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Abstract
Hypothesis

The functionality of magnetic nanoparticles (MNPS) relies heavily on their surface coating, which in
turn affects the interactions between MNPs, and the formation of single-core particles or multi-core
clusters. In this study we assessed the use of AC susceptibility (ACS) as a magnetic probe of the
kinetics of coating and agglomeration of functionalised nanoparticles. We demonstrate the precision
and sensitivity of ACS measurements to small changes in MNP coating using arginine-glycine-
aspartic acid (RGD) tripeptide binding, and subsequently discuss how ACS can be used to optimise
the preparation of polyethyleneimine (PEI) functionalised MNPs aimed at hanomagnetic transfection
applications.

Experiments

We varied the PEI loading of suspensions of MNPs exhibiting a combination of Brownian and Néel
relaxation, and used dialysis to study the movement of excess PEI during the coating process.
Numerical ACS simulations were employed to determine particle cluster sizes and polydispersity and
the results compared with conventional dynamic light scattering (DLS) size measurements.

Findings

ACS provided information on the MNP coating and agglomeration process that was not accessible
through DLS due to the additional presence of non-magnetic polymer particulates in the suspensions.
We consequently derived a simple method to obtain dense, uniform PEI coatings affording high-
stability suspensions without excessive quantities of unbound PEI.
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1. Introduction

Magnetic nanoparticles (MNPs) are attractive for applications in biomedicine and bioengineering due
to the ability to remotely direct their movement towards a target for cargo delivery, to harvest
molecules, to act as contrast agent for diagnostics, or to induce localized heating such as hyperthermia
2 However, MNPs tend to agglomerate in suspension to minimise their surface energy. This property
is not favourable in functional cellular studies as it can affect intrinsic magnetic properties as well as
particle mobility in response to an applied magnetic field. Therefore, the surface of MNPs is usually
modified to improve colloidal stability and to form homogeneous, bio-compatible aqueous
suspensions. To avoid agglomeration, the MNP coating should prevent particle interactions such as
magnetic forces between particles, and Van der Waals forces °. To promote colloidal stability,
particles can be surface-modified with surfactants *, natural and synthetic-polymers °, or biomolecules
&7 In addition surface functionalization is used to facilitate binding and internalization of MNPs into
cells for cell receptor targeting, or for gene or drug delivery for therapeutic purposes ®°.

For nanomagnetic transfection applications, polyethyleneimine (PEI) is often used to coat the surface
of MNPs in order to optimise their functionality '®''. “The presence of unbound PEl in MNP
suspensions used for these applications is problematic-as.the excess PEI causes non-specific binding
with DNA rather than DNA binding to the intended MNP surface, thus reducing the efficiency of
nanomagnetic transfection 2. This can have a dramatic effect on the efficacy of the application as the
MNP is required for improved transfection ‘efficiency using magnetic targeting and sedimentation
onto cell monolayers. PEI also causes cell toxicity, therefore removing excess PEI improves cell
health *3*4,

Particle characterization is important in order to obtain physical and chemical information to
understand the behaviour of MNPs-in different systems and optimise performance for biomedical
applications. In particular; particle size characterization is crucial for understanding particle-particle
interaction, behaviour of particles embedded/suspended in different matrices, and changes in size
distribution and agglomeration with different types of coatings. Common size characterization
methods include dynamic light scattering (DLS), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), size exclusion chromatography (SEC), and nanoparticle tracking analysis
(NTA) ! DLS and NTA are the most frequently used methods to obtain the hydrodynamic
diameter, Dy, which is a measure of the effective diffusive size of particles in liquid suspension.
However, these methods measure all particulate material in the suspension, including material not
associated with the MNPs of interest, such as coating fragments and buffer precipitates. When
measuring magnetic nanoparticles, however, it is possible to use methods that are sensitive to the
magnetic signal in order to isolate size information from the particles only.

Analogous to AC electronics, the AC magnetic susceptibility (ACS) signal is measured as a phasor
with the form

X=x"+ix" 1)

where the real part, y’, represents the susceptibility component of the particles that is in-phase with
the applied AC magnetic field, and the imaginary part, "', is the corresponding out-of-phase
component. The relative proportion of the two components thus reveals the phase lag between the
magnetisation of the particles and the applied AC field, with the case where y' and y'' are equal
indicating a 45-degree phase angle.



ACS measurements are particularly important for observing magnetisation relaxation in magnetic
nanoparticle suspensions. This is the process in which the initial magnetic alignment of the particles
induced by the applied field is lost over a corresponding relaxation time, t. For particles that are
magnetically blocked (i.e. remain magnetised during an AC field cycle) relaxation is caused by the
physical re-orientation of the particles due to collisions with molecules in the suspension media (i.e:;
Brownian motion). If we approximate the particles as spheres, then the corresponding Brownian
relaxation time is given by
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where 7 is the dynamic viscosity of the fluid, ks is the Boltzmann constant and T is the absolute
temperature. Thus, if all other parameters remain fixed, enlarging the hydrodynamic size (Dy ) of the
particles will increase the Brownian relaxation time.

Both the magnitude and the phase angle of the AC susceptibility depend-on the product (wt) of the
angular frequency of the AC field, w, and the relaxation time, =.*". However, whilst the phase angle
gets larger as the frequency of the magnetic field increases, the corresponding magnitude of the
susceptibility decreases. In fact, it can be shown that a maximum value of the out-of-phase component
(x'") is reached when wt = 1. For blocked particles, this condition will be reached when the
Brownian relaxation time is equal to the rotational cycle time of the applied field. This is revealed as a
peak in the y'* susceptibility component when the frequency is swept. For larger hydrodynamic sizes,
the correspondingly longer Brownian relaxation time will shift this peak to lower field frequency, as
shown schematically in Figure 1. Thus, ACS measurements as a function of field frequency enable
determination of the Brownian relaxation time and subsequently the hydrodynamic size of the
particles using equation (2) above. Using this versatile characterization method, the formation of
protein corona around MNPs caused by their surface charge ***°, the aggregation of MNPs within
polymer nanocomposites %, and the mobility of MNPs in cells ***% have been explored previously.
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Figure 1: Schematic showing the AC susceptibility versus frequency curve expected for blocked
magnetic nanoparticles displaying Brownian relaxation. Particles with small hydrodynamic sizes
show a peak in the y” curve at high frequencies (y” = green, y’ = blue), whilst an increase in
hydrodynamic size creates a shift of this peak to lower frequencies (y” = red, y’ = black).



Although the above discussion suggests a simple method for determining hydrodynamic sizes when
blocked particles are present, more generally the suspensions will contain a distribution of particle
sizes with both Brownian and Néel relaxation mechanisms possible. The latter effect is caused by the
relaxation of the direction of the internal single magnetic domain of the particle and depends on the
magnetic particle volume, the magnetic anisotropy property and the temperature of the system.
However, it does not depend on hydrodynamic properties and so is insensitive to local environmental
factors such as viscosity. The Néel relaxation time (ty) is given by the equation
Ty = Tp€ []:TVT] 3)

where K is the magnetic anisotropy, V is the volume, kg is the Boltzmann constant and T is the
absolute temperature.

Maldonado-Camargo et al. derived simple equations to estimate the fractions of the two particle types,
on the condition that both Brownian and Néel relaxation times were well separated *°. However, often
the synthesis of MNP suspensions leads to a combination of magnetic and hydrodynamic particle
sizes that results in relaxation by both mechanisms with an<overlap in the corresponding x” peak
positions. A method to characterize the mixture of MNP types in a suspension was developed by
Ludwig et al. by applying a static magnetic field during an ACS measurement which was used to
determine hydrodynamic and cores MNP sizes .

In this study, measurements of AC magnetic susceptibility were exploited as a particle-specific probe,
demonstrating the sensitivity to small changes in the hydrodynamic size of commercial MNPs
(showing largely Brownian relaxation behaviour) due to the addition of a thin layer of RGD
tripeptide. Expanding on previous characterization studies of mixed MNP suspensions 2?4, we then
monitored the progression of PEI coating and agglomeration of synthesized MNPs exhibiting both
Brownian and Neéel relaxation properties, where optimisation of these parameters is important for
nanomagnetic transfection: applications. ACS results were compared to simulations using a
computational model of polydisperse nanoparticle clusters in order to determine the size distribution
of both particles and clusters, and how these responded to different coating treatments. These results
were compared -to. equivalent measurements using dynamic light scattering. Complementary
characterisation using structural (TEM) and compositional (TGA) analysis techniques were used to
confirm the interpretation from the ACS measurements and to provide additional parameters for the
model. Furthermore, by monitoring the gradual coating of MNP suspensions using ACS
measurements, an optimal ratio of coating material to MNPs can be determined in order to prepare
uniformly-coated particles with minimal agglomeration, as well as reduce excess unbound coating
material in the suspension.

2. Materials and Methods

2.1 RGD tripeptide coating of commercial MNPs

Dextran coated carboxyl-functionalised iron oxide MNPs (10 mg/mL) dispersed in water were
purchased from micromod (Product code: 09-02-132). Materials were purchased from Sigma-Aldrich



and were used without further purification. Arginine-glycine-aspartic acid (RGD) tripeptide (97%)
conjugation to MNPs was achieved via carbodiimide chemistry, through the addition of 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide chemistry (EDAC) and N-Hydroxysuccinimide (NHS) *°. 40 pL
of 6 mg/mL EDAC and 12 mg/mL NHS in 0.5 M 2-(N-morpholino) ethanesulfonic acid (MES) buffer
(pH 6.3) was added to 200 pL of carboxyl-functionalised MNPs, and was allowed to react for 1 hour
at room temperature with gentle mixing. Particles were then magnetically separated, and the
EDAC/NHS solution was removed. MNPs were resuspended in 0.1 M MES solution (pH 6.3)
containing 250 pg/mL RGD tripeptide and were incubated at 3°C overnight with continuous mixing.
Following peptide conjugation particles were magnetically separated, and unreacted RGD solution
was removed. RGD conjugated MNPs were resuspended in distilled water and stored at 3°C.

2.2 Synthesis of magnetic nanoparticles and dispersion in agueous suspension

Reagents were purchased from Fisher Scientific unless stated otherwise. Purity of the reagents used
were of at least analytical grade. Iron oxide magnetic nanoparticles were synthesized by the thermal
decomposition method according to Cruz-Acuna et. al*'. Briefly, formation of the iron-oleate complex
was performed by dissolving ferric (111) chloride hexahydrate (98%, Sigma-Aldrich) in deionized
water with sodium oleate (99%, Sigma-Aldrich), hexane; and ethanol and heated at 67°C for 4 hours.
The organic iron-oleate complex is evaporated to remove the aqueous phase and aged for 3 days at
60°C. Thermal decomposition of the iron-oleate complex is performed with oleic acid (99%, Sigma-
Aldrich) and trioctylamine (98%, Sigma-Aldrich) at 335°C for 1 hour. The resulting magnetic
nanoparticles were magnetically separated and suspended in toluene. Carboxylic acid functional
groups were introduced to the oleic acid tails of the magnetic nanoparticles by oxidation with 0.28 M
sodium periodate (99.8+%) in acetonitrile and ethyl acetate for 20 minutes under ultrasonication.
Particles that underwent successful oxidation were magnetically separated and washed with ethanol.
The MNPs were dried and resuspended in deionized water with ultrasonication for 2 hours to disperse
particle clusters. The resulting particles formed stable agueous suspensions.

2.3 PEI coating and dialysis of magnetic nanoparticles

PEI polymer of 25 kDa branched at pH 7 (Sigma-Aldrich; 408727) was used without further
purification. Separate vials of 200 uL of the agueous MNP suspensions at a concentration of 0.3
mg/mL Fe prepared by thermal decomposition were coated with different mass of PEI polymer. To
prepare the MNP-PEI coated suspensions, PEI (1 mg/mL) was added at volumes of 50, 500, 1000,
and 2000 pL to the 200 uL. MNP suspensions. These samples are hereafter referred to as PEI 50, PEI
500, PEI 1000 and PEI 2000 respectively. An uncoated suspension was also retained, referred to as
PEI 0. All suspensions were sonicated with an ultrasonicator tip for 5 minutes prior to characterisation
measurements. For dialysis experiments, suspensions were subsequently pipetted into separate
dialysis tubes of 50 kDa molecular weight cut-off (MWCO; Sigma-Aldrich; PURX50005) which
were placed in a 2 L container filled with distilled water and magnetically stirred overnight. The MNP
suspensions were then concentrated using centrifugal concentrators of 30 kDa MWCO (Sigma-
Aldrich; Z648035) prior to post-dialysis characterisation.

2.4 Dynamic light scattering



DLS measurements were performed using a Malvern zetasizer model 3000 HSA. MNP samples were
diluted 5x to a final volume of 2 mL using distilled water and pipetted into a glass cuvette for DLS
measurements. Intensity-weighted size distributions were converted to number-weighted distributions
for analysis. MNP suspensions were measured before and after dialysis.

2.5 AC susceptibility measurements and simulations

AC susceptibility measurements were performed at 37°C on MNP suspensions both before and after
dialysis, using an in-house built susceptometer capable of measuring at frequencies between 10 Hz
and 1 MHz for highly concentrated ferrofluid samples (>1 mg/mL) (200 pL volume). For more dilute
samples the upper frequency limit is proportionally reduced due to the weak sample signal dropping
below background. The volume susceptibility was obtained following background subtraction and
calibration using a known mass of Dy,03; powder.

Simulated AC susceptibility curves were obtained using a computational model that considers
nanoparticle clusters in suspension, by summing the susceptibility calculated for each cluster. The
model, which is described in detail elsewhere % creates clusters by selecting nanoparticles at random
from a log-normal size distribution derived from input parameters for the particles. The generation of
a log-normal size distribution of clusters is attempted by the model, based on input parameters for the
clusters. However, the ability to form the intended cluster distribution depends on the match of the
nanoparticle and cluster sizes and the computational limitations of the model. Thus, a log-normal fit to
the actual cluster distribution created by the maodel (which was subsequently used to calculate the
susceptibility) is reported here as the simulation parameter rather than the original input cluster
parameters.

2.6 Transmission electron microscopy

TEM samples were prepared on copper mesh grids with carbon film (Agar Scientific; AGS160H).
Synthesized MNP samples were diluted 50x in water from a concentration of 0.3 mg/mL Fe, and 5 pL
of the suspension was dropped onto the grid. The grid was dried by touching filter paper to the tip of
the grid to absorb water and allowing it to air dry for 5 minutes. Samples were imaged on a
JEOL100CXII for low resolution and Tecnai F30 for high resolution images. Particle distribution size
analysis was performed using the Image J image processing software.

2.7 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed with a TA instrument SDTQ600. Samples were
pipetted into a 70 pL alumina pan and dried in the oven at 70°C and subsequently cooled before
measuring on the TGA. Dried samples were heated at a rate of increase of 5°C per minute under N,
flow. The decrease in weight relative to temperature was analysed as organic PEI and moisture
(Figure 2S in supplemental information).

2.8 Viscosity measurements



Viscosity measurements were performed at 37°C (to ensure consistency with ACS measurements)
using a TA instrument AR-G2 Rheometer of 60 mm parallel plate geometry. Three PEI
concentrations were prepared: 5 mg, 10 mg, and 20 mg PEI diluted in 22 mL distilled water,
corresponding to PEI concentrations in sample PEI 500, PEI 1000 and PEI 2000 before dialysis.
Water, glycerol, and PEI at 1 mg/mL concentration were also measured as reference samples. The
viscosity was determined from measurements in a shear rate range of 100 to 1000 1/s, for which all
samples displayed constant viscosity. The viscosity values were included in ACS simulations for each
sample (Table 1S in supplemental information).

3. Results and Discussion

The sensitivity of ACS to changes in the hydrodynamic size of MNPs. in suspension is clearly
demonstrated in Figure 2. In this case, commercial aqueous suspensions-of magnetite MNP clusters
with hydrodynamic diameters of 116 nm were measured before and after coating with the RGD
tripeptide. As a result of the coating thickness, a small but clearly. discernible shift in the frequency
position of both the y' and y'' components can be seen in the figure. From equation (2) it can be
shown that this shift corresponds to an increase in hydrodynamic diameter of only 6 nm, which is
consistent with the expected coating thickness for this peptide. Owing to the reproducibility of the
ACS measurements (Figure 1S in supplemental information), it should thus be possible to measure
coating thicknesses of <~ 1 nm for suitably sized particles.

For the large, 116 nm MNP clusters measured in Figure 2, the Brownian and Néel relaxation
components are well separated, allowing a simple interpretation of the ACS data using equation (2).
However, many MNP clusters required for biomedical applications, such as the PEI coated MNPs
discussed below, have much smaller hydrodynamic sizes, due to the formation of small multi-core
clusters or directly functionalised single-core MNPs. This can lead to a substantial overlap of the
Brownian and Neéel components making direct determination of hydrodynamic sizes more
complicated. In the subsequent measurements, this effect was observed using lab-synthesized MNPs
and the size-distribution ' was determined using ACS simulations.
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Figure 2: AC susceptibility from an aqueous suspension of magnetite MNPs measured before and
after coating with RGD tripeptide.



PEI coating studies were performed using MNPs synthesised using a thermal decomposition method
. TEM images were obtained for synthesized iron oxide MNPs (Figure 3a), showing them to be
mainly spherical and relatively monodisperse, with a small proportion of smaller irregular shaped
particles. Particle size distributions were obtained from TEM images by measuring the diameter of
~1000 particles using image processing software, and the histogram fitted with a lognormal
distribution (Figure 3b). The average particle core diameter was found to be 17.4 nm with 15%
polydispersity.

PEI can attach weakly onto the surface of carboxylic acid functionalised MNPs due to ionic
interactions between the negative charges of the COO™ functional groups with the positively charged
NH;" groups of PEI. Figure 4 demonstrates the effect of sonication during MNP surface coating with
PEI, measured before and after sonication with the addition of 500 pg of PEI to a 200 pL suspension
of 1.3 mg/mL Fe of MNPs. There is an obvious y” peak shift in all 3 samples, starting with sample
PEI 0 (Figure 4, top) with a peak position at the far right (~45 kHz) followed by a large shift to 66 Hz
with the addition of PEI (Figure 4, middle), and peak movement back to >10 kHz after sonication
(Figure 4, bottom). The y” curve of the MNP-PEI sample before sonication (Figure 4, middle)
intercepts the y-axis above zero, indicating that a portion of the particle sample is highly clustered
with a Brownian relaxation frequency below the measurement limit of 10 Hz. After sonication, the y”
peak shows a strong shift back towards higher frequencies.
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Figure 3: (a) TEM micrograph showing MNP core size distribution and shape and (b) histogram of
MNP core diameter distribution fitted with a lognormal curve.



From Figure 4 it can be seen that each MNP treatment resulted in a Brownian frequency peak shift,
indicating changes in the hydrodynamic size of the agglomerates. The sample without PEI coating
(referred to as PEI 0) was a stable colloid in water with negatively charged oleic acid surface coating
which provided ionic and some stearic hindrance stability (Figure 4, top). The addition of positively
charged PEI into the MNP suspension resulted in the formation of particulates with large
hydrodynamic sizes, based on the low frequency x” peak position (Fig 4, middle). The large size
could indicate particle agglomeration and clustering due to uneven PEI coating around multi-core
particles (Figure 4, middle). Another possibility is the assembly of multiple PEI layers forminga thick
coating around individual MNPs.

Strong sonication of the MNP-PEI suspension appeared to induce MNP dispersion/de-clustering
resulting in smaller particulates as revealed by the reduced hydrodynamic size (Figure 4, bottom). It is
also possible that the PEI surrounding the particles could be redistributed at this stage. This
hypothetical mechanism for the PEI coating process is illustrated schematically on the right-hand side
of Figure 4.
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Figure 4: AC susceptibility measurements from: MNPs before PEI coating, sample PEI O (top), after
PEI addition (middle), and after PEI addition and sonication (bottom). For each treatment, the
hydrodynamic size of the particle or agglomerate was estimated from the frequency position of the y”
peak using the Brownian relaxation time equation (2) above.

To investigate these effects further, the changes in particle size and clustering with gradual loading of
surface coating were considered. Four different PEI to MNP mass ratios were prepared where 50, 500,
1000, and 2000 pL of 1 mg/mL PEI were added into 200 L. MNP suspensions of 0.3 mg/mL Fe (PEI
0) and sonicated to disperse agglomerates. These samples are referred to as PEI 50, PEI 500, PEI
1000, and PEI 2000. As the Brownian relaxation depends on suspension viscosity (see equation 2
above), it was necessary to measure the viscosity of PEI in water at concentrations corresponding to
that present in the MNP samples (detailed in Materials and Methods). This was done using rheology
and the values obtained were used later in the AC susceptibility simulations (Table 1S in
supplemental information).



TEM was also performed on the samples. Figures 5a and 5b show the distribution of uncoated MNP
cores (PEI 0) which are spherical and have a relatively narrow size distribution compared to MNPs
synthesized by the well-known co-precipitation method. The particles are also mainly singly
distributed or paired with no significant agglomeration, due to their stable oleic acid coating. In Figure
5b, the high resolution TEM does not show coating around the MNPs, as the oleic acid coating is too
thin to observe, or the low electron density of oleic acid provided little contrast compared to the
MNPs.

Figures 5¢ and 5d show sample PEI 50. Close observation reveals uneven layers of PEI polymer
binding to the particles (indicated by red arrows), resulting in the formation of large agglomerates.
This overall PEI coating may surround the agglomerate leading to the measurement of positive zeta
potential discussed earlier. In contrast a more uniform PEI coating can be seen in sample PEI 1000
(Figure 5e and 5f). Here the PEI coating surrounding each particle can be seen clearly, with space
between the particles due to stearic hindrance of the polymer. The added polymer coating affords a
higher level of stability to the particles in water compared to oleic acid coated particles, due to
stronger stearic hindrance and electrostatic repulsion between particles, resulting in reduced
agglomeration.

Although the TEM results support the hypothetical mechanism for PEI coating of the MNPs shown in
Figure 4, the interpretation of such micrographs must be approached with caution as agglomeration
can also occur when the samples dry during TEM specimen preparation, especially at the edges
(Figure 5c). To measure the MNP coating and-agglomeration effects in suspension, we compared the
effectiveness of AC susceptibility measurements and DLS on all samples.

Figure 5: TEM micrographs of MNP samples of (a) and (b) PEI 0 without PEI coating, (c) and (d)
PEI 50 showing MNP agglomeration, and (e) and (f) PEI 1000 with even PEI coating around MNP.
Red arrows indicate a layer of PEI coating around MNPs.



In addition to the effect of PEI loading, samples of uncoated MNPs, partially agglomerated MNPs,
and well-coated MNPs were prepared using the dialysis method, which were then modelled using
ACS measurements. Dialysis was also used to understand the presence of free or loosely bound PEI in
the suspensions with high PEI loading and movement of PEI between MNP samples. During dialysis,
passive diffusion occurs due to a concentration gradient, which generates movement of unbound PEI
from high PEI concentration in the dialysis tube to low concentration in the dialysate (distilled water).
This allows unbound PEI to be removed from the MNP-PEI suspension, leaving only PEI attached to
the particles.

Dialysis is relatively gentle and so is less likely to strip PEI attached to particles, nor subject the
samples to harsh treatments such as strong forces with repetitive centrifugal filtration which may
clump particles at the bottom of the filter, or magnetic separation columns which can strip weakly
bound/physisorbed coating off due to strong shear flow of washing solutions; and which also requires
a large amount of sample. Dialysis was used to model the movement PEI polymers between PEI
coated MNP samples and the uncoated control MNPs.

For this experiment, dialysis tubes containing samples of all PEI loadings (including the uncoated PEI
0 sample) were placed in a shared dialysate to study the binding and redistribution of PEI between
samples.

To confirm the presence of bound PEI on the MNP surfaces after the dialysis process, TGA
measurements were performed (Figure 6). Here the sample is heated continuously and the change in
mass is monitored as a function of temperature. Oleic acid shows complete degradation at 200°C
(supplementary information), however sample PEI 0 (Figure 6) which only has oleic acid coating
does not show a noticeable decrease in weight after heating, which could be attributed to the small
amount of oleic acid relative to weight of the MNP core.

Figure 6 shows a majority 3-step decay of PEI coated MNP samples. The first weight loss step
plateaus at around 200°C which corresponds to evaporation of sample moisture #. Since oleic acid
also undergoes thermal degradation at the same temperature, the weight difference between moisture
and oleic acid is indistinguishable. The second step decay is from 200°C to 400°C and contributes to
the highest percentage of weight loss for samples PEI 1000 and above. This step is due to the
decompositionof PEI and appears to scale with the designed PEI loading, with PEI 2000 showing the
largest step whilst PEI 50 shows only a modest effect. This shows that even after dialysis, PEI 1000
and PEI-2000 samples still had the highest PEI loading and the PEI coating on MNPs were retained
after dialysis.
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Figure 6: TGA analysis of samples PEI 0 (black dotted line) without PEI loading as a control sample,
and samples PEI 50, PEI 500, PEI 1000, and PEI 2000 after dialysis (solid lines).

The measured zeta potential of the samples before and after dialysis is shown in Table 1. The zeta
potential of sample PEI O before dialysis was -38' mV, due to the contribution of the COOH"
functional groups. PEI O after dialysis had a zeta potential close to zero, indicating that loosely or
unbound PEI in the dialysate had permeated into the sample suspension and bound to the negatively
charged PEI 0 MNPs. The positively charged amine group on the PEI thus neutralized the carboxylic
charge, giving a net zeta potential of ~ 0-mV. For the PEI coated MNPs (PEI 50,500, 1000, and 2000)
before dialysis, the surface charge was large and positive at around +30 to +40 mV indicating a
degree of surface coverage of the PEI around the MNPs. After dialysis these values became more
positive at around +50 to +60 mV, suggesting a denser packing of the PEI on the MNP surface
probably due to the redistribution of loosely bound PEI. Increased condensation of PEI polyplexes
have been shown to contribute to higher charge density %.

Table 1: Zeta potential measurements of the surface charge of MNP-PEI samples after sonication,
before and after dialysis.

Zeta Potential (mV) (z4)

PEI O PEIS0  PEI500 PEI1000 PEI 2000
Before
dialysis 38 +34 +36 +30 +40
Aft
er 4 +56 +48 +59 +53

dialysis

As discussed earlier, polydisperse MNP suspensions can lead to a combination of Brownian and Néel
relaxation mechanisms, complicating interpretation of the ACS curves. In order to analyse the
changes occurring in the suspensions at each treatment stage, simulations were performed using the
modelling parameters shown in Table 1S (supplemental information). Parameters relating to the



individual magnetic particle properties (e.g. mean size, anisotropy) were fixed for all treatments and
were determined based on initial fitting to the ACS data from the PEI 0 sample, as well as from TEM
measurements. The effects of combined Brownian and Néel relaxation mechanisms can be seen in
Figure 7, where the best-fit simulation curve is compared to the data from PEI 0 (middle plot). The
effective magnetic anisotropy constant for the particles was determined to be 7200 Jm™, which is
consistent with oxidised magnetite nanoparticles.

The equivalent results expected if the suspension contained either only blocked particles (Brownian
relaxation), or predominately particles relaxing by the Néel mechanism, was simulated by increasing
or decreasing the anisotropy constant respectively (see Table 1S in supplemental information). These
simulations are compared to the data in Figure 7 (top and bottom plots respectively) and show how
both the apparent position as well as the intensity of the y” peak is affected by the magnetic properties
of the particles. The best-fit curve was obtained by modelling a log-normal distribution of
nanoparticle clusters with a mean diameter of 20.4 nm. This value is-only slightly larger than the
mean nanoparticle diameter of 17.4 nm, which is consistent with the formation of small clusters in
suspension containing one or occasionally two particles, as suggested by the TEM images earlier
(Figures 5a and 5b).

This analysis was extended to the PEI sample series where the change in viscosity of the suspensions
with significant addition of PEI (i.e., samples PEI 500, PEI 2000 and PEI 2000) before dialysis, was
explicitly included in the model (see Table 1S in supplemental information). From equation (2) it can
be seen that if instead the viscosity is assumed to be that of water, the calculated hydrodynamic
diameter of the clusters will be ~20% higher than that obtained using the viscosity values shown in
Table 1S (supplemental information).
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Figure 7: ACS measurements of sample PEI O before dialysis (symbols) compared to simulated data
(solid lines) obtained by fitting the cluster size distribution and polydispersity. The middle plot shows
the best-fit data whilst the magnetic anisotropy used in the simulations was varied to produce the
expected result for particles undergoing purely Brownian relaxation (top) or predominantly Néel
relaxation (bottom).

The ACS data measured before and after dialysis, together with best-fit simulation curves are shown
for the PEI 0, PEI 50 and PEI 2000 samples in Figure 8a. In all cases a close fit was obtained. In
particular, the simulations reproduce the changes to the peak positions and breadths for different
treatments. The corresponding log-normal distributions of cluster sizes determined in each case are
shown in Figure 8b, whilst the results obtained for the full sample set are given in Table 2.



From the results shown in Figure 8b and Table 2 it can be seen that the addition of small amounts of
PEI (as is the case for sample PEI 50) leads to a substantial increase in the mean cluster size from
20.4 nm to 31.7 nm, as well as an increase in the polydispersity of the clusters from 0.30 to 0.44. This
is consistent with an insufficient amount of PEI to uniformly coat particles individually. PEI therefore
wraps around clusters of particles creating multi-core agglomerates and this results in instability and
sample flocculation. This can be seen more dramatically for sample PEI O after dialysis, where a
similar increase in mean cluster size was determined but with a very large polydispersivity index
(0.60) suggesting a highly agglomerated and destabilised sample. As this sample contains no PEI, in
this case the effect must be caused by free PEI diffusing along the concentration gradient from the
dialysate, as suggested earlier by the neutralisation of the zeta potential. The PEI 0 sample thus acted
as an indicator of the dialysis process, confirming the movement of free and loosely bound PEI from
the other samples, inducing agglomeration similar to sample PEI 50.

The PEI 50 sample also shows an increase in the mean cluster diameter after dialysis, again
suggesting an influx of free PEI from the dialysate. This is not unexpected as there should be little
free PEI in this sample and thus the concentration gradient is present, similar to PEI 0. However, the
higher loading PEI samples (PEI 500 and above) show no real change in mean cluster diameter after
dialysis, and only a modest increase in polydispersivity. Of -particular interest, the mean cluster
diameter is very similar to that determined for the stable uncoated particles (PEI 0). The stabilization
in cluster size at high PEI loading indicates coating saturation on the surface of MNPs, therefore
additional loading of PEI will not lead to a further increase in MNP hydrodynamic size. Although it is
possible that some free PEI remains in the suspensions after dialysis, in our analysis we approximated
the viscosity as being the same as for water for these samples (Table 1S in supplemental information).
If a viscosity larger than water was used to determine the cluster sizes after dialysis, a value smaller
than that measured for the original stable uncoated particles (PEI 0) would be obtained. As this result
seems extremely unlikely, the assumptions made regarding the viscosity after dialysis would appear to
be valid.
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Figure 8: (a) ACS measurements from samples PEI 0, PEI 50, and PEI 2000 obtained both before and
after dialysis (symbols), together with best-fit simulations. (b) Histograms showing the lognormal
MNP cluster distributions used to obtain the best-fit ACS curves shown in Figure 7a.



Table 2: Mean cluster diameter and polydispersity index of determined from all MNP suspensions in
as-prepared state and after dialysis, obtained from best-fit simulations to the measured AC
susceptibility data. Errors shown represent the uncertainties estimated from the uniqueness of the
simulation fits.

Mean cluster Polydispersivity Mean cluster Polydispersivity

Sample diameter (nm) £ Index diameter (nm) + Index

0.2 +0.01 0.2 +0.01

PEI O 20.4 0.30 29.1 0.60

PEI 50 3 31.7 0.44 2 42.7 0.33
@ ©

PEI 500 53 22.2 0.32 S 21.8 0.36
S @

PEI 1000 2 20.4 0.30 & 21.0 0.34

PEI 2000 20.6 0.30 20.9 0.35

The corresponding hydrodynamic sizes obtained by DLS are shown in Figure 9. It can be seen that the
trend in the values measured before dialysis ‘is nearly identical to that found with the ACS
measurements, but with hydrodynamic sizes<~30% larger than the corresponding cluster diameters
determined from ACS. However, evidence of some much larger particles can also be seen (for
example PEI 2000 before dialysis). As-particles of such size are not seen in the ACS measurements, it
is possible that these represent the formation of pure PEI polyplexes that are not detected by ACS.
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Figure 9: DLS hydrodynamic size measurements of MNP-PEI samples before dialysis (black) and
after dialysis (red). The viscosity values are given in Table 1S (supplemental information).



The agreement with the ACS data is far worse for the samples measured after dialysis. In particular a
large proportion of very large particles (>160 nm) was observed for sample PEI O after dialysis. As
evidence was found for free PEI diffusion into this sample, it is likely that DLS includes measurement
of the resulting polydisperse PEI-MNP agglomerates as well as a proportion of PEI polyplexes, thus
making an assessment of MNP cluster sizes impossible. In a similar fashion the DLS measurement
indicates much larger particle sizes than ACS for the PEI coated MNPs after dialysis. Thus, the
different values determined by the two techniques could be due to the disproportionate response of
DLS to large particles, which can tend to skew the calculated hydrodynamic size distributions.

4. Conclusion

This study demonstrates that AC susceptibility is a sensitive and precise method to measure changes
in the coating and agglomeration of MNPs in complex suspensions, even when both Brownian and
Néel relaxation mechanisms are present. In particular, as the technique is sensitive to only the
magnetic signal in the suspension, it is possible to separate the behaviour of the MNPs from that of
other particulates in the suspension. This enables insight into complex MNP suspensions where
conventional techniques such as DLS are compromised by the presence of other species such as PEI
polyplexes. The value of this approach is demonstrated here with regard to defining a new
methodology for optimising the PEI coating of MNPs for gene transfection applications.

Conventional characterization techniques provide limited information regarding MNP-coating density
and the presence of non-interacting/unbound material in a colloid'®*. By combining AC susceptibility
with other characterisation techniques such as zeta potential measurements, TEM, and TGA, on
MNPs coated with increasing concentrations of PEI, it was possible to determine the optimum ratio of
MNPs to PEI to obtain small MNP clusters with dense PEI coatings. This is important for
nanomagnetic gene transfection applications, where good control over the plasmid binding to the PEI-
coated MNPs is essential to optimise the effectiveness of the application. In particular, non-specific
binding of plasmid to free PEI in the suspension must be avoided as this supresses the effectiveness of
the magnetic targeting and so lowers transfection efficiency, as well as causing additional
cytotoxicity®*>".

The results showed that the combination of PEI loading and sonication results in the formation of
clusters of similar size to the original uncoated MNP clusters, with stable high-density coating
resulting in high zeta potential values of ~+50 mV. This method effectively reduces the presence of
free/lunbound PEI in the suspension as well as eliminates the washing step during the coating process,
which is not only cost effective but also reduces particle agglomeration and polyplex formation that
occurs during harsh washing procedures.

Furthermore, evidence from ACS and zeta potential measurements also suggested that dialysis
facilitated the movement of free/unbound PEI between samples without compromising the coating
and stability of PEI attached to MNPs. Therefore, dialysis would be a suitable washing method during
MNP coating procedures as an alternative to centrifugal filtration and magnetic separation. The
resulting uniform and highly stable PEl coated MNPs are ideally suited to applications in
nanomagnetic gene transfection applications.



Ultimately, ACS could be incorporated into standard research methodology for the characterisation of
functionalised MNPs for biomedical applications, as well as forming a key step in quality control for
scaled up industrial processes. Future developments of the instrumentation could see miniaturised AC
susceptibility hardware incorporated into lab-on-a-chip and continuous flow systems, enabling a step
change in the ability to prepare optimally functionalised MNPs to target specific biomedical
applications.
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