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The effect of magnetically induced linear aggregates on
proton transverse relaxation rates of aqueous
suspensions of polymer coated magnetic nanoparticlest
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Jacob Hammers,© Bin Qi Jeremy Shaw,® Martin Saunders, Rahi R. Varsani,*
Tim G. St Pierre® and O. Thompson Mefford*®

It has been recently reported that for some suspensions of magnetic nanoparticles the transverse proton
relaxation rate, R, is dependent on the time that the sample is exposed to an applied magnetic field. This
time dependence has been linked to the formation of linear aggregates or chains in an applied magnetic
field via numerical modeling. It is widely known that chain formation occurs in more concentrated
ferrofluids systems and that this has an affect on the ferrofluid properties. In this work we examine the
relationships between colloidal stability, the formation of these linear structures, and changes observed
in the proton transverse relaxation rate of aqueous suspensions of magnetic particles. A series of iron
oxide nanoparticles with varying stabilizing ligand brush lengths were synthesized. These systems were
characterized with dynamic light scattering, transmission electron microscopy, dark-field optical
microscopy, and proton transverse relaxation rate measurements. The dark field optical microscopy and
R, measurements were made in similar magnetic fields over the same time scale so as to correlate the
reduction of the transverse relaxivity with the formation of linear aggregates. Our results indicate that
varying the ligand length has a direct effect on the colloidal arrangement of the system in a magnetic
field, producing differences in the rate and size of chain formation, and hence systematic changes in
transverse relaxation rates over time. With increasing ligand brush length, attractive inter-particle
interactions are reduced, which results in slower aggregate formation and shorter linear aggregate
length. These results have implications for the stabilization, characterization and potentially the toxicity
of magnetic nanoparticle systems used in biomedical applications.

the generation of chains or linear aggregates of particles aligned
along the applied field direction. These aligned linear aggregate

It is widely known that the application of a magnetic field to
ferrofluids,} particularly those with relatively large particle
sizes, can result in the generation of linear aggregates, or
“chains”."* The applied magnetic field aligns the magnetic
moments of the nanoparticles, and the local dipolar fields they
generate cause an attraction between nearby particles leading to
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structures have been visualized via a number of techniques
including transmission electron microscopy®® and small angle
scattering®® and their formation modelled using a variety of
techniques.®™** The formation of chain like structures can lead
to significant changes in the properties of the ferrofluids, from
variations in the rheological properties> to changes in the
optical properties."

However, the implications of linear aggregate formation in
magnetic nanoparticle systems used for biomedical applica-
tions are not clear. Recently, there have been significant
advances in the use of magnetic nanoparticles as magnetic
resonance imaging (MRI) contrast agents,”*® but the trend
towards using larger particles, or clusters of smaller particles, to
potentially enhance relaxation (7T,) contrast
enhancement is likely to also increase the probability of form-
ing linear aggregates in a magnetic field.

While it is generally appreciated that the transverse relaxa-
tion rate (R,) increases and the inversely proportional

transverse
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transverse relaxation time (7,) decreases with increasing
particle or cluster size,"**** the concept that there is a limit to
this increase in R, as particle size moves into the echo-limited
regime,* is less well known. The suggestion that linear aggre-
gation could play a role in driving a nanoparticle system into
the echo-limited regime has been recently proposed> to explain
experimental observations of polymer encapsulated magnetite
clusters showing a consistent reduction in R, with time in a
magnetic field.>**” While this reduction in R,, and hence MRI
contrast, has been ascribed to the formation of linear aggre-
gates, direct evidence for linear aggregation was not provided.
Furthermore, modelling of nanoparticle systems and chains®
predicted R, would initially increase, or be stable, before
decreasing, which was not consistent with the immediate
reduction in R, observed experimentally. However, theoretical
work by Andreu et al.** also modelled the interaction of colloids
as they formed linear aggregates in a magnetic field and pre-
dicted the time dependence in R, observed experimentally.
Monte Carlo simulations by Matsumoto and Jasanoff*® indicate
that for linear chains comprising six particles of magnetite
(20 nanometer diameter) R, is reduced compared to an
isotropic cluster of the same number of particles, suggesting
that anisotropy of aggregates plays some role in affecting proton
relaxation rates.

These studies have provided a framework to help understand
the implications of linear aggregation of nanoparticle systems,
but in the context of biomedical applications further work is
required, particularly with respect to the effect of the stabilizing
ligand length on colloidal structure and stability in a magnetic
field. These stabilizing ligands are required to generate colloi-
dally stable suspensions, improve biocompatibility, and act as
backbones for targeting functional groups. The major contrib-
utors to the colloidal structure of magnetic particles in the
presence and absence of an applied magnetic field are particle
core size and the polymer length of the stabilizing layer on the
nanoparticle, which can be used to modify the inter-particle
interactions.” Both of these factors can influence colloidal
structure inside a magnetic field, specifically the formation of
clusters and linear aggregates of particles.*® Since the colloidal
structure of these systems greatly affects the observed R,,*
cellular uptake mechanisms,** and potentially toxicity,>® the
effects of the particle size and the stabilizing polymer brush
need to be well characterized both in the presence and absence
of an external magnetic field.

The aim of this work is to examine the effect of the polymeric
ligand length on the colloidal structure of magnetic nano-
particle suspensions in a magnetic field and how these struc-
tures affect the proton transverse relaxation rate. Specifically,
we describe the scaling of colloidal linear aggregation as a
function of both the stabilizing polymer molecular weight and
the time in a magnetic field, via dark field imaging. Next, the
effects of the stabilizing ligand's molecular weight and the
concentration of particles on the time dependence of R, were
measured. The observed linear aggregation from dark field was
then compared to R, measurements to further investigate the
role that particle stability and colloidal arrangements have on
local proton environments.
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2 Experimental section
2.1 Materials

Linear monofunctional hydroxyl terminated poly(ethylene
glycol) monomethyl ether (PEG-OH) of molecular weights of
2000, and 5000 Da were purchased from Sigma Aldrich and were
dried at 80 °C in a vacuum oven overnight prior to use to remove
water. For the 10 000, 20 000 and 40 000 MW polymer, N-
hydroxysuccinimide terminated PEG was purchased from Jen-
Kem and used without further purification. Iron(u) chloride
hexahydrate, sodium oleate, dimethyl aminopyridine (DMAP),
N,N'-dicyclohexycarbodiimide (DCC), N-hydroxysuccinimide
(NHS), succinic anhydride, 3,4 dihydroxyphenylalanine
(-DOPA), chloroform, and ethyl ether were purchased from
Sigma Aldrich and used without further purification. Oleic acid
(from Sigma Aldrich, 99% purity) was fractionally distilled
before use. Tetrahydrofuran (THF, from Sigma Aldrich) was
distilled over calcium hydride before use to remove water.
Dimethyl formamide (DMF, from Sigma Aldrich) was dried over
molecular sieves before use to remove water.

2.2 Sample preparation

For this study, five polymer-particle complexes of iron oxide
nanoparticles functionalized with PEG ligands were used.
Magnetite particles were coated with PEG molecular weights of
2000, 5000, 10 000, 20 000 and 40 000 Da. This broad range of
molecular weights allowed for the investigation of the depen-
dence of colloidal structure on stabilizing layer length, with
particle systems ranging from moderately stable to highly
stable.

2.3 Particle synthesis

Magnetite nanoparticles were produced using a method first
developed by Park et al.** First, iron oleate was prepared by the
reaction of 20 mmol iron chloride hexahydrate with 60 mmol of
sodium oleate. The mixture was then dissolved in a mixture of
40 mL of ethanol, 30 mL of deionized water, and 70 mL of
hexane in a three neck round bottom flask. The solution was
heated up to 70 °C with vigorous stirring and kept at this
temperature for 4 h. The solution was then cooled to room
temperature and the upper organic layer was separated and
washed with water. In the next step, 20 mmol of iron-oleate,
which was the product from the previous reaction, was mixed
with 60 mmol oleic acid and 100 g 1-octadecene. The solution
was heated to 105 °C under nitrogen, and was held at that
temperature for 30 minutes. Afterwards, the reaction was
further heated to 320 °C with a heating rate of 3 °C min~* and
kept at reflux for 1 hour. The reaction solution was then cooled
to room temperature. Purification was achieved by precipitation
using acetone and re-suspension into toluene. One batch of
magnetite nanoparticles was used for all polymer modifications
for this series.

2.4 Synthesis of nitroDOPA

To bind PEG ligands to the surface of magnetite, the terminal
end was modified with 3,4 dihydroxyphenylalanine (.-DOPA)
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that was nitrated using a method described by Yang et al.*® To
nitrate the catecholamine, 1.97 g of 1-DOPA (10 mmol) was
dissolved in 25 mL of deionized water along with 1.52 ¢
(22 mmol) of sodium nitrite. The water solution was then placed
in an ice bath and allowed to cool down to approximately 4 °C. A
17.4 mM solution of sulfuric acid (0.927 mL concentrated
sulfuric acid in 10 mL of deionized water) was then slowly
dripped into the system at 0.2 mL min~" addition rate. The
formation of a yellow/brown precipitate indicated the presence
nitro-3,4 dihydroxyphenylalanine (nitroDOPA). The reaction
mixture was then filtered to remove the nitroDOPA and the
resultant precipitant was washed three times with methanol.
Formation of nitroDOPA was confirmed by nuclear magnetic
resonance spectroscopy (NMR) by peaks at 6.1 ppm (CH, ring,
nitroDOPA), 6.8 ppm (CH, ring, nitroDOPA), 1.8 ppm and
2.4 ppm (ring-CH,-CH,-C).

2.5 Synthesis of PEG-nitroDOPA

The synthesis of varying molecular weights of PEG polymers
with a nitroDOPA terminal group was done by reacting NHS-
terminated PEG with nitroDOPA. For the 2000 and 5000 Da
molecular weight polymers a hydroxyl terminated monofunc-
tional PEG (2000 Da MW, 5 g, 2.5 mmol) was reacted with
succinic anhydride (0.5 g, 2.5 mmol) and DMAP (0.12 g, 1 mmol)
in anhydrous THF (20 mL) at room temperature for 8 hours,
yielding a carboxylic acid terminated monofunctional PEG
(4.12 g, 78.5% yield) (Fig. 1). The polymer was then purified by
dissolving it in water and extracting with chloroform. In the
next reaction step, the carboxylic acid terminated PEG (4.12 g,

Ho Ho
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Hy "

l Anhyd. THF, DMAP

Cl)H
HO,O 92 _OH
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NO»
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Ho N H, 0 H

Fig. 1 Schematic for synthesis of 2000 and 5000 Da PEG with nitroDOPA
terminal group.
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1.96 mmol) was then reacted with DCC (0.53 g, 2.58 mmol) and
NHS (0.23 g, 1.96 mmol) in THF (20 mL) at room temperature
for 4 hours, which resulted in an NHS terminated PEG. Impu-
rities were removed from the system using vacuum filtration
and precipitation into ethyl ether (2.98 g, 68.6% yield). Finally,
PEG-NHS (2.98 g, 1.34 mmol) was reacted with nitroDOPA
(0.33 g, 1.34 mmol), in an anhydrous solution of DMF (10 mL) to
create a nitroDOPA terminated PEG. The polymer was purified
by precipitation into ethyl ether, re-dispersion into dichloro-
methane, and vacuum filtration (1.72 g, 54.6% yield). The same
procedure was used to modify the 5000 Da MW polymers
(Fig. 1). For the 10-40k polymers, the NHS terminated polymers
were commercially available and only the last step (Fig. 1, step 3)
was necessary for the modification of these polymers with
nitroDOPA. Polymer modification was verified by nuclear
magnetic resonance (NMR) spectroscopy by peaks at 6.6, 6.75,
6.85 ppm (CH, ring, DOPA), 2.7, 2.5 ppm (triplets, CH,~CH,,
DOPA), 2.1 ppm (O=C-CH,-CH,-C=0, succinic anhydride
addition), and 3.65 ppm (O-CH,-CH,-O, PEG).

2.6 Particle surface modification

To obtain magnetic nanoparticles suitable for use in biomedical
applications, the hydrophobic particles produced in section
Particle synthesis were modified with hydrophilic ligands. In
order to provide consistency to the experimental methods, the
same batch of magnetite nanoparticles was modified by each of
the varying molecular weight polymers. The first step in the
ligand exchange was to remove excess oleic acid from solution
and some of the bound oleic acid surfactant stabilizing the
particles by repeatedly washing with ethanol. Following the
fourth washing step, nanoparticles were precipitated and
redispersed with dichloromethane (3 mL). To modify 10 mg of
the magnetite nanoparticles with PEG-nitroDOPA, 0.025 mmol
of each molecular weight polymer was dissolved in 4 mL of
chloroform. The nanoparticle suspension (3 mL at 3.3 mg
mL~") was then added drop-wise over 30 minutes to the poly-
mer solution while sonicating. The resulting mixture was then
placed on a shake plate and agitated overnight. To purify the
system, particles were precipitated from dichloromethane the
following day using a 1:4 volume ratio of chloroform to
hexane. Particles were then centrifuged, collected, and
dispersed in water. Dialysis against water was then performed
for three days, with frequent changing of the water, to remove
any excess ligand in the system.

2.7 Characterization of particle/polymer complexes

Dynamic light scattering (DLS) was used to estimate the average
hydrodynamic diameter of each of the PEG coated preparations
in the series. Measurements were conducted using a Malvern
Zetasizer Nano ZS using water as the solvent at 25 °C. Intensity
weighted average sizes are reported.

Transmission Electron Microscopy (TEM) was used to obtain
the magnetite core size distribution of the particle suspension
used in this study. Samples were prepared by dropping diluted
water suspension of each particle complex onto a copper grid
coated with a carbon film. High-resolution TEM images were

This journal is © The Royal Society of Chemistry 2013
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acquired at an accelerating voltage of 300 kV on a Hitachi H-
9500 instrument. Image analysis was performed using Adobe
Photoshop with Fovea-Pro 4 plugin by Reindeer Graphics®©.
Approximately 400 particles were measured for each nano-
particle system produced.

The iron concentration of each of the nanoparticle suspen-
sions was determined in triplicate by inductively coupled
plasma optical emission spectroscopy (ICP-OES) of acid diges-
ted samples using a Perkin Elmer Optima 3100RL ICP-OES.

Magnetic properties were measured on freeze-dried samples
of the particles. The samples were measured in a 7 Tesla
Quantum Design MPMS. The samples were then dissolved in
concentrated nitric acid and measured by ICP-OES in triplicate
to determine the mass of iron in the sample. The magnetisation
values are given in units of emu per gram of magnetite, deter-
mined from the ICP-OES analysis. Thermogravimetric analysis
(TGA) was used to analyze the polymer loading on each nano-
particle series. Polymer loading was measured by dispersing
each particle/polymer complex onto a platinum TGA pan then
heating to 900 °C on a TA Instruments High Res 2950 instru-
ment at 15 °C min~ . Typical sample size was between 2 and
5 mg. The polymer loading was determined by measuring the
decomposition of the organic layer of each suspension, which
allows the number of moles of polymer on the surface of
magnetite to be calculated. Tests on pure PEG stabilizers
showed little to no char yield, and therefore the presence of char
was neglected in all calculations. The number of polymer chains
in the system was then divided by the total particle surface area
assuming even polymer coverage to give the polymer chain
density at the surface of each nanoparticle, or number of poly-
mer chains per square nanometer of nanoparticle surface area.
The surface area was calculated by integrating over the particle
core size distribution obtained from TEM.

2.8 Imaging of linear aggregates

To image linear aggregation as a function of time inside a
magnetic field, an 8 puL droplet of each nanoparticle sample
dispersion was placed between two glass slides. A 64 um thick
Kapton tape was placed between the ends of the glass slides to
keep them separated. The drop was incased between glass
slides and was investigated under the 50x objective of a BX-51
Olympus microscope. Dark field optical microscopy was used to
detect the chains formed from nanoparticle interaction under
an applied external magnetic field. To supply the external
magnetic field, two permanent magnets were fixed with a
separating distance of 12 mm, which provided a uniform
magnetic field of 0.27 T at the point of observation. The field
was measured using a Hall probe (MetroLab, THM1176-HF) and
demonstrated minimal field gradients near the area of interest.
A video camera (SPOT Imaging Solutions, Inc.) was used for
recording the chain formation process. The captured videos
were analyzed using the VirtualDub software available at (http://
www.virtualdub.org).

To estimate the average chain length for each sample as a
function of time exposed to an external 0.27 T magnetic field,
each image at different time points was imported into software

This journal is © The Royal Society of Chemistry 2013
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written with Matlab®. The images were then converted to gray
scale and the pixel brightness values were compared to a
threshold value of the average pixel brightness plus a standard
deviation for each image. Starting at the top left hand corner of
the image, the algorithm scans for a bright pixel as compared to
the minimum threshold value. Once a pixel of sufficient
brightness was detected, the program then scanned local
pixel brightness and tracked the length of the chain until the
local brightness mean fell below the threshold value. At the end
of each chain where the average pixel brightness fell below the
threshold value, the total number of bright pixels was counted
and converted to microns. The measured bright pixel chain
region was then boxed off to avoid multiple detections of a
single chain. After the image was completely analyzed in such a
manner, the function output the chain lengths to a Microsoft
Excel® file and wrote a new image containing a graphical
interpretation of the detected chains. The average chain length
was then calculated along with the standard deviation based on
the total width of each image (160 um) as a function of time.

To visualize the linear aggregates (chains) and gain a better
resolution than possible from optical dark field imaging, the
particles were imaged by transmission electron microscopy
(TEM). To accomplish this, particles were dispersed in an
agarose gel above the gelation temperature, exposed to a
magnetic field inside a proton relaxometer for 30 minutes at
37 °C, and then locked in place by cooling the gel below its
gelation temperature. The particles in agarose gel were
prepared by adding 2 wt% low gelling temperature agarose (2-
hydroxyethyl agarose, Sigma Aldrich) to 5 mL of 10 mg mL ™" 2k
Da nitro-DOPA coated magnetite. The solution was sonicated
for 2 minutes in a probe homogenizer (Biologics 3000 with a
microtip at 40% power and 50% duty cycle) and then placed
into a water bath at 95 °C for 10 minutes and then sonicated for
a further two minutes with the probe homogenizer. Two 0.5 mL
aliquots were placed in 7.5 mm diameter NMR tubes and then
into a water bath at 37 °C. The field-set sample was placed
inside the proton relaxometer and exposed to a magnetic field
prior to cooling below the gelling temperature. The NMR tube
was marked with the magnetic field direction of the proton
relaxometer. The other sample (control) was cooled in the
absence of a field.

To make samples suitable for TEM, the agarose gels were
infiltrated and embedded with epoxy resin (Procure 812 Kkit,
Proscitech) and then cut into thin sections. To embed the gels,
the cylinder of set agarose was pushed from the NMR tubes and
cut transversely into 1 mm disks (i.e. in the plane of the field for
field set gels). An arc was cut from each disk to keep track of the
magnetic field direction.

Gel disks were then dehydrated in a graded series of ethanol
to 100% followed by dry acetone and then infiltrated with epoxy
resin (3:1, 1:1, 1:3 acetone to epoxy then 2x changes of
100% epoxy, 1 hour each step). Disks were then placed into
embedding molds and polymerized overnight at 70 °C. Ultra-
thin sections (120 nm) were cut using a microtome (EM UCS,
Leica) and placed onto 200 mesh carbon filmed copper grids
prior to imaging at 120 kV by a TEM (2100, JEOL) fitted with a
digital camera (Orius SC1000, Gatan).
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2.9 Proton transverse relaxation rate measurements

The time dependence of the proton transverse relaxation rates
(R,) was measured using a Bruker©Minispec Mq10 relaxometer.
The central magnetic field strength of this relaxometer is
0.235 T, comparable to the magnetic field strength used in the
dark-field scattering experiments (see section Imaging of linear
aggregates). The concentration of each particle suspension was
adjusted to 0.1 mM Fe L', and confirmed by ICP. Proton
transverse relaxation rates were measured using a Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence using 2000 echoes with
an echo spacing of 0.2 ms. Relaxation rate measurements were
recorded every 15 seconds for a period of approximately 20
minutes. The R, data as a function of time for each particle
suspension was then fitted with a biexponential decay function:

Ry(t) = Ro(0) + Ae™ ' + Be 1! ()

Furthermore, to investigate the relationship between particle
interactions and linear aggregate formation, the time depen-
dence of R, of the 5k Da sample was measured as a function of
particle concentration using a 60 MHz relaxometer. The results
are reported as weighted decay rate (/) versus concentration.
The amplitude weighted rate constant was calculated using the
equation:

_ AA4+ By

A = A+ B @

2.10 Theoretical modelling of hydrodynamic size

The theoretical hydrodynamic diameter of polymer coated
particles can be calculated using the blob model,*® which is
based on a model for star polymers by Daoud and Cotton,*” and
assumes concentric shells with a constant number of blobs in
each shell. The hydrodynamic radius can then be described as

N v
Rulr) = (8]3Vj " Lmﬁ) G)
"y

where v is the Flory exponent (0.583 for PEG in water),* r is the
radius of the magnetite particle, and Ny is the number of Kuhn
segments in one of the corona chains, Ly is the Kuhn segment
length (0.7 nm),* and f(r) is the number of corona chains per
particle. The number of Kuhn segments is defined by

Ny =nlce )

where n is the number of backbone bonds in a chain (3 x
degree of polymerization for PEG), and c.. is the characteristic
ratio of PEG (4.1).* The Kuhn segment length, L, is defined as

Ly = cxly (5)

where [, is the average length of a backbone bond (0.17 nm). f{r)
is the number of corona chains per particle, and can be calcu-
lated using the equation

Ar) = 4o (6)
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where ¢ is the surface density of chains on the particle and a
function of the particle size distribution, given by the equation

e (é) P(r)dr )

M, Winag r
where Wpgg is the weight fraction of PEO as given by TGA, N,, is
Avagadro's number, pp,e is the density of magnetite (5.17 g
mL™"), M, is the number average molecular weight of PEO,
Wmag is the weight fraction of magnetite given by TGA, and P(r)
is the bimodal lognormal distribution function of the core
particle size. Using these equations, measured DLS particle
sizes were compared to theoretical intensity average sizes. The
theoretical intensity average size was calculated by using the
equation®®

|
Dy =27 ®)
|

2.11 Theoretical modelling of particle stability

To gain an understanding of the stability of these systems, the
particle—particle potential for each polymer/particle complex in
this series was calculated using a modified DLVO model pre-
sented by Mefford et al.®>® These potentials were calculated
based on the average core particle size (from TEM) and the
polymer to particle mass ratio (from TGA), and is given as the
total combined potential energy resulting from all attractive and
repulsive forces, given by the equation

Viotal = Veaw + Vm + Ves + Vs (O]

where V,qw is the van der Waals attractive forces, V, is the
magnetic attractive forces, Vggs is the electrostatic repulsive
forces, and V; is the steric repulsive forces. For this system the
van der Waal interactions can be accounted for by the equation

1 2a* 2a* rr — 4a?
*gAeff<m+7+ln<T)) (10)

where A is the retarded Hamaker constant (5.47 x 10~ ]),** a
is the cone particle radius, and r is center to center distance of
two particle complexes. The magnetic interactions of this
system can be accounted for by the equation

_ 8mpga’ M?

3
9(ﬁ+2)
a

where u, is the permeability of free space (1.26 x 10" ®m kg s~
A™?), M is the saturation magnetization, and 4 is the surface-to-
surface separation distance of two polymer/particle complexes.
The equation is based on the assumption that a saturating
magnetic field is present and particles are in dipole alignment.
This assumption is appropriate for this system since a large
magnetic field is applied and clear dipole alignment is observed
from chain formation. For this system, since the surface

VvdW =

Vm (11)

2
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potential of magnetite is relatively low and the system is in
deionized water, the electrostatic forces can be neglected. The
final component of the system to be considered is the steric
repulsion from the PEG coating,** which can be modelled by the
equation:

w2+ —
5 1Y
Vs :l_Sf(a)/ 2
lf(a) (g)exp<— gia) (r—a)>r>cr

1+
(12)

where f(a) is the number of chains per particle, ¢/2 the distance
from the center of the core to the center of the outermost blob
layer, and where ¢ is the radius of gyration (R,) multiplied by
1.3.

3 Results and discussion

To identify the relationship between polymer brush length and
the proton transverse relaxation rate, a series of magnetite
particles were synthesized with a variety of polymer coatings
that ranged from 2k to 40k Da. This broad range of polymer
molecular weight allows for the analysis of particle systems that
interact strongly and those that do not. To determine the
influence of linear aggregate formation and size on the proton
transverse relaxation, this series of particle suspensions was
analyzed using dark-field optical scattering in the same
magnetic field strength as used in the relaxometry measure-
ments. The formation of linear aggregates could then be
correlated to the reduction in the total transverse relaxivity of
the system as a function of time.

3.1 TEM

From the analysis of the TEM images it is evident that the
particles used in this study have a bimodal distribution of sizes

ey N

Number of Nanoparticles

View Article Online

with modes at 17 nm and 24 nm (Fig. 2). The bimodal distri-
bution of the particle size is a result of the thermal decompo-
sition method used. Owing to the bimodal distribution of the
particles, the mean core size of the magnetite particles is
21.9 nm with a numerical standard deviation of 4.6 nm. To
estimate both the surface coverage and the inter-particle
potentials, the particle core size information was fitted with a
bimodal lognormal distribution (Fig. 2).

3.2 Dynamic Light Scattering (DLS) and modelling

DLS measurements (Fig. 3) indicated that the hydrodynamic
diameter generally increased with increasing molecular weight
of the ligands from 2000 to 40 000 Da. The predicted hydrody-
namic diameters from the modelling (Table 1) were all smaller
than the measured values from DLS. The average offset between
the predicted and measured DLS particle sizes was around

15 :
. -— 2k PEG
/\ — 5k PEG
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Fig. 3 Plot of DLS distributions comparing particle intensity-weighted hydro-
dynamic diameter as a function of brush length.
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Table comparing the particle series polymer loading, surface coverage, and predicted theoretical intensity weighted hydrodynamic diameters versus 1

measured values using DLS. It can be seen that as the ligand length increases, the blob model more accurately predicts the hydrodynamic size due to a reduction in

nanoparticle clustering.

Weight loss
from TGA (%)

Surface coverage

Sample name (chains per nm?)

Measured hydrodynamic
diameter (nm)

Predicted hydrodynamic
diameter (nm)

2k Da 24 nm 36.58 3.67
5k Da 24 nm 53.14 2.93
10k Da 24 nm 67.54 2.69
20k Da 24 nm 74.5 1.89
40k Da 24 nm 82.8 1.53

36 nm for each molecular weight sample. One explanation for
this behavior is that there was some aggregation of particles in
suspension, and the intensity weighted hydrodynamic size is
extremely sensitive to minor amounts of aggregates in solution.

3.3 Magnetic measurements

The particles were found to be predominately super-
paramagnetic at room temperature, with a small fraction, less
than 1%, of the particles showing sign of ferromagnetic
behaviour at room temperature. The saturation magnetisation
of the particles was found to be 70 emu g~" of magnetite at
300 K in a 7 T field. This is within the range of values (60-90
emu g ' magnetite) commonly seen for magnetite nano-
particles.”>** The samples rapidly magnetise in relatively small
fields so that they achieve over 70% of their saturation mag-
netisation in a field of 0.25 T. The ease of magnetisation of the
particles is to be expected given their relatively large size Fig. 4.
3.4 Imaging of linear aggregates

To better understand the magnetic field-induced colloidal
structures of these systems, dark-field optical microscopy was
used to observe the suspensions in a 0.27 T magnetic field, a
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Fig. 4 Hysteresis loop of the magnetic nanoparticles at 300 K. Specific

magnetization is measured in units of emu g~' of magnetite as determined by
iron analysis of samples using ICP-OES.
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105.3 47.45
136.4 68.43
149.9 95.28
171.4 129.03
188.6 180.6

field similar to that used for the proton relaxation rate
measurements. Initially, each sample was observed without an
applied magnetic field.

For the lower molecular weight stabilized particle systems
(2k Da and 5k Da), a small number of clusters of particles could
be seen without an applied external field (Fig. 5). For the higher
molecular weight stabilized systems (10k Da, 20k Da, and 40k
Da), no initial clusters were visible (the resolution limit of the
imaging technique was approximately 1 micron). Following
initial imaging, the 0.27 T external magnetic field was applied to
each sample for 300 seconds by sliding the center of two
magnets directly underneath the sample droplet. Care was
taken to ensure homogeneity of the magnetic field at the sample
level because any field gradients lead to significant translational
movement of the chains. Fig. 5 shows the chain formation
behavior for each of the 5 polymer coated samples over time. It
can be seen from Fig. 5 that significantly longer chains are
formed in the particles stabilized with lower molecular weight
polymers (2k Da and 5k Da). The 10k Da and 20k Da coated
samples showed a significant decrease in the overall amount of
linear aggregation compared with the 2k Da and 5k Da samples.
The 40k Da coated sample showed almost no sign of visible
linear aggregation. It can also be seen in Fig. 5 that the average
linear aggregate length after exposure to a magnetic field
decreases with increasing molecular weight. It is hypothesized
that the reason for this effect is that the polymer shell for these
larger molecular weight stabilized particles provides more steric
repulsion, which acts to reduce or overcome the combination of
van der Waals and the magnetic interactions of the particles
when they are in a field.

It was also observed during these experiments that forma-
tion of linear aggregates appears to consist of two components
or phases; the initial interaction of particle magnetic poles
leading to the formation of linear aggregates, and then shifting
of these linear aggregates to form significantly longer linear
structures. One can describe this as a bundling of linear
structures as if these linear “fibers” are forming “threads”. A
similar effect was also identified by Laskar et al** In their
experiments, transmitted light intensity through a magnetic
nanoparticle solution was reported as a function of time left
inside an external magnetic field. It is speculated that the
formation of small linear aggregates correlated to the initial
reduction of intensity while a secondary increase in transmitted
light intensity correlated to both the longitudinal and lateral
interaction amongst linear aggregates. This effect was especially

This journal is © The Royal Society of Chemistry 2013
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Time=0, Time=30s, Time=120s, Time=300s, Time=320,
B=0T B=0.27T B=0.27T B=0.27T B=0T

2.0+/- 1.1 pm 8.6+/- 6.1 um
PEG-
2000MW

coated 24nm

3.1+/-2.1 pm 8.6+/- 1.5 um

PEG-
5000MW
coated
24nm

0+/-Opum 3.2+/- 0.6 um
PEG-10k
MW coated

24nm

0+/-Oum 3.0+/- 0.2um

PEG-20k
MW coated
24nm

0+/-0pm 0+/-0pm
PEG-40k
MW coated

24nm

19.8+/- 6.5 um 31.0+/- 15.8um 8.87+/-5.18um

13.8+/- 3.1ym 3.3+/-1.3 ym

7.3+/- 1.8um 7.4+/- 2.4pm 0+/-0pm

3.2+4/- 0.3um 4.7+/- 2.0um 0+/-Oum

0+/-Oum 3.1+4/- 0.2um 0+/-Opm

Fig. 5 Dark field scattering images at varying times for each polymer/particle sample. The average chain length and size distribution has been annotated on each
image. It can be seen that the chain length is directly related to the polymer stabilizing brush. The field of view in each image is about 160 microns.

seen in our 2k Da and 5k Da samples, with the formation of
extremely long linear aggregates consisting of two components;
initial aggregation followed by long-range interactions amongst
linear formations. The timescales that are observed in these
experiments correlate to what was observed in the scattering
experiments performed by Laskar et al.,* further indicating that
linear aggregation occurs both tip-to-tip and laterally.

The TEM images (Fig. 6) show that these particles are
forming long linear aggregates in the presence of an external
magnetic field, presumably because of dipolar magnetic inter-
actions. Furthermore, the linear aggregates also appear to
laterally interact with each other, as shown in Fig. 6 (right). This
observation is supported by video captured in dark-field optical
microscopy, where initial linear aggregation can be visualized
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2

Fig. 6 TEM image displaying both linear aggregation (left) and linear and lateral
aggregation (right).
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followed by linear aggregates interacting with each other both
end-to-end and laterally (ESI Videot).

3.5 Time dependence of proton transverse relaxation rates

The proton transverse relaxation rate of each suspension was
measured as a function of time in a 10 MHz Bruker Minispec
with a magnetic field of 0.235 T. Fig. 7 shows the fractional
decrease in R, as a function of time. All suspensions showed
some degree of time dependence. The magnitude of the frac-
tional reduction in R, was observed to decrease as the molecular
weight of the stabilizing polymer increased (Fig. 7). The
reduction in R, with time for each polymer can be fitted with a
bi-exponential equation that fits the decay in R, over the entire
measurement time in contrast to the power law equation of
Chen et al.,** which generally fits the data only for short time
periods. An amplitude weighted rate constant () can be
determined from the biexponential fit. A, decreases with
increasing molecular weight of the polymer (Fig. 8).

A potential explanation for the observed time dependence of
R, is that as a magnetic field is applied, particles will assume a
dipole-dipole alignment owing to the interaction of the
magnetic poles of the nanoparticles. As these dipolar interac-
tions increase, the colloidal structure of the particle system is
significantly changed into the form of long-range linear aggre-
gates. The enhancement of the transverse relaxation rate of
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Fig. 8 Graph of the weighted rate constant (4,) versus polymer molecular
weight.

water protons via magnetic nanoparticles depends heavily on
the access of water protons to a broad range of magnetic fields
and to the time in which these protons experience these varying
magnetic fields. As these linear aggregates form, the volume of
the sample associated with high magnetic field gradients is
reduced. In addition, as other workers have suggested,* the
formation of large linear aggregates may also shift the system
into the echo-limited regime, where R, is inversely proportional
to the size of the aggregate. Therefore, as particles aggregate
into linear structures inside a magnetic field, the total trans-
verse relaxation rate of the system is diminished. The biexpo-
nential nature of the decay in the relaxation rate with time is

2160 | Nanoscale, 2013, 5, 2152-2163

View Article Online

potentially related to the two-phase formation of linear aggre-
gates seen in Fig. 6 and discussed earlier. The fast initial decay
in the relaxation rate could be associated with the initial
formation of linear aggregates and the large reduction of space
associated with high field gradients. While the slower decay,
which dominates at longer times, may correlate to the long-
range longitudinal and lateral interaction of linear aggregates. A
similar two stage change in the transverse proton relaxation can
be seen in Chen et al.,>” where the normalized increment in the
relaxation time shows two distinct linear regions. In parallel
with these changes, the fast initial decay in the relaxation rate
may also be associated with the rapidly increasing proportion of
linear aggregates in the echo-limited regime, which subse-
quently stabilize after about 5 minutes. At this stage it is not
clear whether the linear structure or the size of the aggregates
dominates the time dependence in R,.

To elucidate the influence of particle concentration on the
time dependence of R,, the 5k Da coated sample was diluted to
varying concentrations and the time dependence of each
sample was then recorded in a 60 MHz relaxometer. The plots of
R, against time were fitted with a bi-exponential decay curve and
the amplitude weighted rate constant (/,,) is reported as a
function of iron concentration and the cube root of iron
concentration in Fig. 9. 4, increased significantly as the particle
concentration increased (Fig. 9a). If, as suggested earlier, the
time dependence in R, is related to the formation of linear
aggregates, then at lower concentrations the time associated
with formation of linear aggregates should increase signifi-
cantly, as shown here, as the particles would need to move
further to form linear structures. Furthermore, as depicted in
Fig. 9b, a strong linear relationship exists between the weighted
rate constant /,, and the cubic root of concentration. The cube
root of concentration is used here as a surrogate measure of
interparticle distance. Hence, the rate at which particles form
magnetically induced linear aggregates is directly proportional
to the interparticle spacing, which is a function of particle
concentration.

3.6 Theoretical modelling of particle stability

A modified DLVO model*® was used to calculate the potential
energy between two particles coated with different molecular
weight polymers by combining the van der Waals, steric, and
magnetic interactions. The results of this modified DLVO model
are shown in Fig. 10. In all cases, at very close proximity steric
repulsion are significantly higher than the magnetic and van
der Waals attraction. Nonetheless particle systems with lower
molecular weight polymers (2k Da, 5k Da, and 10k Da) had deep
energy wells at moderate surface-to-surface distances as the
polymer brushes do not provide sufficient steric repulsion to
overcome the van der Waals and magnetic interaction forces
(defined by a total potential energy more than 2 KkT) in a
magnetic field,” while higher molecular weight stabilized
systems (20k Da and 40k Da) do. These results are consistent
with our experimental results, where lower molecular weight
stabilized systems showed significant inter-particle interactions
in the form of clusters without an applied field and strong linear

This journal is © The Royal Society of Chemistry 2013
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Fig.9
the rate at which particles form linear aggregates to interparticle spacing.

aggregation in an applied magnetic field. Higher molecular
weight stabilizer produced samples with no observable clusters

in the absence of a field and only weak linear aggregation in a
field.

3.7 Practical implications of linear aggregate formation

Researchers are always looking to improve the performance of
contrast agents by increasing the relaxivity. However, many
modifications that increase the relaxivity may also decrease the

Potential Energy (kT Units)

Cube Root Concentration (mg Fe/mI)W3)

(A) Graph of weighted rate constant (4,,) versus nanoparticle concentration and (B) weighted rate constant (4,,) versus cubic root of concentration correlating

colloidal stability particularly in the presence of a magnetic
field. Hence any measurement of relaxivity should also include
some assessment of the time dependence. If nanoparticle
contrast enhancement samples are time dependent then any
reported value for the relaxivity will be a function of the time in
the measurement field.

One of the more important factors that can influence a
particle system's effectiveness as a contrast enhancement agent
is its stability against aggregation and flocculation. The stability
of nanoparticle-based contrast agents have been shown to have
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Fig. 10 DLVO modeling of particle series based upon the total potential energy of each system. Ry, is the hydrodynamic radius, R. is the nanoparticle core radius from
TEM, 4cc is the core-to-core separation distance, and 4ss is the surface-to-surface separation. For these samples, the polymer layer does not provide sufficient steric
repulsion to overcome magnetic and van der Waals attractive forces until 20 000 Da molecular weight.
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a significant influence on bio-distribution, renal clearance, and
blood circulation half-life.*® The stability of these systems typi-
cally has been measured by DLS, where clustering and aggre-
gation of particles can be observed by an increase in
hydrodynamic diameter. However, these measurements are
extremely sensitive to small numbers of larger particles, impu-
rities, and dust, which may lead to inaccurate results. Further-
more, these measurements take place in the absence of an
external magnetic field. Measurement of proton relaxation rates
as a function of time in magnetic field, as presented in this
report, represents an alternative method for measuring the
stability of magnetic nanoparticles under the influence of an
external magnetic field. If time dependent relaxivity is observed,
it represents a clear indication that particles are aggregating
under the influence of the magnetic field. As our results here
indicate, such tests can then be used to assess the effectiveness
of various polymer stabilizers.

The formation of linear aggregates has other implications for
biomedical applications of magnetic nanoparticles. As aggre-
gates form they will significantly modify the magnetophoretic
mobility of the system. Larger particles have in general larger
magnetophoretic mobility and when combined with the acic-
ular nature and size of the aggregates, it may significantly alter
the behaviour of particles for applications in magnetically tar-
geted drug delivery. Recent research by Bae et al. has shown that
the toxicity of magnetic particles significantly increases
following the application of a magnetic field.*® According to
their findings, the increased cytotoxicity was most likely from
the enhanced cellular uptake generated by the formation of
field-induced aggregates. Hence care should be taken to develop
systems that minimize field-induced aggregations for applica-
tions where static magnetic fields will be applied. As mentioned
previously, the degree of field-induced aggregation can be
assessed using time dependent relaxometry.

4 Conclusions

This study provides evidence that the polymer length of the
stabilizing layer for magnetic nanoparticle systems has a
significant role in the observed time dependence of proton
transverse relaxation rates. This time dependence is related to
the polymer layer affecting the colloidal arrangement of the
magnetite nanoparticle system before introduction of the
sample into an external magnetic field (clustering) and after
(linear aggregation). The polymer length of the stabilizing layer,
and the steric repulsion it supplies, plays a significant role in
controlling cluster formation; with lower molecular weight
stabilized polymers appearing moderately clustered according
to DLS, and it also determines the extent of interparticle inter-
actions. High molecular weight stabilized systems have signif-
icantly weaker attractive interparticle interactions and hence
over time particles are less likely to chain or cluster. The linear
aggregation of these systems may be detrimental to the contrast
enhancement. Therefore it is important to design nanoparticle
systems with a sufficient stabilization layer to prevent the
magnetic attraction between cores from overcoming the steric
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repulsion mechanism resulting in stable systems in a magnetic
field.

The relaxivity of T, contrast agents is rarely reported together
with the duration of exposure to a magnetic field making
comparisons between researchers and contrast agents difficult,
particularly when an adequate polymer-stabilizing layer is not
present. Time-dependent R, measurements offer the ability to
define particle stability and test for potential linear aggregation
over time. Particle systems that have a sufficient polymer layer
to overcome magnetic interactions and resist linear aggregation
will show low or no decay in the relaxation rate with time.

Future considerations of this work should also include the
biological impact of linear aggregation. As the results gathered
in this study indicate, linear aggregation increases the length
scale of these particle systems from the nanometer domain to
hundreds of microns long. Furthermore, some of these particle
systems may contain residual aggregates if they have been
exposed to an external magnetic field. At this point it is not well
understood how these long linear aggregates affect biological
responses and their toxicology, but initial reports suggest that
the aggregation of nanoparticles increases -cytotoxicity.*
Further work in this area is required to investigate the cellular
response to nanoparticle systems with and without linear
aggregation properties.
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