our manganese ferrite clusters,

a relatively low manganese content contributes to the optimized susceptibility.

4.5 Applying manganese ferrite clusters for contaminants remediation

As we expect, among these parameters, the SAR of the MFCs follows the trend of magnetic
susceptibility. This is in agreement with the linear response theory for magnetic fluid
heating that a higher magnetic susceptibility ensures a higher heating efficiency.?®! Based
on the observations above, we conclude the MFC with a cluster diameter of 53 nm, primary
nanocrystal size of 5.5 nm, and composition of Mno.1sFe2.8504 to have the highest magnetic
susceptibility heating efficiency among the library of the MFC samples and the highest
SAR under the low amplitude AMF generated by a portable heating device. We further

apply such excellent heating performance for contaminants remediation.

We first use methylene blue as the target contaminant, which is a type of organic azo-dyes
whose concentration in wastewater has raised concerns for both public health and
biological ecosystems.[® 461 Here, for the first time, we show the feasibility of applying the

battery-powered portable heater and the manganese ferrite clusters for methylene blue
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degradation. MFC, hydrogen peroxide and methylene blue are mixed and placed right
through the central vacancy of the portable heater’s coil. The mixture is heated for 60 min
while the solution’s temperature and the methylene blue concentration are monitored, as
shown in Figure 4.5 a and b. Methylene blue degrades as the color fades over time. The
temperature of the solution, starting from room temperature at 18 °C, increases linearly in
the first 30 min and gradually stabilizes at 31 °C after 40 min, which is due to the heat
dissipation from the solution. Using UV-Vis absorption, we determine that 95% of
methylene is neutralized over 60 min, indicating a high degradation efficiency for organic

dyes.

We further test the remediation capability of the MFCs with streptomycin. Streptomycin is
one of the most common antibiotics for bacterial infections, whose overuse can contribute
to the antibiotic resistance of the bacteria and make the antibiotics treatment less
effective.> In a similar setup, streptomycin is mixed with the MFC and hydrogen peroxide
and magnetically heated using the portable heating device for an hour. After decomposing
the unreacted hydrogen peroxide with additional MnO2 and eliminating the colloidal
particles by filtration, the reaction mixture is analyzed using HPLC (Figure S4.5), where
76% of the streptomycin is degraded. In the control experiment, the MFCs or hydrogen
peroxide alone is insufficient to degrade streptomycin and methylene blue, as shown in
Figure 4.5 c. We speculate hydrogen peroxide is activated near the surface of the MFCs to
generate hydroxyl radical species that further neutralize the organic molecules.® Studies
on magnetic fluid heating show the surface temperature on the magnetic nanoparticles is
usually 10 to 20 °C higher than the bulk solution due to localized heating of the

nanoparticles.['>14 In another control experiment, the degradation is less significant even
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when hydrogen peroxide is put in an elevated temperature (35 °C water bath) slightly
higher than the magnetically heated MFCs solution. The above experiments confirm that
our manganese ferrite clusters are highly efficient nanoheaters under low amplitude AMF,

which opens the potential to reduce the cost of commercial heating devices.
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Figure 4. 6. Applying the MFC for the remediation of emerging contaminants. (a) The
UV-Vis absorbance before, during, and after the magnetothermal treatment of methylene
blue. Inset shows the picture of these cuvettes after being diluted 100 times using water. (b)
The temperature and the methylene blue concentration of the mixture over time. ()
Comparison of the contaminants degradation efficiency under different conditions. The
concentration is 4 mg/mL for MFC, 0.2 mg/mL for methylene blue, 0.4 mg/mL for
streptomycin, and 3 mg/mL H.0O..
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4.6 Conclusion

In summary, we have explored the dimension- and composition-dependent magnetic
properties of the manganese ferrite clusters. Using our flexible synthesis, we have
developed a library of MFCs where the cluster diameter, primary nanocrystal size, and
manganese content can be independently controlled. The highest susceptibility and
magnetic heating performance are found at an intermediate cluster diameter of 53 nm and
manganese content of Mno.1sFe2.8504. The optimized MFC demonstrates excellent heating
performance at low amplitude AMF generated by the battery-operated inductive heating
device. We have achieved highly efficient degradation of emerging contaminants using the
MFCs. Because our portable devices are self-contained, they can be easily incorporated
into many industrial and biological applications, such as wastewater treatment plants and
biological incubators. These results demonstrate that our MFCs products are well-

positioned for environmental applications and biotechnologies.

4.7 Experimental section

4.7.1 MFC Preparation

The detailed procedures for the synthesis and surface coating of the MFCs can be found in
our previous video publication on JOVE. To prepare the MFCs with specific dimensions
and composition, FeClz and MnCl; with a total amount of 2 mmol is dissolved in 20 mL
ethylene glycol, followed by 250 mg polyacrylic acid (PAA, Mw ~6000), 1,200 mg urea,
and 0.2 to 2.0 mL water. This reaction mixture is mixed well and transferred to a 50 mL
polyphenylene-lined (PPL) reactor sealed in a stainless-steel autoclave. The reactor is
heated at 170 to 260 °C for 20 hours in an oven. The as-synthesized MFCs with PAA

coating are washed using magnetic separation and dissolved in water. The detailed molar
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ratio of Mn to Fe, the amount of water, and the reaction temperature for synthesis are listed

in Table S1-S3.

To graft polysulfonate to the MFCs, the original PAA coating is first replaced by
nitrodopamine. The amine groups are then chemically conjugated with carboxylic groups
of the polysulfonate, P(AA-co-AMPS-co-PEG), using EDC reaction. Add 10 mg nitro-
dopamine in 10 mL MFCs solution with a concentration of roughly 10 mg/mL. The
nitrodopamine-coated MFCs will rapidly aggregate and can be easily magnetically
collected. Add 20 mg EDC, 100 mg MES, 60 mg P(AA-co-AMPS-co-PEG), and 5 mL
water into this magnetic collection and place the mixture in a probe sonicator. The strong
sonication effect can facilitate the conjugation between the nanoclusters and the
polysulfonate and allow the nanoclusters to disperse in water homogenously. The

polysulfonate coated MFCs are washed several times using magnetic separation.

Preparation of the 6 nm iron oxide nanoparticles (IONP-6) and the 6 nm manganese ferrite
nanoparticles (MFNP-6) follows the well-established protocol by Sun et al. To synthesize
IONP-6, add 2 mmol Fe(acac)s, 10 mmol 1,2-hexadecaediol, 6 mmol oleic acid, and 6
mmol oleylamine in 20 mL benzyl ether. Heat the mixture to 200 °C for 2 h and then reflux
at 300 °C for another 1 h. To synthesize MFNP-6, add 1.5 mmol Fe(acac)s and 0.5 mmol
Mn(acac)2 as the metal precursors while keeping other conditions the same. After cooling
down, the as-synthesized nanoparticles are washed by ultracentrifuge using hexane for
several times. The as-synthesized nanoparticles are transferred to water by ligand exchange
reaction using polyethylene glycol. Mix 1 mL hexane dispersion of the nanoparticles (10
mg/mL) with 3 mL diethyl ether and add 10 mg nitro-dopamine functionalized

polyethylene glycol (nitro-Dopa-PEG, 5 k). Vigorously stir the mixture for 30 min and add
174



5 mL to stir for another 30 min. The nanoparticles are washed again by ultracentrifuge
using water and finally are dispersed in water. The concentration of the nanoparticles is

determined by ICP using the same procedures as the MFCs.

4.7.2 Materials characterization

The morphologies of the MFCs are characterized by transmission electron microscope
(TEM, JOEL 2100F). To prepare the TEM sample, add 5 pL diluted MFC aqueous solution
(~0.1 mg/mL) on a TEM grid and dry at room temperature. The overall cluster diameter
(Dc) and the primary nanocrystal size (dp) are surveyed. The selected area electron
diffraction (SAED) pattern is obtained on a single cluster. The element mapping of

manganese and iron is acquired through electron energy loss spectroscopy (EELS).

The crystalline structure of the MFCs is determined by X-ray diffraction (XRD). To
prepare the XRD samples, drop 0.1 mL MFC aqueous solution (~4 mg/mL) in the center
of a glass slide. This process can be assisted by putting a magnet beneath the glass slide,
and the MFCs would accumulate in the center. The XRD patterns are acquired on the

Bruker D8 Discovery 2D X-ray Diffractometer with two-theta (20) from 20 to 80°.

The composition of the materials (MnxFesxO4) and the concentration of the MFCs aqueous
solution are quantitatively determined by inductively coupled plasma (ICP). To prepare the
ICP samples, mix 0.1 mL MFCs solution with 0.4 mL hydrochloric acid (37%) to fully
dissolve the nanomaterials until a clear yellow solution is seen. Add 9.5 mL nitric acid
(1%). Prepare the Mn and Fe standard solutions with a concentration of 1 ppm, 5 ppm, 10

ppm, 20 ppm, 50 ppm, and 100 ppm, respectively, where 1,000 ppm is equivalent to 1
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mg/mL. The samples and the standard solutions are then run through the ICP to measure

the concentrations of Mn (Cwmn) and Iron (Cre) of the initial MFCs solutions.
The materials composition is calculated as:

3Cun

X = ————
CFe+CMn

The dimensions and compositions of the MFCs discussed in this work are listed in Table

S1-S3.

The concentration of MFCs aqueous solution is calculated as:

64x
Cvngres_y0, = Cun + Cpe + ©494

Then these MFCs solutions are diluted or concentrated to 4 mg/mL and 8 mg/mL for further

magnetic heating evaluation.

The magnetic properties of the MFCs are characterized by the vibrating-sample
magnetometer (VSM). To prepare the VSM samples, first put 10 mg gypsum on a glass
slide and 0.1 mL concentrated MFCs aqueous solution (~4 mg/mL) and mix well to form
a dark brown paste. This paste is dried at room temperature overnight, ground into fine
powders, and then transferred into the sample holder for VSM. The magnetization loop
curves are obtained in the following range: -10,000 Oe to 10000 Oe with a step of 100 Oe,
-100 Oe to 100 Oe with a step of 1 Oe, and -5 Oe to 5 Oe with a step 0.05 Oe. Each data

point takes 1 second to collect.

The exact mass of the materials (m) in each VSM measurement is determined by ICP. Add

0.4 mL hydrochloric acid (37%) in the above VSM samples, followed by 9.6 mL nitric acid
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(1%). This solution is then filtered to get rid of the gypsum and subject to the same ICP
measurement as mentioned above. The saturation magnetization (Msat) is calculated based

on the maximum magnetization of the curve from -10,000 to 10,000 Oe:

max

Msqr =
The volume susceptibility () of the MFCs is calculated based on the slope (dM/dH) of the
magnetization curve from 0 to 5 Oe:

_4np dM
X= m dH

Where p is the density of the materials and is close to bulk magnetite (5.17 g/cm?).
4.7.3 Magnetic heating and contaminants remediation

The low amplitude AMF is generated by the ZVS Driver Module (5V-12V ZVS Low
Voltage Induction Heating Board). The heating coil has 5 turns with a diameter of 2 cm.
The device is powered using one 9 V battery (rechargeable, 600 mAh) and monitored by a
digital DC ampere meter. The field amplitude and frequency of the AMF generated by the
battery-operated heating device is determined by an oscilloscope. The probe of the
oscilloscope is a sniffer coil with 3 turns and a diameter of 9.78 mm. The field frequency
is directly given by the oscilloscope when placing the probe in the center of the heating

coil. The amplitude is calculated as:

VPP
~ 4m2R2Nf

177



Where VPP is the peak-to-peak voltage given by the oscilloscope, R is the radius of the
sniffer coil (4.89 x 10 m), N is the number of turns (3), and f is the frequency. The unit
of the calculated field amplitude is Tesla and is then converted into Oersted with a

conversion of 1 T = 10,000 Oe.

Put a 3.5 mL glass vial in the center of the heating coil and add 1 mL 4 mg/mL MFCs
solution. The heating module is turned on for 5 min while an optical fiber temperature
probe monitors the temperature of the solution. The specific absorption rate of the materials

is calculated based on the temperature change (AT):

AT c
SAR = — H20
t Cvrc

Where cy, is the specific heat capacity of water (4.184 J/g °C), Cyrc is the concentration

of the MFCs (4 mg/mL), t is the measurement time (300 s).

To evaluate the application of the MFCs toward the contaminant remediation, methylene
blue and streptomycin are used as the target contaminants, with hydrogen peroxide as the
radical generator. For methylene degradation experiment, add 0.5 mL MFCs solution (8
mg/mL, Dc 53 nm, dp 5.5 nm, Mno.1sFe2.8504), 0.1 mL methylene blue (2 mg/mL), 0.1 mL
hydrogen peroxide (30 mg/mL), and 0.3 mL water into a 3.5 mL glass vial. The solution is
mixed well and placed in the coil. The heating module is turned on for 60 min with the
temperature of the solution monitored. Note that this process usually takes two to three
batteries consecutively. Every 5 min, 0.01 mL solution is taken out of the vial and diluted
to 1 mL for UV-Vis test from 500 to 700 nm to analyze the concentration of methylene

blue.
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The degradation of streptomycin is carried out in a similar setting. Add 0.5 mL MFCs
solution (8 mg/mL, Dc 53 nm, dp 5.5 nm, Mno.1sFe2.8504), 0.1 mL streptomycin (4 mg/mL),
0.1 mL hydrogen peroxide (30 mg/mL), and 0.3 mL water into a 3.5 mL glass vial. The
solution is mixed well, and the heating module is turned on for 60 min. After magnetic
heating treatment, add 1 mg solid manganese dioxide to the solution to remove unreacted
hydrogen peroxide. The solution is then filtered using a 100 kDa membrane to remove the
MFCs and solid MnO,. Add 0.1 mL of the filtered solution, 0.4 mL H3PO4 (0.25 M, pH =
6), and 0.5 mL acetone nitrile. The mixture is analyzed by reversed-phase high-
performance liquid chromatography (RP-HPLC) to determine the remaining streptomycin

content.

The first control experiment is performed by mixing the MFCs with methylene or
streptomycin with the same concentration and placed in the AMF for 60 minutes. The
second control experiment is performed by mixing hydrogen peroxide with methylene or

streptomycin in a 35 °C water bath for 60 minutes.

179



4.8 Supplemental figures and tables

e

——
Figure S4. 1. Manganese ferrite nanoclusters as ferrofluid. The aqueous solution of the
manganese ferrite nanoclusters (Dc 53 nm, dp 5.5 nm, Mng 1sFe2.8504) is placed on top of
a handheld magnet. The concentration of the solution is 20 mg/mL.
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Figure S4. 2. The electronic circuit diagram of the portable heating device used in this
study.
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Figure S4. 3. Reading from the oscilloscope. Based on the frequency of 133 kHz and the
peak-to-peak voltage of 1.00 V, the field amplitude is calculated to be 25 Oe.
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Figure S4. 4. The magnetic and magnetothermal properties of the isolated nanoparticles.
() The magnetization curve of the MFNP-6 and IONP-6 from 0 to 5 Oe. The initial
magnetic susceptibility for MFNP-6 and IONP-6 is 12.6 and 9.7, respectively. (b) The
temperature-time profile of MFNP-6 and IONP-6 heated by the portable heater. The
concentrations are 4 mg/mL. The frequency is 133 kHz, and the field strength inside the
coil is 25 Oe. The temperature increase is negligible.
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Figure S4. 5. HPLC analysis of streptomycin and its degradation by the MFCs and
hydrogen peroxide. (a) Pure streptomycin. (b) Streptomycin with hydrogen peroxide and
the MFCs heated using the portable heating device. (c) Streptomycin with hydrogen
peroxide in a 35 °C water bath. (d) Streptomycin with the MFCs heated using the portable
heating device. Streptomycin is eluted at 4.5~5.5 min. Compared to the pure streptomycin,
the content of streptomycin left in b-d is 24%, 63%, 80%, respectively.
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Table S4. 1. Information of the MFCs shown in Figure 4.4 a. The cluster size of the
MFCs is increased by reducing the amount of water added in the synthesis.

Composition | 70 | TP | e | D¢ | 9P| Msat | Coeraivity | Susceptibil
(mL) (°C) (nm) | (hm) | (emu/g) (Oe) ty
Mn Fe O, | 195 | 215 | 0525 | 26 | 55 72 0 60
Mn Fe O, | 15 215 | 0525 | 34 | 55 80 0 119
Mn Fe O, | 125 | 215 | 0525 | 40 | 55 84 0 135
Mn Fe O | 1 215 | 0525 | 45 | 55 86 0 149
Mn Fe O, | 08 | 215 | 0525 | 48 | 55 88 0 171
Mn Fe O | 075 | 215 | 0525 | 53 | 55 89 0 182
Mn Fe O | 07 215 | 0525 | 57 | 55 90 0.7 175
Mn Fe O | 06 215 | 0525 | 62 | 55 91 1.5 158
Mn Fe O | 055 | 215 | 0525 | 68 | 55 91 2.3 119
Mn Fe O, | 045 | 215 | 0525 | 78 | 55 92 4.6 107
Mn Fe O, | 02 215 | 0525 | 90 5.5 93 15.8 55

Table S4. 2. Information of the MFCs shown in Figure 4.4 b. The primary nanocrystal
size the MFCs is increased by increasing the reaction temperature.

Composition H0 | Temp | | Dc | dp Msat | Coercivity | Susceptibili
(mL) (°C) (nm) | (nm) | (emu/g) (Oe) ty

Mn Fe O | 075 | 170 | 0525 | 53 | 25 74 35 54

Mn Fe O, | 075 185 | 0525 | 53 35 80 2.8 108

Mn Fe O, | 075 200 | 0525 | 53 45 88 0.2 177

Mn Fe O, | 075 215 | 0525 | 53 5.5 89 0 182

Mn Fe O, | 075 230 | 0525 | 53 6.5 89 0 173

Mn Fe O, | 075 245 | 0525 | 53 8 90 0.2 176

Mn Fe O, | 075 260 | 0525 | 53 | 105 91 0.2 169
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Table S4. 3. Information of the MFCs shown in Figure 4.4 c. The manganese content of
the MFCs is increased by increasing the Mn/Fe ratio of the precursors.

Composition O | Temp Mn/Fe be dp Msat | Coercivity | Susceptibili
(mL) (°C) (nm) | (nm) | (emu/g) (Ce) ty
Fe O, 1.35 215 0 53 55 83 5.8 61
Mn Fe O, | 06 215 | 0333 | 53 | 55 84 1.4 143
Mn Fe O, | 0.65 215 | 0.429 | 53 55 87 03 167
Mn Fe O, | 075 215 | 0525 | 53 5.5 88 0 182
Mn Fe O, | 1.05 215 0.6 53 55 90 0.2 169
Mn Fe O, | 13 215 | 0.667 | 53 55 92 0.6 149
Mn Fe O, | 165 215 | 0.818 | 53 55 95 11 112
Mn Fe O, 2 215 1 53 5.5 102 6.8 92
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Chapter 5

Tunable Magnetic Cluster Chains and Their Enhanced Magnetic Properties®

1 Reprinted (adapted) with permission from Xiao, Z., Villanova, J., Lee, M.J., Stueber,
D.D., Zhang, Q. and Colvin, V.L. Tunable Magnetic Cluster Chains and Their Enhanced

Magnetic Properties. In preparation.

190



5. Tunable Magnetic Cluster Chains and Their Enhanced Magnetic

Properties

5. 1 Abstract

The assembly of magnetic nanocrystals into one dimensional chains is a strategy adopted
in natural magnetotactic bacteria to enable their sensitivity to minute variations in the
earth’s small magnetic field. Inspired by these magnetosomes, we applied an external field
to induce controllable particle-particle assembly between superparamagnetic nanoclusters
that can yield materials with aspect ratios of up to 125 and tunable lengths from 0.8 to 5.0
um. Silica deposition can permanently capture these structures, termed here nanoworms,
allowing for their magnetic characterization in the liquid and solid state. These materials
can form stable aqueous suspensions, and in solution they are superparamagnetic at room
temperature with exceptional initial DC magnetic susceptibilities that increase with chain
length; the longest assemblies are ten times more susceptible than that of individual
nanoclusters. Higher susceptibilities translate into improved MRI T2 contrast, for example,
and these assembled iron oxides have maximum relaxivities (r) of 549 s mM? as
compared to 350 st mM* for isolated nanoclusters. In solid form the chains can pack into
parallel bundles that are ferrimagnetic; the coercivity of these bulk samples is large if
external fields are applied parallel to the long axis of the chains but is near-zero for field
application perpendicular to the texture of the chains. Anisotropic magnetic coercivity in
magnetic thin films has long been of interest in data storage schemes, and this a typical

demonstration of such a property in materials formed from chemical assembly strategies.
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5.2 Introduction

The design and assembly of magnetic nanocrystals into higher-order structures opens up
new avenues for photonic crystals, responsive biomaterials, and magnetic imaging.* The
collective properties of closely interacting magnetic nanocrystals can yield a rich array of
improved and novel magnetic behaviors.[?l In three dimensions, magnetic nanocrystals
have been explored as artificial atoms which when assembled into superlattices can possess
larger magnetic moments relevant for magneto-mechanical cancer therapeutics.™
Alternatively, particle assembly may offer a route to optimizing the low field sensitivity of
magnetic particles. One dimensional chains are a promising motif in this regard as it is this
architecture that permits magnetotactic bacteria to sense small variations in the earth’s
magnetic field (0.3 — 0.6 Gauss)."'*] Recovery of these natural magnetosome chains, or
application of the complete organism, has led to some spectacular demonstrations of

hyperthermic cancer treatments as well as externally activated drug delivery. 8 11-14]

Chemical assembly of magnetic nanocrystal chains has revealed the importance of close
particle-particle contact and crystallographic alignment within chains to developing
behaviors that recapitulate natural magnetosomes. The simplest approach to forming one-
dimensional assemblies has relied on chemical cross-linking of smaller nanoparticles (5 to
10 nm) to yield chains of up to 200 nm.!*>17 These materials can possess high T2 contrast
(r. = 100~400 s* mM1) for magnetic resonance imaging (MRI) by virtue of their large
magnetic volume as well as more extended blood circulation due to their elongated
shape.*> I However, the individual magnetic nanocrystals are not magnetically aligned,
and particle-particle interactions are dominated by dipolar interactions known to reduce the

initial magnetic susceptibility of these assemblies.** 18201 A more promising approach
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utilizes the particle-particle attraction between superparamagnetic nanoparticles induced
by the application of external magnetic fields.[**-?21 Such magnetically generated structures
line up the crystallographic and magnetic axes of the individual particles via magnetic
dipole forces.[?-°] For example, colloidal dispersions of sub-micron magnetic particles can
form dynamic photonic crystals when placed near a handheld magnet. Interparticle
distances on the order of hundreds of nanometers result in the Bragg diffraction of visible
light, and these particle distances are inversely proportional to the external field strength. 6]
Such magnetically assembled chains can be harvested with introduction of silica or
polydopamine coatings and are prone to bundling as a result of their dimensions. 2% 27-%1
While aggregation is not an issue for some applications in mixing and in-vitro diagnostics,
other applications particularly in-vivo require magnetic nanostructures with a great degree
of colloidal stability.[?” 2% 31 The relatively large dimension, microns in length and
individual particles over a hundred nanometers in diameter, of these chains has limited
their use in applications which require non-sedimenting and colloidally stable

suspensions.2 3

There are significant challenges in downsizing this magnetic assembly approach to forming
shorter chains with the smaller nanocrystals more representative of natural magnetosomes.
Most notably is that the particle-particle attraction that drives chain assembly in external
fields falls with diameter while the repulsive interactions that keep chains separated do not
show such a dependence.?* 24 As a result three-dimensional aggregation is the rule for
small nanocrystals with modest colloidal stability subjected to larger external fields. 1923l
Moreover, the additional coating layers necessary to physically link the constituent

nanocrystals can shield steric repulsions from original coatings and increase the Van de
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Waals attractions, compromising colloidal stability.?* 35 %1 Therefore, a robust
electrostatic coating on constituent particles is ideal for biomedical applications.% We
reasoned that our recent work on optimizing the magnetic susceptibility of smaller
magnetic nanoclusters would make it possible to form one-dimensional chains in these

systems.

Here we present the synthesis of uniform (¢ < 20%), colloidally stable chains of
nanoclusters that we refer to as nanoworms. These materials are comprised of 40 nm
diameter, polysulfonate-coated iron oxide nanoclusters that possess a high saturation
magnetization and substantial DC magnetic susceptibility.[*®! The curvature of the resulting
chains can be manipulated by varying the uniformity of the external field, while the average
chain length increases from 0.8 to 5 um as the strength of the magnetic field increases. For
the first time we report how the magnetic properties of one-dimensional assembled chains
vary with chain length and morphology; in solution the magnetic susceptibility of the
superparamagnetic materials increases monotonically with chain length. Moreover, any
curvature in the chain greatly reduces the measured DC magnetic susceptibility. In aqueous
solutions, nanoworms have excellent colloidal stability at high applied fields and are
superparamagnetic with magnetic susceptibilities and T relaxivities significantly greater
than the constituent nanoclusters alone. Solid-state nanoworms are ferrimagnetic with
coercivities that depend on the orientation of the applied field. Nanoworms will align with
their long-axis parallel to an external field allowing for the generation of structurally
anisotropic solids for magnetic measurement. Coercivity reaches a maximum (up to 100
Oe) if measured parallel to the long axis of the chains while the samples have negligible

coercivity in the perpendicular direction. These unique and sensitive magnetic properties,
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and their nanoscale dimensions, can enable the movement, heating, and imaging of these
materials at lower magnetic fields and are therefore potentially suitable for many

biomedical and industrial applications.7-41

5.3 Nanoworm synthesis and characterizations

Magnetic nanoparticles colloidally stabilized with polymer coatings can experience three
major interparticle forces in an external magnetic field: attractive Van der Waals forces,
attractive magnetic dipolar forces induced when particles are magnetized, and charge-
mediated repulsive and steric interactions (Figure 5.1). The second of these, charge
repulsion, is central to the forming non-aggregating particle dispersions and often magnetic
particles are coated with thick and/or charged polymers such as polyacrylic acid or high
molecular weight polyethylene glycol.® When these suspensions are subjected to external
fields, magnetic dipolar forces are generated between the magnetic moments of nearby
particles.[Y] Simultaneously the external field also can also generate a motive force if the
particles are large enough. This unidirectional movement parallel to the external field lines,
much like the alignment of particles via flow-driven processes, drives one-dimensional
chain formation as opposed to three-dimensional assembly of clusters. If concentrated
enough, the one-dimensional chains can experience Van der Waals attraction forming well-
defined bundles with more three-dimensional character.[?* 361 The strength of the repulsive
interactions limits both of these processes making both the one-dimensional particle

chaining and chain-bundling more difficult.

Assemblies can be permanently captured via silica deposition resulting in a shell on the
surface of the particles leading to nanochain geometries that persist after the removal of

the applied field (Figure 5.1 b). We expect that the length of each chain — proportional to
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the number of particles in the chain — is determined by the balance between the relevant
attractive and repulsive forces. Stronger external fields can induce greater attractive
magnetic dipole forces to offset repulsive forces, thus bringing particles closer together and
allowing more chaining and vice versa. However, if repulsive forces are weaker and
attractive Van der Waals forces prevail, the interchain distance becomes smaller causing
bundles of chains to form and become encapsulated (Figure 5.1 c). Magnetic dipole
coupling between chains in a bundle could cause anti-alignment of spins, thereby
diminishing their magnetic properties similar to what is seen in the multidomain materials

with even smaller coercivities and susceptibilities.?

Mag Field

—> Dipolar

Figure 5. 1. Forming the magnetic nanochains via magnetic interactions. (a) Many
forces act on colloidal magnetic nanoparticles in an external magnetic field: repulsive
force (R) from like charges on neighboring particles, magnetic dipolar attraction induced
by the external field, and Van der Waals (VDW) forces. A careful balance between the
dipolar attraction, surface repulsion, and the Van der Waals attraction determines the
morphologies of the final assemblies, which are then “frozen” by depositing a layer of
silica. (b) Individual chains of magnetic nanoparticles form only when the interparticle
repulsion is strong enough to overcome the interchain bundling. The silica coating
encapsulates particles parallel to the field. (c) Bundles form when the interparticle
repulsion is weak, and for these circumstances the silica coating encapsulates several
chains in a bundle.

Isolated chains of magnetic nanoclusters could be formed under the application of modest

applied fields, and the structures captured permanently using a silica coating (Figure 5.2).
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To optimize the formation of relatively short magnetic chains with large magnetic
susceptibilities, this work uses iron oxide nanoclusters (FNC) coated with a highly charged
sulfonated copolymer as building blocks. We selected nanoclusters forty nanometers in
dimension (Dc = 40nm), containing roughly 400 individual nanocrystals with a diameter
of 6 nm, because these systems offer the largest initial magnetic susceptibility in a
relatively small, nanoscale particle; this general class of magnetic particle has been widely
applied in diverse biomedical applications.*®! To "freeze" the chains of nanoclusters and
isolate the nanoworms, tetraethoxysilane (TEOS) is applied to coat assembled nanoclusters
with a layer of silica. The best results were obtained when TEOS was added to the colloidal
solutions before field application, as the coating deposition occurs concurrently with chain
formation. Because of this the magnetic particles in these chains are not in close contact

and instead separated by a layer of silica.

Figure 2 illustrates the central role that the field application geometry plays in defining the
chain morphology. Under field-free conditions (Figure 5.2 a, d, and g) a suspension of iron
oxide nanoclusters and TEOS show no chaining behavior. Silica is deposited uniformly
around the particle yielding core-shell particles with an iron oxide core and silica shell
(Figure 5.2 d, g). When a single permanent magnet is placed within a few centimeters of
the reaction vessel (Figure 5.2 b), we observe the chaining of nanoclusters into one-
dimensional bent and curved morphologies. The non-linear structures capture the flow-
fields generated by the magnetophoretic transport of particles towards the areas of greatest
field gradient (Figure 5.2 b) which is not uniform for a single magnet placement.3 A
variety of structures, including twisted nanoworms (TNW) or curved nanoworms (CNW),

result from varying the strength of the applied magnetic field (Figure S5.1).
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50 nm :
Figure 5. 2. Role of magnetic field application in the formation of magnetic nanocluster
chains. (a) The silica deposition forms the core-shell structure on the nanoclusters with no
applied field, as shown in d and g. (b) Curved chains are formed under the nonuniform
magnetic field alongside the pole of a single magnet, as shown in e. (c) Linear chains of
the nanoclusters are formed when a uniform magnetic field is applied by two oppositely
faced magnets, as shown in g and h. The nanoclusters within the chains are captured in a
permanent structure by a silica shell and with their magnetocrystalline easy axes aligned.

)]

When two magnets with their north and south poles oppositely facing each other (Figure
5.2 ¢) are used to generate the external field, linear one-dimensional chains are formed

(Figure 5.2 f). This geometry has been previously used for efficient magnetophoresis and
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is known to generate a uniform magnetic field gradient whose field lines are nearly
parallel.3 With two cubic neodymium magnets (N52) separated by 11.5 cm, roughly forty
nanoclusters assemble into a 1.8 um chain with a 10 nm spacing between nanoclusters

(Figure 5.2 h).
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Figure 5. 3. Scanning electron micrographs of magnetic nanochains with different
curvatures generated by single magnetic assembly processed. (a-b) Curved chains and
(c-d) linear chains.
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The uniformity of the morphology and length of these one-dimensional assemblies is
apparent in lower magnification scanning electron microscopy (SEM) images (Figure 3).
Most striking in these images is the different morphologies formed by the different field
application geometries (Figure 5.3). After purification via washing and magnetic
separation, the magnetic chains are redispersed in water where they form stable colloidal
solutions for up to five days (Figure S5.2). The assembled materials are somewhat less
stable than the starting nanoclusters given their larger dimensions which both leads to
sedimentation as well as loose aggregation particularly if placed in magnetic fields for long

periods of time.

The surface coating of the starting nanoclusters plays a significant role in defining the
morphology of the resulting one-dimensional assembly process; most notably, less charge
repulsion at the surface results in chains that have a greater tendency to bundle. Both the
as-synthesized coating, polyacrylic acid (PAA), as well as nitro-dopamine functionalized
polyethylene glycol (PEG) can yield nanoclusters that are well dispersed in water prior to
magnetic assembly. Figure S5.3 a and b show nanoworms composed of nanoclusters with
PAA and PEG coatings, respectively. They possess a similar morphology that has been
previously termed nanobundles as there are usually several chains bundled together. We
can understand the bundling seen here through a consideration of their surface charges
which are known to be smaller than that of the sulfonate. Their smaller hydrodynamic sizes
(61 nm for PAA, 75 nm for PEG, and 90 nm for the sulfonated copolymer) as well as less
negative zeta potential (-25.3 mV, -17.7 mV, and -45.5 mV, respectively) suggest PAA or
PEG provides less electrostatic repulsions (Table S5.1). Therefore, the same dipolar force

can compress more particles in a single chain with these coatings.*¢1 Meanwhile, the
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distance among the chains becomes shorter so that they are subject to crosslinking by silica

deposition.
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Figure 5. 4. Effect of magnetic field strength on the average length of the chains. (a) The
magnetic field strength of the two oppositely faced magnets at a separation distance of d.
(b, c, e, f) TEM of the nanoworm samples. Scale Bar: 1 um. The average chain length for
NW1, NW2, NW3, and NW4 is 0.8 £ 0.2 um, 1.8 £ 0.4 um, 2.5 £ 0.5 um, and 4.7 £ 0.7 um,
respectively. (f) The chain length of the nanoworms synthesized at different field strengths.

The diameter of the nanocluster is also important in this assembly process; particles that
are too small will not undergo substantial unidirectional movement while those that are too
large are more likely to form chain bundles. Figure S5.3 ¢ and d show samples prepared
with 25 and 65 nm diameter polysulfonated nanoclusters as compared to the 40 nm
nanoclusters. Under the same external field, nanoworms prepared using larger nanoclusters
(65 nm) exhibit a bundled morphology reminiscent of the structures seem for smaller

nanoclusters with PAA- and PEG-coatings.[?® 4+ 451 These bundles have poor colloidal
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stability and rapidly undergo gravitational sedimentation. In contrast, nanoworms prepared
using smaller nanoclusters are much shorter with only two or three nanoclusters.
Additionally, the assembly yield is low for smaller nanoclusters (< 20%) as compared to
the 40 nm nanoclusters (83%). To synthesize nanoworms of similar length to those formed
with 40 nm clusters, 25 nm clusters would require a much greater external field because of
their lower magnetic moment. Therefore, nanocluster size and surface coating are essential
to optimize the synthesis of well-defined nanoworms with desired colloidal stability and

magnetic properties.

The diameter dependence fond above suggests that the chain lengths could be altered via
changes in the magnetic field strength. Using the 40 nm nanoclusters with polysulfonate
coating, we have prepared a series of nanoworms with different lengths. The chain length
depends sensitively on the external field strength, a parameter easily adjusted by the
distance between the two oppositely facing magnets. Field strength decreases as the
distance between magnets increases (Figure 5.4 a). When the distance between magnets is
decreased from 16.5 cm to 4.5 cm, the field strength in the center increases from 2.1 mT to
18.3 mT as measured using a gauss meter. Over this same range, nanoworms’ average
chain length increases from 0.8 to 4.7 um, consistent with an increase in the number of
assembled particles, from 16 to 120. Chains synthesized under these conditions have
relatively high length uniformity (< 20 %) a feature found by quantifying the length of

more than 100 chains Figure S5.4.

We have also noticed that magnetic field strengths outside 2.1 mT to 18.3 mT are not ideal
for nanoworm synthesis. When magnets are separated too far from one another (> 18 cm),

nanoworm yield is very low, with most products being silica-coated free clusters, similar
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to what is seen in Figure 5.2 d. This is because the magnetic field is too weak to assemble
nanoclusters close enough to be crosslinked by silica deposition. On the contrary, when the
two magnets are too close (< 3.5 cm), nanoclusters dispersed in ethanol rapidly accumulate
at the magnet-adjacent sides of the reaction vessel before effective TEOS hydrolysis can
occur — preventing silica encapsulation. The final product is in a bulk form that is highly

colloidally unstable.

5.4 Aqueous-phase Magnetic Characterization
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Figure 5. 5. The magnetic properties of the nanoworms in aqueous solution. (a-c)
Magnetization curves of the free nanoclusters and the linear chain samples with equivalent
concentrations of 1 mg/mL. In panel a, at a high applied field, the magnetization curves
for all samples are difficult to distinguish. The samples are superparamagnetic with zero
coercivity and remanence magnetization. Compared to free nanoclusters, the chained

samples saturate much more extensively at lower applied fields. Nanoworms with longer
chains have a greater initial magnetic susceptibility than individual magnetic nanoclusters.

When dispersed in water colloidal solutions of these captured magnetic chains exhibit zero
coercivity and remanence magnetization and are well characterized as superparamagnetic
(Figure 5.5). We apply vibrating-sample magnetometry (VSM) at room temperature to
characterize the magnetic properties of these assemblies. The technique provides a measure
of the magnetization of a sample, typically a few millimeters in dimension, as a function

of applied field. The high-field behavior of these samples is remarkably similar (Figure 5.5
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a). Above roughly one Tesla the magnetization of the linear assemblies, independent of
length, saturate at 79 emu/g FesO4 similar to unchained silica-coated nanoclusters (FNC).
This saturation magnetization compares well to the bulk saturation magnetization of
magnetite (92 emu/g Fes04); the modest reduction in these materials is likely due to their
small dimensions and high surface to volume ratio.*® Well below 10 kOe (100 Oe) there
are marked differences in the magnetization behavior that depend on the length of straight
linear assemblies, as well as on their geometry (e.g., linear vs. non-linear) (Figure S5.5).
Much of the differences in the response at low field is in the initial magnetic susceptibility
of the samples (Figure 5.5 c); this central parameter is at the low field limit defined by the
slope of the largely proportional magnetization versus applied field response. The one-
dimensional linear assemblies (nanoworms) have greater magnetic susceptibilities than
free nanoclusters (FNC) which we ascribe to the rotation of the nanochains in solution in
alignment with the external field. Moreover, the measured initial magnetic susceptibilities
increase with increasing chain length. At an applied field strength of 0.5 Oe, equivalent to
the earth's magnetic field strength, a moderately long chain of 2.5 pm (NW3) magnetizes
to 47% of its saturation magnetization. For comparison the free nanocluster is only 4%

magnetized.

The volume susceptibility (x = M/H) of a superparamagnetic material describes how
responsive the systems are to applied magnetic fields, and is a central metric in defining
the performance of these materials in technologies that seek to image, move, or heat the
systems at a distance.[6*€1 A large magnetic susceptibility not only results in better
performance in these areas but also permits the use of simple and inexpensive approaches

to external field generation.[*®1 We extracted magnetic susceptibility from the slopes of data
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such as that shown in Figure 5.5 ¢ and compared these across different sample types and
morphologies (Figure 5.6). Free nanoclusters have in solution a magnetic susceptibility of
295, while the magnetic susceptibilities of the linear chains are 581, 1190, 1712, and 2665
for 0.8, 1.8, 2.5, and 4.7 um chains, respectively. A linear chain morphology for
nanoworms is essential to their excellent magnetic properties. The striking increases in
magnetic susceptibility with chain length are only seen for linear materials; twisted
nanoworms (TNW) or curved nanoworms chains (CNW) as seen in Figure S5.1, their
typical magnetic susceptibility is only comparable to FNC, showing minor enhancement
due to their irregular morphologies. For chains twisted into a circle arrangement (TNW),
particularly TNW3 (Figure S5.1 d), the magnetic susceptibility is actually less than that of

the free non-chained magnetic clusters.

Linear chains 71 Non-linear Chains
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Figure 5. 6. Comparison of the initial magnetic susceptibilities of all nanoworm samples
and the free nanoclusters. The susceptibility is derived from the slope of the magnetization
curve near the zero fields (Figure 5.5 and S5.5) and converted to Sl unit system, resulting
in a dimensionless number. Higher susceptibility (greater slope) indicates faster saturation
of the magnetization curve. FNC = free nanocluster;, NWI1 = 0.8 £ 0.2 um, NW2 = 1.8 £
0.4 um, NW3 = 2.5+ 0.5 um, and 4.7 + 0.7 um.
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We confirmed that the materials experience some physical movement in response to small
applied fields by applying them to solution mixing; such an application has been envisioned
for sub-micron stir bars used in droplet mixing.!?"-%1 Diluted aqueous solutions (0.1 mg/mL
or 100 ppm) of the captured chains were placed on a conventional magnetic stir plate with
a field strength of 0.2 mT and a rotation speed of 990 rpm; a clear disturbance of the
solution is apparent when the stir plate is turned on. After adding a drop of concentrated
methylene blue into the solution, the dye is rapidly and homogeneously distributed in the
solution containing nanoworms as compared to a similar solution of nanoclusters subjected
to the same stir plate. These highly susceptible nanoworms should provide a strong
candidate for efficient magnetic separation and drug delivery applications that involve the

movement of the magnetic materials in liquid.[® 44

With relatively high saturation magnetizations (Table 5.1), nanoworms may prove useful
as T> MRI contrast agents for cell tracking applications. This property allows for the
spontaneous generation of particle-localized magnetic fields that facilitate the relaxation of
water protons — the principal process by which contrast is enhanced in MRI. The ability of
a contrast agent to accelerate the relaxation rate of water protons and therefore enhance
image contrast is called relaxivity (mM™s?). However, any consideration of applying
magnetic nanomaterials as MRI contrast agent requires them to retain colloidal stability in
an external field. Though our nanoworms are microscale in length, they do not aggregate
at a clinically relevant field strength for an MRI scanner (3 T) over the course of 15 minutes.
The surface coatings present on these materials are clearly central in maintaining a high

degree of colloidal stability and is consistent with our previous report.F®!
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We plot the longitudinal (1/T1) and transverse (1/T) relaxation rates (s*) of our nanoworm
and cluster solutions as a function of concentration (mM Fe) to measure their T and T»
relaxivities — r1 and ro, respectively (Figure S5.7). The r1 and r2 values for FNC and NW1
— NW4 are reported in Table 1. Notably, the r> of our nanoworms, as opposed to their ry,
exhibit a significant size dependence. This has to do with their robust surface coating and
the mechanistic differences between T and T relaxation processes.® In terms of contrast
performance, a large r. makes for an ideal T. contrast agent, and a large r. makes for an
ideal T contrast agent. Our nanoworms make for promising T contrast agents because
they have exceptionally high r, (450 — 550 mM™s™) when compared to commercially
available T2 contrast agents (< 200 mM*st), micron-scale materials reported elsewhere (<
~350 mMs?), and single-core magnetic nanocrystals (< 390 mM-1s-1).[t5 17, 46, 51-53]
Conversely, they have relatively low r; (~2 mM™s?!) when compared to the clinical
standard for T1 contrast agents, Gadolinium-containing chelates (3 - 4 mMs).54 The
exceptionally large r> of these nanoworms are ideal for cell tracking applications, which
generally prefer T, contrast agents for their greater sensitivity.[*®! Also, their relatively

large sizes can obstruct rapid exocytosis, allowing for greater tracking duration.!

5.5 Solid-state Magnetic Characterization

Contrary to the superparamagnetic behavior observed in aqueous solution, solid-state
nanoworms exhibit ferrimagnetism, with coercivity and remanence magnetization
proportional to chain length (Table 5.1 and Figure S5.5). This is not surprising given the
dimensions of the materials and the expectation that the superparamagnetism observed in
solution was due to rotation of the materials.**! We analyze the magnetic behavior of

nanoworms in the solid-state with VSM by drying aqueous samples in gypsum. Coercivity
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and remanence increase with chain length because of increased dipolar interaction between
constituent nanoclusters resulting in greater spontaneous magnetization.[** 14421 Solid-state
nanoworm movement is primarily restricted, which significantly reduces the Brownian
relaxation of nanoworms.4 As a result, there is a large remanence magnetization at zero
fields and a strong resistance to the reverse field. Ferrimagnetic and superparamagnetic
materials when formed in thin film and solid formats can be relevant for data storage and
spintronic applications.®®! The large and anisotropic coercivities measured here suggest
that these materials are excellent candidates for data writing and reading as they can both
maintain spin alignment while having low susceptibility for easy of reversing any recorded

information. ¢!

Table 5. 1. Summary of the properties of the nanoworm samples. Msa is the saturation
magnetization of the sample. y is the initial magnetic susceptibility derived from the slope
of the magnetization curve near the zero fields (Figure 5 and S5) and converted to SI unit
system, resulting in a dimensionless number. Solid samples are prepared by dropping the
nanoworms solution into gypsum and drying. The drying process is without the external
magnetic field. To measure the initial magnetic susceptibility in solid state, the nanoworms
are first demagnetized by applying a small reverse field to offset the remanence
magnetization. Hc is the coercivity in solid state. r> and ry are derived the slope of the T
and T relaxation curve (Figure S7), respectively.

Length Msat X X He r r

Sample |~y |(emulg Fes0a) |(Liquid)|(Solid*) (S(‘g'f)*) (s mMD)|(s mM-Y)
ENC [0.04+0.003 791 295 | 93 0 3500 | 2.2
NW1 | 0.8+02 78.9 581 | 79.9 9 5245 | 15
NW2 | 1.8+04 787 | 1190 | 778 | = 5405 | 18
NW3 | 25%05 789 | 1712 | 695 | 42 4538 | 24
NW4 | 47207 789 | 2665 | 614 | 72 2595 | 21

The one-dimensional nature of these magnetic materials, and their propensity to align along

external field lines, creates an opportunity for bottoms-up assembly of solid magnetic
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materials with spatially distinct magnetic behavior. Figure 5.7 a shows the magnetization
of solid nanochains formed during magnetic field alignment of evaporating solutions of the
linear assemblies as compared to Figure S5.6 which reports data on solid phase materials
randomly aligned after conventional evaporation of water.?” 2° These samples are
prepared in a setup similar to that is used to form the original chains (Figure 7 a) and we
include gypsum as a non-magnetic solid matrix thereby forming materials with equivalent
iron content to those reported in Figure 5.5. Dipolar interactions can only facilitate the
alignment of magnetic dipoles along the long axis of a chain, and these interactions are
ineffective for structures oriented perpendicular to the applied field, leading to little
spontaneous magnetization.?-*41 Shown in Figure 5.7 a is a similar setup to the nanoworms
synthesis. The nanoworms can now be aligned to the external field during the drying
process. Transmission electron micrographs reveal that when samples are evaporated under
the influence of an applied field the resulting one-dimensional structures are aligned

uniaxially as opposed to samples prepared in the absence of external fields (Figure 5.7 a).

Magnetization measurements of the field-alignment 1D assembly solids demonstrates
samples exhibit completely different behavior depending on their orientation with respect
to the experimental magnetization of the instrument. When the assemblies are oriented
parallel to the applied measurement field, they have notable remanent magnetization with
a much higher coercivity (93 Oe) than those formed without field alignment (42 Oe)
(Figure 5.7 b); along this direction the material is a hard magnet with coercivities
comparable to bulk metals and metal alloy materials.[®®! In contrast, when the field-aligned
samples are oriented approximately perpendicular to the measurement field the coercivity

drops substantially (3.3 Oe). Such highly anisotropic coercivity and the existence of both
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superparamagnetism to ferromagnetism depending on the measurement axis is consistent
with previous studies on magnetic nanochains.** 57-6% |t is also notable that the
susceptibility of nanoworms perpendicular to the VSM field is much lower than that of the
free nanoclusters; the elongated morphology may impede spin alignment in a direction
perpendicular to the chains.** 4 The highly anisotropic coercivity properties of these solid

samples offer an interesting opportunity for applications in data storage.[> 5!
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Figure 5. 7. The anisotropic magnetic properties of the nanoworm (2.5 um long, 40 nm
nanocluster diameter) in the solid state. (a) A schematic illustrating the sample
preparation for field-aligned one-dimensional chains. The transmission electron
micrographs show (top/blue) randomly distributed nanochains and (bottom red) parallelly
aligned ones. (b) The magnetization curves of the nanoworms in gypsum at 1% mass ratio.
The red curve corresponds to parallel alignment between the field-alignment axis and the
measurement field axis while the green corresponds to perpendicular alignment. The
coercivities are 42 Oe (random), 93 Oe (0° detection, parallel), 3.3 Oe (90° detection,
perpendicular), and 0 Oe (free nanoclusters), respectively. We attribute this negligible
coercivity to our experimental error where the rotation might not be precise as 90°.

5.6 Conclusion
Uniform linear chains of magnetic nanoclusters, referred to here nanoworms, with short
axes of 40 nm can be formed as stable colloidal suspensions of nanoscale materials. Chain

lengths can vary from 0.8 to 4.7 um with corresponding aspect ratios of a to b with very
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little bundling. The chaining process is driven by dipole-dipole interactions between the
highly susceptible magnetic particles and mediated by the concurrent deposition of silica
as well as repulsive interactions between the negatively charged nanoclusters; different
magnetic field application geometries can result in both twisted and bent configurations
illustrating that particle assembly occurs along the applied magnetic field lines. Inaqueous
solutions nanoworms exhibit superparamagnetism with large magnetic susceptibilities, up
to nearly ten times that observed for isolated nanoclusters; even modest fields from a
conventional stir plate can cause substantial torque on the nanoworms sufficient to mix
bulk solutions. When the nanoworms are not able to move, as is the case when they are
formed as solids evaporated from the solution phase, they are ferromagnetic with remanent
magnetization. When these solids are formed in the presence of magnetic fields
nanoworms align along the axis of the applied fields. When measurement fields are aligned
along the same direction, the samples have coercivities up to 100 Oe, but when

measurement fields are rotated perpendicular the samples have near-zero coercivity.

5.7 Experimental Section

Chemicals: ethanol (ACS reagent, >99.5%), 4-Morpholineethanesulfonic acid, 2-(N-
Morpholino)ethanesulfonic acid (MES, 99%), ammonium hydroxide solution (~30%),
tetraethyl orthosilicate (TEOS, 99%, GC), ethylene glycol (anhydrous, 99.8%), iron(l11)
chloride hexahydrate (FeClz-6H20, ACS reagent, 97%), urea (ACS reagent, 99.0%), O-
Methyl-O’-succinylpolyethylene glycol (PEG-COOH, Mw ~5,000), azobisisobutyronitrile
(AIBN, 98%), acrylic acid (anhydrous, contains 200 ppm MEHQ as inhibitor, 99%),
poly(ethylene glycol) methyl ether acrylate (Acryl-PEG, Mw ~480, contains 100 ppm BHT

and 100 ppm MEHQ as inhibitor), 2-acrylamido-2-methylpropane sulfonic acid (AMPS,
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99%), dimethylformamide (DMF, anhydrous, 99.8%), 3,4-dihydroxyphenethylamine
hydrochloride (dopamine), and sodium nitrite (ACS reagent, >97.0%) were purchased from
Sigma-Aldrich. Polyacrylic acid sodium salt (PAA, Mw~6,000) was from Polyscience Inc.
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), sulfuric acid (ACS
grade, 98%), hydrochloric acid (ACS grade, 37%) and hydrogen peroxide (30%) were

purchased from Fisher Scientific. Water is purified using a Milli-Q water machine.

5.7.1 Preparation of nanoclusters with different coatings

40 nm nanoclusters. The synthesis of the 40 nm nanoclusters follows our previous
protocols. Add 540 mg FeClz-6H.0 in 20 mL ethylene glycol, followed by 250 mg sodium
polyacrylate (Mw~6,000), 1200 mg urea, and 2000 mg water. The mixture is transferred
to an autoclave and then heated at 215 °C for 6 hours. Magnetically wash the nanoclusters
to form a stable colloidal solution. The nanoclusters have an average diameter of 40.0 £
3.0 nm as measured by transmission electron microscope (TEM, JOEL 2100F) of over 300

particles. The hydrodynamic size is 61 nm as measured by dynamic light scattering (DLS).

25 nm and 65 nm nanoclusters. To synthesize the 25 nm and 65 nm nanoclusters, add
2,800 mg and 700 mg water, respectively. The as-synthesized nanoclusters have an average
diameter of 25.3 + 1.0 nm and 65.8 £ 6.0 nm as measured by TEM. The hydrodynamic size

after polysulfonate coating is 48 nm and 113 nm as measured by DLS.

Polysulfonate coated nanoclusters. To graft polysulfonate coating to the nanoclusters,
the original polyacrylic acid coating is first replaced by nitro-dopamine. Add 10 mg nitro-
dopamine in 100 mg nanocluster dispersed in 10 mL water. The nitro-dopamine-coated
nanoclusters will aggregate fast and can be magnetically collected. Add 20 mg EDC, 100
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mg MES, 60 mg polysulfonate [Poly(AA-co-AMPS-co-PEG)], and 5 mL water into this
magnetic collection and place the mixture in a probe sonicator for 30 min. The strong
sonication can facilitate the conjugation of the polysunfonate to nitro-dopamine and allow
the nanoclusters to disperse in water homogenously. The polysulfonate coated 40 nm

nanoclusters have a hydrodynamic size of 90 nm.

Synthesis of nitro-dopamine. Add 1 g dopamine in 30 mL water and stir at 1000 rpm in
an ice bath, followed by the addition of 1.3 g sodium nitrate. Slowly add 10 mL 20%
sulfuric acid to the mixture and vent the nitrogen dioxide gas from the reaction. Remove
the ice bath and leave the mixture stirring at room temperature overnight. To obtain the
powered nitrodopamine hydrogensulfate (nitro-dopamine), filter the mixture and wash the
residue with cold water several times, after which it can be freeze dried into a yellow

powder. The reaction yield is nearly 100% based on the mass of the dried nitro-dopamine.

Nitro-dopamine functionalized polyethylene glycol (nitro-dopa-PEG). Add 200 mg
PEG-COOH (Mw~5,000) in 10 mL 0.1 M MES buffer solution, followed by 12 mg EDC
and 20 mg dried nitro-dopamine. Stir the mixture at room temperature for 2 h to allow the
EDC conjugation of the carboxylic acid groups on PEG-COOH and the amine groups on
nitro-dopamine. Purify the product (nitro-dopa-PEG) using a dialysis bag (Cellulose
Membrane, MWCQO: 3 kDa, Sigma-Aldrich) in water. After dialysis purification, the
functionalized polymer is dissolved in water with a concentration around 10 mg/mL based

on the final volume.

PEG coated nanoclusters. To make the 40 nm nanoclusters coated with PEG, mix 10 mL

nanoclusters solution (Img/mL) and 10 mL nitro-dopa-PEG solution obtained in the
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previous step for 2 h. Magnetically wash the nanoclusters several times. The hydrodynamic

size of the nitro-dopa-PEG coated nanoclusters is 75 nm as measured by DLS.

Synthesis of the polysulfonate. The polysulfonate [Poly(AA-co-AMPS-co-PEG)]
copolymer is prepared using free radical polymerization. Add 200 mg AIBN, 750 mg
AMPS, 250 mg acrylic acid, and 1,000 mg Acryl-PEG in 10 mL DMF. Heat the mixture
in a 70 °C water bath for 1 hour. After cooling to room temperature, add 10 mL water in
the reaction mixture and transfer it to a dialysis bag (3 kDa) in water. After dialysis
purification, the polysulfonate copolymer is dissolved in water with a concentration around

40 mg/mL based on the final volume.

5.7.2 Nanoworm synthesis

In a 20 mL glass vial, add 1 mL nanoclusters solution (4 mg/mL) followed by 10 mL

ethanol, 1 mL ammonium hydroxide solution (~30%), and 0.025 mL TEOS.

To make nanoworms (NW) with linear chains, immediately place the vial in the center
between two oppositely facing magnets (40x40x20mm strong neodymium cube magnets,
N52) for 1 hour. Sample NW1, NW2, NW3, and NW4 are prepared with the distance of
16.5 cm, 11.5 cm, 7.5 cm, 4.5 cm between the two magnets, respectively. Take out the vial
and place it on a magnet to separate the nanoworms and pour out the supernatant pale-
yellow solution. Add water and turn on probe sonication until the nanoworms are
homogeneously dispersed in water. Repeat this process several times to eliminate the

unchained nanoclusters. The yield of the nanoworms is about 50% to 70%.

To make curved chains (CNW) or twisted chains (TNW), immediately place the vial near

the pole of a single magnet for 1 hour. Sample CNW1 and CNW?2 are prepared with a
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distance from the vial to the magnet of 8 cm and 6 cm, while TNW 1, TNW2, and TNW3
are prepared with 5 cm, 4 cm, and 3 cm, respectively. Perform magnetic separation and

sonication to purify these samples.

To make free nanoclusters (FNC) with a layer of silica shell, place the vial in a mixer at a
speed of 1000 rpm for 1 hour. Perform magnetic separation and sonication to obtain the

silica-coated nanoclusters.

5.7.3 Materials characterizations

The morphology and average length of the nanoworm samples are characterized by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
Prepare diluted nanoworms aqueous solution (~0.2 mg/mL, as seen in Figure S5.3) and
sonicate well. Load the samples on a 200-mesh carbon-coated copper grid by pipette 30
uL on the grid and let it dry at room temperature. The nanoworms will form a single layer
on the grid with random orientation. Note magnets should be put away as far as possible to
avoid the nanoworm stacking on the grid. TEM images of the nanoworms were acquired
by JEOL 2100 Field Emission Gun Transmission Electron Microscope at an acceleration
voltage of 200 kV. The average chain length is calculated based on the survey of 100 chains
for each nanoworm sample. The SEM images were acquired by Quattro Environmental

Scanning Electron Microscope at an acceleration voltage of 20 kV.

5.7.4 Determination of the material mass in the VSM sample

The exact mass of the iron oxide (Fe3zO4) in the solid VSM measurement is determined by
inductively coupled plasma (ICP). Take out the solid VSM sample and add 0.4 mL HCI

(37%). After 10 min. added another 9.6 mL HNO3 (1%). The solution is then filtered to get
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rid of the gypsum and subject to ICP measurement, with the Fe standard solution of 1 ppm,
5 ppm, 10 ppm, 20 ppm, 50 ppm, and 100 ppm. The concentration of Fe in the VSM sample
is then converted to the mass of FesO4. The saturation magnetization (Msat) is calculated

based on the maximum magnetization divided by the mass of FezO4 in the samples.

5.7.5 Zeta potential and hydrodynamic size measurement

Zeta potential and hydrodynamic size of the nanoclusters with different coatings are
measured on a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK) at room
temperature. All the colloidal solutions have a pH of 7. All samples are measured in

triplicate.

5.7.6 Magnetic Characterization

The magnetic properties are evaluated by the vibrating-sample magnetometer (VSM) in
both liquid and solid form. Prepare the nanoworms aqueous solution with a concentration
of roughly 1 mg/mL and sonicate well. For liquid measurement, fill the nanoworms
solution (780 pL) in the liquid sample holder. For solid measurement, put 10 mg gypsum
in the solid sample holder. Slowly add 0.1 mL nanoworms solution dropwise into gypsum
and let it dry in a magnetic field-free area overnight. The nanoworms will have random
orientation. To measure the initial magnetic susceptibility in solid state, the nanoworms are
first demagnetized by applying a small reverse field to offset the remanence magnetization.
To pre-align the nanoworms parallel to the applied field, the nanoworm solution is dried in
the center of two oppositely facing magnets. The magnetization loop curves are obtained

in the following range: -10,000 Oe to 10000 Oe with a step of 100 Oe, -300 Oe to 300 Oe
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with a step of 1 Oe, and -10 Oe to 10 Oe with a step 0.1 Oe. Each data point takes 1 second

to collect.
5.7.7 Relaxivity Characterization

The relaxivities of the nanoworm samples are acquired on the Siemens 3 T PRISMA
scanner equipped with 64 receive channels and high-performance XR 80/200 gradients.
For T2 measurements, a spin echo sequence is used with the following parameters: 2280
ms TR with 16 echoes at 9.4 ms intervals. For T1 measurements, a fast spoiled gradient
echo sequence is used with the following parameters: 15 ms TR, 13 — 67 degree flip angles,
and 3 mm slice thickness (12 slices total). Iron concentrations for stock solutions of free
nanoclusters and nanoworms are measured using ICP and are then diluted for T1 (0.5,
0.185, 0.07, 0.026, and 0.01 mM Fe) and T2 (0.185, 0.07, 0.026, and 0.01 mM Fe)

measurements.
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5.8 Supplemental Figures and Tables

Table S5. 1. The hydrodynamic size and the zeta potential of the 40 nm nanoclusters with
different coatings. The measurement is performed at a pH of 7.

Sample Hydrod({]nrﬁ;nic size Zeta(%o\t/e)ntial
Cluster@PAA 61 95 3
Cluster@PEG 75 177

Cluster@PAPMS 90 455

Figure S5. 1. The effect of magnetic field uniformity on the curvature of the chains. The
magnetic field is created by a single magnet placed on one side of the vial. (a-d) TEM
images of curved nanoworms (CNW1) and twisted nanoworms (TNW1~3), with the magnet
distance of 3.5 cm, 7.5 cm, 9.0 cm, 12.0 cm, respectively.
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Day 1 Day 5 Day 10 Day 15 Day 20 Day 30
Figure S5. 2. The optical images of the agueous nanoworms solution show the excellent
colloidal stability. The concentration of NW3 is 1 mg/mL. The solution is first sonicated
well and then left undisturbed for a month. The nanoworms have excellent colloidal
stability and can remain homogeneous in solution for several days without visible
aggregation.

17;265,‘6525 nm Cluster@PAM pfsvj;;

1 g e & A
Figure S5. 3. The effect of the cluster size and surface coating on the formation of the
nanoworms. The magnetic field used in each synthesis is the same as that for NW3. (a-d)
TEM images of the nanoworms prepared using 40 nm clusters with PAA coating, 40 nm
clusters with PEG, 65 nm clusters with PAMPS, and 25 clusters with PAMPS, respectively.
The hydrodynamic size for each cluster sample is 61 nm, 75 nm, 113 nm, and 48 nm,
respectively. Clusters with less robust coating or larger dimensions tend to form bundles,
while smaller clusters cannot be chained effectively.
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Figure S5. 4. The chain length distribution of the nanoworm samples. The average length
for a-d is 0.8 £ 0.2 um, 1.8 + 0.4 um, 2.5+ 0.5 um, and 4.7 £ 0.7 um.

220



__ 1 (a) CNW1 737 (p) CNW?2
o 50- 50 -
P 25 25
2 9 0
=
€ 25 -25
S 50 -50
75 -75
90 -60 30 0 30 60 90 90 60 -30 0 30 60 90
H (Oe) H (Oe)
751 (¢) TNW1 751 (d) TNW?2
3 50 50
o 25- 25-
L
G 0
-]
g 25/ 251
2L
- -50- -50+
751 751
90 60 -30 0 30 60 90 90 60 -30 0 30 60 90
H (Oe) H (Oe)
7537 (e) TNW3
— 50|
)
o 25/
L
® 0
g 25
Q
— 504
>
-75_

-90 60 -30 0 30 60 90
H (Oe)
Figure S5. 5. The magnetization curves of the non-straight nanoworms in agueous
solution. (a-b) CNW 1 and CNW2; (c-d) TNW1, TNW2, TNW3. The concentration of
nanoworms is 1 mg/mL.
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Figure S5. 6. Magnetic properties of the solid nanoworms. (a-d) The magnetization loop
curves from -250 to 250 Oe of NW1, NW2, NW3, NW4, with an increasing coercivity of 9,
21, 42, 72 Oe, respectively.
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Figure S5. 7. Nanoworms as MRI contrast agent. Plots of (a) 1/T1and (b) 1/T2 values
versus iron concentration (mM) for iron oxide clusters (FNP) and nanoworms (NW1, NW2,
NW3, and NW4) at 3 T.
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