s full papers SANRNGERs

www.advancedsciencenews.com

N Characterization

Characterizing Physical Properties of Superparamagnetic
Nanoparticles in Liquid Phase Using Brownian Relaxation

Kai Wu, Karl Schliep, Xiaowei Zhang, Jinming Liu, Bin Ma, and Jian-Ping Wang*

Superparamagnetic iron oxide nanoparticles (SPIONs) have been extensively used
as bioimaging contrast agents, heating sources for tumor therapy, and carriers for
controlled drug delivery and release to target organs and tissues. These applications
require elaborate tuning of the physical and magnetic properties of the SPIONs. The
authors present here a search-coil-based method to characterize these properties. The
nonlinear magnetic response of SPIONs to alternating current magnetic fields induces
harmonic signals that contain information of these nanoparticles. By analyzing the
phase lag and harmonic ratios in the SPIONS, the authors can predict the saturation
magnetization, the average hydrodynamic size, the dominating relaxation processes
of SPIONS s, and the distinction between single- and multicore particles. The numerical
simulations reveal that the harmonic ratios are inversely proportional to saturation
magnetizations and core diameters of SPIONSs, and that the phase lag is dependent
on the hydrodynamic volumes of SPIONs, which corroborate the experimental
results. Herein, the authors stress the feasibility of using search coils as a method to
characterize physical and magnetic properties of SPIONs, which may be applied as
building blocks in nanoparticle characterization devices.
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Ferrofluids, composed of monodisperse magnetic nanoparti-
cles (MNPs) in aqueous solutions, have been widely used in
clinical and medical applications such as drug targeting and

E-mail: jpwang@umn.edu delivery, magnetic particle imaging (MPI), and magnetic
Dr. K. Schliep hyperthermia therapy, etc.'"'"l These applications exploit
Department of Chemical Engineering and Material Science the nonlinear magnetic responses of MNPs to alternating
University of Minnesota current (AC) magnetic fields.['"3 Superparamagnetic iron
Minneapolis, MN 55455, USA oxide nanoparticles (SPIONs) possessing strong magnetic
X.Zhang moments that saturate at relatively low fields on the order
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of tens of milliteslas are among the most widely used con-
stituents of the ferrofluidic magnetoresponsive nanosystems
Brof. B. Ma listeFl at')ove.““v”] Patifent safety is one of the most important
Department of Optical Science and Engineering motivations for choosing SPIONs designed for both.therapy
Fudan University and diagnosis.['*8] Nowadays, SPIONs can be readily func-
Shanghai 200433, P. R. China tionalized with polymer shells to ensure colloidal stability and
biocompatibility.'"2!] Due to the large variability in medical
treatments and uses, SPIONs have to be specifically tailored
for every type of application. For example, MNPs with large
DOI: 10.1002/smll.201604135 magnetic moments are desirable for drug delivery, MRI, and
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Figure1. a)Simulated harmonicratios as afunction of frequencywith D=30 nm, effective anisotropy constantK,; =1.8x10%ergcm= (1.8 x 10*) m™),
and M, of SPIONs varies from 20 to 90 emu g~*. b) Averaged harmonic ratios as function of M. Curve fitting gives rise to R |3ra/sth=13.76 X Ms%>%,
with a coefficient of determination (R?) of 0.907. c) Simulated harmonic ratios for different SPION core sizes with identical My = 50 emu g™' as a
function of high frequency. d) Averaged harmonic ratios as a function of D. Curve fitting gives rise to R|3q5y, = 353.66 X D158, with a coefficient

of determination (R?) of 0.987.

MPI, so the external gradient field is able to guide MNPs to
target tissues.’>?3] However, MRI needs relatively small par-
ticles for in vivo cell tracking, while drug delivery requires
larger particles to ensure high magnetic moments.[?224-20]
Additionally, magnetic hyperthermia treatments preferen-
tially use MNPs that display fast Néel rotation to maximize
heating efficiency, yet in biosensing areas Brownian motion is
preferred to monitor real-time conjugation of target biomol-
ecules.[>1927-2 Therefore, it is essential to distinguish between
SPION sizes, magnetic strength, and even the origin of their
superparamagnetism—from intrinsic Néel motion (rotating
spin inside a stationary particle) or extrinsic Brownian motion
(rotating the entire particle along with its spin).[''3%31] Hence,
there is a great need for an inexpensive, reliable, fast, and easy-
to-use technique to characterize MNPs in aqueous solutions.

Herein, we report a frequency-mixing-method-based
search-coil system to characterize both the magnetic and
physical properties of SPIONs (the system setup, signal
chain, and design of search coils can be found in Notes S1
and S2 in the Supporting Information).[>21332] Due to the
nonlinear magnetic response of SPIONS, frequency mixing
components are induced at odd harmonics exclusively (the
dynamic magnetization model can be found in Note S3 in
the Supporting Information).l** Harmonic ratios of the 3rd
over the 5th harmonic are inversely proportional to satura-
tion magnetization, My, and magnetic-core diameter, D, of
MNPs (the induced-signal model and harmonic-ratio model
can be found in Notes S4 and S5 in the Supporting Informa-
tion). Phase lag of magnetic moment to the driving fields can
be monitored by harmonic-phase angles and it contains the
information of hydrodynamic volumes of SPIONSs (the relax-
ation-time model and phase-lag model can be found in Notes
S6-S8 in the Supporting Information).[23439]

2. Results and Discussion

Numerical Matlab simulations conforming to our experi-
mental design were performed to reveal the correlation
between harmonic ratio and M, as well as D. A SPION system
obeying the log-normal size distribution with average D of
30 nm, standard deviation of 10 nm, surface polymer coating
thickness of 4 nm, concentration of 300 pmole mL™" is assumed
and tested at room temperature of 7 = 300 K. Two sinusoidal
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fields are applied to SPION system: one with amplitude of
100 Oe (7958 A m™) and frequency of 50 Hz, the other with
amplitude of 10 Oe (795.8 A m™') and its frequency was swept
from 8 to 22 kHz. White noise and 1/f noise were added in our
simulation. Due to crystal asymmetry on the surface of MNPs
(spin-canting effect), a smaller M and a larger effective ani-
sotropy constant K. are expected in SPIONs compared to
the bulk magnetite.[**-*2] Herein, we vary M, from 20 emu g~
(1.05 x 10° A m™) to 90 emu g! (4.72 x 10° A m™!) in our
simulation. Data were collected during 0.1 s with a sampling
rate of 1 MHz, a discrete Fourier transform was performed on
these discrete-time harmonic signals by applying a Hanning
window. The harmonic ratios are plotted in Figure 1a as func-
tion of frequency for 30 nm SPIONs with different M..

Curve fitting to the averaged harmonic ratios versus
M; in Figure 1b shows that the harmonic ratios are inversely
proportional to the 0.55th power of M. From the simula-
tion results, we can safely conclude that for MNPs with iden-
tical core diameters, a smaller harmonic ratio corresponds
to a higher M. In the second part of our simulation, we set
M, =50 emu g”! as a constant, core size D varies from 15 to
35 nm. The harmonic ratios from different core sizes are sum-
marized in Figure 1c as function of frequency. Curve fitting in
Figure 1d shows that harmonic ratio is inversely proportional
to the 1.58th power of D. Therefore, for MNPs with identical
M, a smaller core size yields a larger harmonic ratio. The sim-
ulation results give us a simplified formula of harmonic ratio
R|3rd/5th - Ms—0455 x D158 (1)

To demonstrate the functionality of our new method,
four commercially available SPION samples (purchased
from Ocean NanoTech Inc. and Miltenyi Biotec.) were
measured using our search-coil system and compared with
standard methods. These four samples are: SHP25 (SPIONs
with average core size of 25 nm coated with =4 nm of oleic
acid and amphiphilic polymer shells, dispersed in 0.02%
sodium azide, 290 pmole mL™'); SMG30-II (SPIONs with
average core size of 30 nm, coated with =6 nm of amphi-
philic polymer and PEG shells, dispersed in 0.02% sodium
azide, 34 pmole mL™); SMG30-I are aged SMG30-1I; MACS
(small SPIONs embedded in matrix, the average overall size
is 50 nm, coated with streptavidin, dispersed in 0.05% sodium
azide, 3.14 pmole mL™").[* The concentrations of these SPION
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samples are below 290 pmole mL~! and the volume concentra-
tion is calculated to be less than 0.13 vol %, which is low enough
to safely rule out the dipolar interactions and can be treated as
a noninteracting system.[**8 Amplitudes and phases of the 3rd
and the 5th harmonics were measured from four SPION sam-
ples. And then the magnetic and physical properties of SPIONs
were concluded and compared with standard characterization
methods: dynamic light scattering (DLS), transmission electron
microscopy (TEM), vibrating sample magnetometer (VSM),
X-ray diffractometer (XRD), and high-angle annular dark
field—scanning transmission electron microscope—energy dis-
persive X-ray spectroscopy (HAADF-STEM-EDS).

Magnetic dynamics of single-core MNPs dispersed in a vis-
cous solution are quite different from multicore beads.[*>>3]
For single-core MNPs, small SPIONSs relax via a Néel process,
whereas larger SPIONs relax via a Brownian process. The cut
off size between these two processes for single-core SPIONs
is around 12 nm. If, instead the SPIONs are embedded in a
matrix with overall size of 50 nm, then the cut off size for mul-
ticore is around 15 nm (simulated relaxation times as function
of core diameters can be found in Note S7 in the Supporting
Information). Herein, we are using single-core SPIONs with
core diameters larger than 20 nm, thus Brownian process
will dominate and phase lag is proportional to hydrodynamic
volume. For those multicore beads (SPIONs imbedded in a
matrix, such as MACS microbeads), SPIONs will go through
the Néel process.’”l Figure 2a shows the measured har-
monic ratios of the four SPION samples using our search coil
system. From the measured harmonic ratios we anticipate that
SMG30-II would have the highest M, while SMG30-I would
have the lowest. SMG30-I, -II, and SHP25 are single-core
SPIONS that go through Brownian relaxation; therefore, their
phase lag is directly related to their relative hydrodynamic vol-
umes. In Figure 2b, we can conclude that SMG30-I and -II have
almost the same hydrodynamic volumes and SHP25 comes in
second. If we look at the phase lag, we might think that MACS
has the smallest hydrodynamic volume; this however, is not the
case. Because MACS beads are composed of smaller SPIONs
embedded in a matrix, this phase lag is due to the Néel process.
By freezing up the aqueous SPION samples, we can effectively
block the Brownian rotation, thus all the SPIONs will display
Néel relaxation, exclusively. In this way, the multicore magnetic
beads would have similar magnetic response both in liquid and
frozen states, while the single-core MNPs would have com-
pletely different magnetic responses between these two states.

In Figure 3, we compared the harmonic ratios and phase
lag of MACS and SMG30-II samples both in liquid and
frozen states. For MACS beads, SPIONs are immobilized in
a matrix and Néel relaxation dominates, regardless of which
state it was in (see Figure 3e). In contrast, SMG30-1I pri-
marily exhibited Brownian relaxation in the liquid state (see
Figure 3f) and Néel relaxation in the frozen state. Thus, due
to the great differences in phase lags and harmonic ratios
between liquid and frozen states shown in Figure 3c,d we can
distinguish between single- and multicore SPIONS.

Based on experimental results in Figures 2 and 3, we can
estimate the magnetic and physical properties of these sam-
ples by using a search-coil system. In summary, SMG30-11
would have the highest M, followed by SHP25, and SMG30-1
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Figure 2. a) Measured harmonic ratios from SHP25, SMG30-I, -Il, and
MACS samples as function of frequency. b) Measured phase lags at
the 3rd harmonics as function of frequency (the phasor theory, sample
preparation, experimental method, and data-processing method can be
found in Notes S9 and S10 in the Supporting Information).

to have the lowest M. Samples SMG30-I and -II are expected
to have similar hydrodynamic volumes and are larger than
SHP25. The aforementioned SPION samples (SHP25,
SMG30-1, and -IT) were also determined to be single-cored by
measuring their harmonic signals in liquid and frozen states.
The MACS sample, however, is expected to be multicored
with average magnetic-core diameters of 10 nm (the mag-
netic-core diameter distribution of MACS, SHP25, SMG30-1,
and -II can be found in Note S11 in the Supporting Informa-
tion). Since the harmonic ratio is inversely proportional to the
0.55th power of M, MACS is expected to have lower M, than
SMG30-IT and SHP25. So the M, of these single-core SPION
samples from highest to lowest are: SMG30-II > SHP25 >
SMG30-1 > MACS. The average hydrodynamic sizes followed
in descending orders are: SMG30-1I = SMG30-1 > SHP25.
The SPION samples were drop-cast onto supporting
carbon grids and air dried to be investigated by TEM. The
bright-field TEM micrographs confirmed the spherical
morphology in our samples (see Figure 4a—c), and further
confirmed that SHP25, SMG30-1, and -II are single-core par-
ticles. Figure 4d shows that each MACS bead is composed of
smaller magnetic nanoparticles embedded in a large matrix.
The hydrodynamic sizes of these SPION samples in liquid
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Figure 3. Measured harmonic ratios and phase lag of MACS and SMG30-II SPION samples in liquid and frozen states. a) Comparison of harmonic ratios
and b) phase lags between liquid and frozen MACS. c) Comparison of harmonic ratios and d) phase lags between liquid and frozen SMG30-Il. €) Néel
relaxation process for SPIONs embedded in a matrix under AC fields, both in liquid and frozen states. f) For SMG30-Il in liquid state, SPIONs can rotate

freely and the Brownian relaxation process dominates under AC fields. By
process is possible. The amplitude of the 3rd harmonic barely changed in

freezing the SPIONs, they are immobilized, thus only the Néel relaxation
frozen MACS, while it dropped by =98% in frozen SMG30-Il compared to

liquid state, respectively (summarized data, experimental method, and the analysis can be found in Note S10 in the Supporting Information).

states are tested by DLS. Statistic results from Figure 4e-h
give us the mean hydrodynamic sizes of SHP25, SMG30-1, -11,
and MACS: 36.90, 40.20, 40.06, and 61.92 nm, respectively.
The results from DLS are in good agreement with our search
coil based results and analysis. It is worth mentioning that
the DLS result of MACS in Figure 4h differs greatly from
TEM image in Figure 4d, which is due to the flattening of the
matrix during TEM specimen preparation.

The crystalline structure of these SPION samples is char-
acterized by D8 X-ray diffractometer using Cu Ko, radiation
(A = 0.15406 nm) at a rate of 2° min~'. All diffraction peaks

in Figure Sa are consistent with the standard XRD pattern
of magnetite for SHP25, SMG30-1, and -II. The XRD pat-
tern of MACS shows that the particles from these beads are
mainly composed of o-Fe,O5 and Fe;0,, which well explained
that MACS has the lowest M. The TEM diffraction patterns
in Figure 5c,d further confirmed our conclusion from XRD
data that the nanoparticles from SHP25 are composed of
magnetite, and MACS are a mixture of o-Fe,O; and Fe;0,.
In Figure 5b, all of these SPION samples show superpara-
magnetism, and the saturation magnetization from highest
to lowest are: SMG30-I1I, SHP25, SMG30-I, MACS; which

c c c
1=36.90 nm | u=4020nm | S 025 u=4006nm |02 025 u=61.92nm | o .2
©=13.73 nm 6=10.55 nm é o ©=10.13 nm 5 a 6=21.61nm 5
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Figure 4. Bright-field TEM micrographs and statistical hydrodynamic size distribution collected using DLS of a,e) SHP25, b,f) SMG30-I, ¢,g) SMG30-1l,
and d,h) MACS. Where dashed lines are fitted log-normal size distribution curves, solid lines are cumulative distribution curves, and pand o denote
the mean and standard deviation of the hydrodynamic sizes (statistics on magnetic-core-diameter distributions can be found in Note S11 in the

Supporting Information).
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Figure 5. a) XRD spectrum of four air-dried SPION samples, where (i—iv) correspond to diffraction patterns from air-dried SMG30-I, -, SHP25, and
MACS, respectively. Characteristic peaks from Fe;0, are labeled in this figure, and the asterisks denote peaks from o-Fe,05. b) Magnetization curves
of four SPION samples tested at room temperature by VSM. The applied field sweeps from —1000 to 1000 Oe. c,d) TEM diffraction patterns of SHP25
and MACS samples, respectively. e,g) HAADF-STEM—EDS mapping images of SMG30-1 and -Il, respectively. f,h) Cross-sectional compositional line
profiles as marked in (e) and (g), respectively.

agrees well with our search coil based experiments and anal-
ysis. The compositional line profiles from Figure 5e-h give us
intuitive statistical results of the elemental composition of
iron and oxygen in SMG30-I and -II. Due to the aging effect,

meanwhile the iron decreases by the same amount compared
to SMG30-I1I, which explains the lower M, found in SMG30-1.
Table 1 lists a more detailed comparison between the
predicted physical properties from our search-coil system and

in SMG30-I the atomic percent of oxygen increases and the measured results from standard characterization methods.

Table 1. Comparison between predicted and measured physical properties.

Physical properties SHP25 SMG30-| SMG30-II MACS
Saturation magnetization Predicted? + - ++ -—
Measured by VSM + - ++ -—
Measured by XRD Fe;0, Fe;0, Fe;0, o-Fe,05 and Fe;0,,
Measured by HAADF-STEM-EDS NA Fe 50% 0 50% Fe 63% 0 37% NA
Average hydrodynamic size Predicted - + + ++
Measured by DLS [nm] 36.90 40.20 40.06 61.92
Dominating relaxation Predicted Brownian Brownian Brownian Néel
process
Single-core or multicore Predicted Single core Single core Single core Multicore
Measured by TEM Single core Single core Single core Multicore

a4y, +, -, — —indicate from the highest to the lowest.
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3. Conclusions

In summary, herein we proposed a search-coil-based fre-
quency-mixing method to characterize the intrinsic properties
of SPIONSs such as saturation magnetizations, hydrodynamic
sizes, dominating relaxation processes, and physical mor-
phologies (single- or multicore). We have built up a harmonic
ratio model (Note S5, Supporting Information), which
showed that the saturation magnetization of SPIONs was
inversely proportional to the harmonic ratio. Furthermore,
the numerical Matlab simulations conforming to our experi-
ment designs were carried out. Theoretically, the harmonic
ratio is inversely proportional to the 1.58th power of D and
the 0.55th power of M,. Based on the solid harmonic ratio
model and simulation results, we carried out experimental
measurements on four commercially available SPION sam-
ples. Based on the measured harmonic ratios from our
search-coil system we anticipated that SMG30-II would
have the highest M, followed by SHP25 and SMG30-I, while
MACS would have the lowest. The saturation magnetizations
from VSM agreed well with our search-coil-based experi-
ments and analysis. The XRD pattern further explained the
low M, found in MACS beads, which was due to the compo-
sition of a-Fe,05 in Fe;O0,. HAADF-STEM-EDS mapping
images explained the aging effect in SMG30-I, which contrib-
uted to a lower M compared to SMG30-II. All the measure-
ment results from VSM, XRD, and HAADF-STEM-EDS
confirmed and explained the different saturation magnetiza-
tions in SPOIN samples, and agreed well with the predicted
relative magnitudes of M, from harmonic ratios.

Furthermore, since the phase lag is directly related to
relative hydrodynamic volumes of SPIONs. We have success-
fully predicted the relative hydrodynamic sizes of these four
SPION samples using the search-coil system, which was later
confirmed by DLS results. We demonstrated the feasibility
of distinguishing single- and multicore SPIONs by exploring
the harmonic ratio and phase lag information from liquid and
frozen states. This method is also capable of analyzing which
relaxation process dominates for the superparamagnetism.
Search coil is a promising method for characterizing physical
and magnetic properties of superparamagnetic nanoparti-
cles, which may be applied as building blocks in nanoparticle
characterization devices in the future.

Supporting Information

Supporting Information is available from the Wiley Online Library
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