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Abstract. The present work describes the in vitro aerosol deposition and enhanced deaggregation
behavior of superparamagnetic iron oxide nanoaggregates (SPIONs). SPIONs were surface-coated with
amine functionalized polyrotaxane and were proposed as a carrier for inhalation dry powders.
Polyrotaxane is primarily composed of beta cyclodextrin rings which are spontaneously threaded on the
block copolymer, poly(propylene glycol) bis(2-aminopropylether). Variable concentrations of surface
coating polymers showed controlled manipulation of the crystal size and morphology. Magnetic
nanoaggregates fabricated with low concentration of polyrotaxane showed cubic crystal morphology.
However, these nanoaggregates exhibited rhombic dodecahedron crystal structure upon increasing the
coating polymer concentration. In comparison to the spherical uncoated magnetic nanoparticles, cubic
phase magnetic nanoaggregates demonstrated an enhanced in vitro aerosol deposition using magnetic
field alignment. This enhancement can be accomplished at low inhalation flow rates (15 and 30 L/min).
However, transformation to the cubic crystal structure was observed to be associated with a reduction in
the powder geometric standard deviation. Using a mathematical modeling approach, we noted significant
enhancement in the deaggregation behavior of inhalation dry powders; that can be achieved with small
amounts of magnetic nanoaggregates. Aggregates of cubic nanoparticles showed promise for targeted
pulmonary deposition of anticancer drugs.

KEYWORDS: in vitro aerosol deposition; magnetic nanoaggregates; magnetic next generation impinger;
polyrotaxane; saturation magnetization.

INTRODUCTION

Polymeric nanoparticles have been successfully applied
for pulmonary delivery of both local and systemic drugs (1).
The respiratory route is particularly advantageous due to the
large alveolar surface area, the low thickness of the epithelial
barrier as well as the extensive vascular properties (2). With
the recent development of nanotechnology, aerosols com-
posed of magnetic nanoparticles showed several attractive
properties for application in respiratory drug delivery (3,4).
Magnetic nanoparticles have been applied in wastewater
treatment (5). Presently, magnetic nanoparticles have gained
increasing attention in biomedical applications such as mag-
netic resonance imaging (5–7), virus detection (8,9), magnetic
cell separation (10), gene therapy (11), targeting chemothera-
py (12), and pulmonary drug delivery (3,6).

A major challenge in pulmonary drug delivery is the low
efficiency of the inhalation system. Optimum particle size is
very important for deep lung delivery (13). Therefore, large
doses of drugs need to be administered to achieve the effective
drug concentration at the specific site of action. Current ef-
forts are focused on developing magnetic nanoparticles that
can be directed to a specific location of the pulmonary tract.
These nanoparticles are responsive to an external thermal
stimulus, i.e., the heating effect associated by alternating an
external magnetic field (14). Given the limited knowledge of
selective cancer biomarkers, specific cell targeting can be
managed through conjugation of magnetic nanoparticles with
a specific ligand (4,15,16).

Magnetic nanoparticles need to be stable in water at
neutral pH (7.4) and normal saline condition (150 mmol) for
biological, medical diagnostic, and therapeutic applications.
Thus, the surface of magnetic iron oxide cores needs to be
modified to prevent the formation of large aggregates and
provide functional groups (amine or carboxylic groups) for
bio-conjugation to anti-cancer drugs and/or targeted ligands.
Various surface coatings have been reported previously, such
as liposomes (17,18), polyethylene glycol (PEG) (19), and
other polymers (20). In case of the surface coating with an-
other material, this technique leads to the formation of “hy-
brid nanostructure” (21). Magnetic nanoparticles coated with
PEGs and beta cyclodextrin have been reported to improve
the drug loading and release kinetics of hydrophobic drugs
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(22), increase the specific cancer targeting, and enhance per-
meability and retention effects (23,24).

Harada and coworkers have reported the complex for-
mation between polypropylene glycol and beta cyclodextrin
(25). The proposed structure for these complexes is that the
beta cyclodextrin rings are spontaneously threaded onto poly-
propylene glycol chains in either a head-to-head or tail-to-tail
arrangements without any covalent bonding between the two
polymers (beta cyclodextrin and polypropylene glycol). In the
current study, we proposed a modified method for the synthe-
sis of amine functionalized polyrotaxane through the forma-
tion of beta cyclodextrin/poly(propylene glycol) bis(2-
aminopropylether) inclusion complex. Introducing an amino-
functional group into the structure of polyrotaxane leads to
the formation of highly functional and biocompatible hybrid
nanostructures. These magnetic nanostructures possess an en-
hanced localization of anti-cancer loaded nanoparticles into
the lung cancer cells. Therefore, they are promising materials
for use in treatment of lung cancer (26).

The present study deals with amine functionalized
polyrotaxane/iron oxide hybrid aggregates for pulmonary drug
delivery. These hybrid nanostructures composed of magnetic
iron oxide cores and polyrotaxane (PR) shells (Fe3O4 aggre-
gates/PR). Magnetic nanoparticles coated with polyethylene
block copolymers possess the ability to circulate for longer time
in the blood stream by avoiding the uptake by the reticuloen-
dothelial system (27,28). The influence of magnetic field on the
systemic absorption and clearance of magnetic nanoparticles
was previously reported (29,30). The magnetic field application
resulted in considerable enrichment of therapeutic agent in the
lungs and a depletion in the liver of the magnetic carrier com-
pared to a reference without a magnetic field (29).

However, the application of external magnetic field did
not change the accumulation of magnetic nanoparticles in the
lung following their intravenous injection. Therefore, pulmo-
nary delivery of magnetic nanoparticles showed a promise for
an enhanced therapeutic effectiveness (30).

In the current research, we investigated the in vitro
aerosol deposition of magnetic aggregates loaded for the
potential aerosol delivery of anticancer drugs. The aerosol
deposition was assessed with the application of an exter-
nal magnetic field. The influence of variable concentration
of poly(propylene glycol) bis(2-aminopropylether) (PPG-
NH2) showed significant effect on the particle shape. In
addition, we investigated the aerosolization behavior of

magnetic aggregates exposed to an external magnetic field
with field strength of 1 T. This study was conducted using a
modified next generation magnetic setup. To the best of our
knowledge, there is no previous study dealing with the utiliza-
tion of magnetic next generation impinger (mNGI) in measure-
ment of the aerodynamic diameter. However, a previous study
was conducted on the in vitro deposition of magnetic particles in
a simulated lung model (31).

MATERIALS AND METHODS

Materials

The following materials were used: FeSO4.7H2O (VWR,
Mississauga, ON, Canada), poly(propylene glycol) bis(2-
aminopropylether) [average molecular weight, Mn, 230, Sig-
ma-Aldrich Ltd, Oakville, ON, Canada), beta cyclodextrin
(molecular weight 1,135 Da, Sigma-Aldrich Ltd, Oakville,
ON, Canada), tetrahydrofuran (Sigma-Aldrich Ltd, Oakville,
ON, Canada), and ethanol and ammonium hydroxide (VWR,
Mississauga, ON, Canada).

Synthesis of Magnetic Nanoparticles

Spherical Magnetic Nanoparticles (Fe3O4). Spherical mag-
netic nanoparticles were prepared by chemical precipitation of
(ferrous sulfate heptahydrate, FeSO4.7H2O) (22,32). The pre-
pared nanoparticles showed a relatively wider size distribution
than the polymer-coated formulae (polydispersity index=0.39).
Results for the polydispersity indices are presented in Table I.

PPG-NH2-Coated Magnetic Nanoparticles. PPG-NH2
surface-modified magnetic nanoparticles were prepared by
mixing a predetermined amount of iron precursor with the
amine functionalized poly(propylene glycol) block copolymer
(PPG-NH2).

Synthesis of Amine Functionalized Polyrotaxane. The
synthesis of polyrotaxane inclusion complex was previously
reported by Harada et al. (25). The modification we intro-
duced to the synthesis was the inclusion of amine functional-
ized poly(propylene glycol) block copolymer into the cavity of
beta cyclodextrin. The detailed synthetic method and the
molar ratios of both polymers are provided in the supplemen-
tary section. The chemical structure of the prepared inclusion
complex is presented in Scheme 1.

Table I. Influence of PPG-NH2, Poly(propylene glycol) bis(2-Aminopropylether), Concentration on the Estimated TEM and XRD Particles’
Diameters, and on the MMAD (Measured by the Magnetic Next Generation Impinger)

PPG-NH2 concentration
(mg/100 mg nanoparticles)

TEM particle
diameter (nm±RSD)

Polydispersity
index

XRD particle
diameter (nm)

Nanoaggregates MMAD
at 60 L/min (μm±GSD)

0 92.54±10.11 0.39 106.48 3.52±1.80
50 75.50±7.55 0.29 63.74 3.37±1.48
100 60.60±7.58 0.12 55.66 2.97±1.41
150 53.30±7.19 0.24 52.25 2.44±1.53
200 26.50±3.71 0.19 26.28 2.06±1.32
250 18.70±2.06 0.14 23.90 1.89±1.25
300 17.79±2.31 0.08 17.99 1.79±1.20

PPG-NH2 poly(propylene glycol) bis(2-aminopropylether), TEM transmission electron microscope, RSD relative standard deviation, XRD X-
ray diffraction, MMAD mass median aerodynamic diameter, GSD geometric standard deviation
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Scheme 1. Chemical structure polyrotaxane inclusion complex showing two beta-cyclodex-
trin molecules threaded onto poly(propylene glycol) bis(2-aminopropylether). This scheme
is based on the structure proposed in (25)

Scheme 2. Schematic diagram of magnetic next generation impinger setup
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Polyrotaxane-Coated Magnetic Nanoparticles. In these
samples, the amounts of amine functionalized polyrotaxane
were varied from 50 to 300 mg/100 mg of nanoparticles. In-
creasing the inclusion complex concentration resulted in mor-
phological transformation of magnetic nanoparticles from
cubic to rhombic dodecahedron crystals.

Characterization of Magnetic Aggregates

Particle Size and Morphology. Magnetic nanoparticles
size and morphology were evaluated using transmission elec-
tron microscope (TEM) (Hitachi High-Technologies GmbH,
Krefeld, Germany). The morphology of particles was also
examined using scanning electron microscopy, with a scanning
electron 600F model microscope (Jeol Ltd, Tokyo, Japan).
The samples were prepared on aluminum stabs and coated
with gold prior to the examination.

X-ray Diffraction. X-ray diffractometer (Rigaku-
Miniflex, The Woodlands, TX, USA) was utilized for ex-
amination of the crystal profile of loaded and unloaded
samples. The samples were exposed to X-ray radiation (Cu K
α, 40 KV, 20 mA) at a wavelength of 1.54 Å. The samples were
scanned over a 2-theta range between 15° to 70° and at a step
size of 0.02°.

Fourier Transform Infrared Spectroscopy. Fourier trans-
form infrared spectroscopy (FTIR) spectra were in the solid
state by Bruker-Vector 22 FTIR spectrophotometer (Bruker-
Vector, Milton, ON, Canada).

Thermo-gravimetric Analysis. Magnetic aggregates
samples were examined using thermogravimetric analysis
(TGA)-SDTA 851 instrument (Mettler Toledo, Mississau-
ga, ON, Canada). Samples (10 mg) were heated from 25°C
to 600°C at a rate of 20°C/min under continuous purge of
nitrogen gas.

Dynamic Light Scattering. Malvern dynamic light scatter-
ing (Malvern Instruments Ltd., Worcestershire, UK) was
utilized to examine the size of synthesized polymer-coated
magnetic aggregates. The polydispersity index as well as the
mean volume diameter was examined. The obtained data
represent the volume median diameters of nanoparticles.
The corresponding aerodynamic diameter was theoretically
calculated as follows:

Daer ¼
ffiffiffiffiffi

ρ
ρ1

r

VMD ð1Þ

where ρ is the tap density and ρ1=1 g/cm3 (33). The powder
density was measured using a TAP-2S tap density tester
(Logan Instruments CORP, Somerset, NJ, USA).

In Vitro Magnetic Aerosol Deposition

The purpose of these experiments was to investigate
the in vitro aerosol deposition of magnetic nanoparticles
using a mNGI setup (Scheme 2). The construction of the
mNGI was modified based on the design outlined for the
next generation impinger in previous publications (34,35).
For each magnetic aggregates sample, the flow rate throughout
the mNGI was varied between 15 and 100 L/min by the
utilization of a calibrated flow meter (TSI 3063, TSI

instruments Ltd., Buckinghamshire, UK). The magnetic
field values were measured as a function of the calculated
upper cut-off diameter on each stage of mNGI and at
variable flow rates. The cut-off diameters for the mNGI
at different inhalation flow rates are listed in Table S-1 (Sup-
plementary section). The magnetic dry powders are deliv-
ered through a Handihaler® (Boehringer Ingelheim Inc.,
Ridgefield, CT, USA).

A preliminary experiment was conducted on a stan-
dard lactose sample (mass median aerodynamic diameter
(MMAD)=5 μm, geometric standard deviation (GSD)=
1.82) in order to evaluate the cut-off diameters for NGI
and mNGI. The data examined for both impingers indi-
cate similarity in MMAD and GSD for both impingers,
which suggests that the modifications made to the NGI
have not significantly affected its particle sizing capabilities. All
modifications done to the NGI are the application of an external
magnetic field, which has no effect on the function of the
collection cups.

The cumulative mass of particles deposited on each stage
of mNGI was calculated and plotted as percentage of the total
mass of powder exiting the inhaler device. The MMAD and
the GSD were calculated for each sample based on the previ-
ously reported expressions (33).

Magnetic Field and Powder Magnetization

The magnetic field at each stage of mNGI was measured
by a Gaussmeter (5180 Gaussmeter, Pacific-Scientific-OECO,
Milwaukie, OR, USA), and the powder magnetization values
were measured using vibrating sample magnetometer (Model
74035, Lake Shore Cryotronics Inc., Westerville, OH, USA) at
300 K. The magnetic properties of aggregates samples were
studied at field range of ±10,000 gauss.

Fig. 1. FTIR spectra of uncoated magnetic core, beta-cyclodextrin,
poly(propylene glycol) bis(2-aminopropylether) “PPG-NH2,”
polyrotaxane inclusion complex, and polyrotaxane-coated magnetic
aggregates
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Mathematical Modeling of Powder Dispersion Behavior

For further monitoring of the extent of powder dispersion
upon exposure to an increasing air flow rate, a deaggregation
index was introduced. The deaggregation index was cal-
culated by dividing the theoretically calculated Daer by
the experimentally measured MMAD (33). The change
in the calculated deaggregation index as a function of
the air flow rate was monitored. This experiment was
continued till complete powder dispersion was achieved,
which can be confirmed by a plateau in the de-aggrega-
tion index-air flow rate profiles. In order to compare the
dispersion behavior of different magnetic samples, the
calculated de-aggregation index-air flow rate profiles were
mathematically fitted to the following three-parameter
sigmoid equation:

Deaggregation index ¼ Daer

MMAD
¼ a

1þ e
x−x0ð Þ
b

ð2Þ

where parameter (a) is the maximum de-aggregation index
that can be achieved upon increasing the air flow rate to
100 L/min and (x0) is the minimum air flow rate required to
produce a de-aggregation index value equals to 0.5. The rate
of dispersion process is presented by parameter (b), which is
the difference between the two air flow rates required to
achieve a de-aggregation index values equals to 0.75 and
0.25 (36). In other words, the curve fitting parameters (a)
and (b) represent the extent and rate of dispersion process,
respectively.

RESULTS

Characterization of Aggregates

TGA, DTGA, and FTIR. In this paper, we examined
the effect of using PPG-NH2 or polyrotaxane on the mor-
phological and crystal structure of magnetic nanoparticles.
Recently, we reported the capability of these magnetic

Table II. Effect of Polyrotaxane Concentration and Air Flow Rate on the Calculated Mass Median Aerodynamic Diameter of Magnetic
Aggregates

Polyrotaxane concentration
(mg/100 mg nanoparticles)

Nanoaggregates
MMAD (μm±GSD)

Nanoaggregates
MMAD (μm±GSD)

Nanoaggregates
MMAD (μm±GSD)

Nanoaggregates
MMAD (μm±GSD)

15 (L/min) 30 (L/min) 60 (L/min) 100 (L/min)

0 1.79±1.20 1.15±1.24 0.78±1.26 0.59±1.29
50 1.51±1.31 0.94±1.37 0.63±1.41 0.46±1.45
100 1.35±1.11 0.82±1.14 0.55±1.16 0.40±1.17
150 1.27±1.15 0.76±1.20 0.50±1.23 0.36±1.25
200 1.21±1.13 0.71±1.17 0.46±1.19 0.33±1.21
250 1.16±1.10 0.67±1.14 0.44±1.15 0.31±1.16
300 1.09±1.14 0.62±1.19 0.40±1.21 0.28±1.22

MMAD mass median aerodynamic diameter, GSD geometric standard deviation

Fig. 2. TGA profile of polyrotaxane-coated magnetic aggregates and its first derivative plot
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aggregates to encapsulate anticancer therapeutic agent (5-
fluorouracil) (22). In the current study, magnetic aggregates
were examined for their regional aerosol deposition using a
mNGI setup.

Primarily, we investigated the ability of PPG-NH2 and
polyrotaxane to encapsulate Fe3O4 magnetic nanoparticles.
The FTIR (Fig. 1) and TGA (Fig. 2) profiles indicated the
surface adsorption of PPG-NH2 and polyrotaxane on magnet-
ic iron oxide nanoparticles. The first stage of weight loss

occurred in the temperature range between 125°C and
225°C, which is attributed to the loss of water molecules.
Significant weight loss was observed for the polymer-coated
samples at a temperature above 225°C. Thermal decomposi-
tion happened gradually with a Tmax value of 245°C, and this
could be referred to the decomposition of beta cyclodextrin
residues. The observed temperature range for decomposition
of polyrotaxanes is 225–310°C, which is consistent with the
reported values (37).

Fig. 3. Raw data for particle size measurements
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The FTIR data verified the ability of both polymers to
encapsulate magnetic nanoparticles at the examined concen-
trations (Fig. 1). Surface-modified polyrotaxane-coated mag-
netic aggregates revealed a broad band in the range between
1,000 and 1,300 cm−1; this could be due to the stretching of the
ether bond of beta cyclodextrin. In addition, some of these
bands correspond to the vibrations of polypropylene oxide
chains of PPG-NH2. The FTIR data of magnetic aggregates
coated with amine functionalized polyrotaxane confirmed that
magnetic nanoparticles were surrounded with PPG-NH2 and
beta cyclodextrin polymers.

Particle Size and Morphology. Addition of PPG-NH2 or
polyrotaxane seemed to significantly affect the particle size
and morphology. Increasing the concentration of both polymers
resulted in reduction in the particles’ geometric diameters
(Table II), which could be related to the content of Fe3O4 in
the obtained aggregates. Upon screening the particle size, it was
observed that all magnetic samples revealed a mono-disperse
size distribution (Fig. 3). The polydispersity index for
PPG-NH2-coated magnetic aggregates ranged from 0.08
to 0.29. An exemplarily TEM image for spherical magnetic
PPG-NH2 aggregates is presented in Figure S-1. In addition,
magnetic aggregates coated with polyrotaxane presented a

morphological transformation from spherical to cubic shape
(Fig. 4). The change in morphology could be referred to the
rapid consumption of Fe3O4/polyrotaxane nuclei, due to
the increased rate of crystal growth (38,39). Figure 5
demonstrates a comparative SEM image for the aggregates
of spherical magnetic nanoparticles and those of cubic
magnetic nanoparticles. As seen in the images, no significant
difference is observed between both cases.

XRD and Estimation of {200}/{110} Crystal Plane
Ratio. Comparing the X-ray diffraction (XRD) patterns of
synthesized magnetic nanoparticles with the standard diffrac-
tion spectrum (Aldrich catalogue: 31,006-9) revealed that the
synthesized products showed a crystalline Fe3O4. The five
characteristic peaks for Fe3O4 were found at 2-theta angles
of 30.95°, 35.89°, 44.34°, 55.06°, and 64.51°. These five
peaks correspond to the diffraction from the 110, 200,
211, 220, 310, and 311 planes of face-centered cubic iron
oxide crystals. Results for the nanoparticles size data computed
by Scherrer’s equation (40) are summarized in Table I. Addi-
tion of PPG-NH2 or polyrotaxane was usually associated by
more organized nanostructures. The XRD patterns of magnetic
aggregates with different crystal morphologies are shown in
Fig. 6.

Fig. 4. FESEM images showing the difference in particles’ morphology. a PPG-NH2-coated spherical, b cubic and c rhombic
dodecahedron-polyrotaxane-coated magnetic aggregates of nanoparticles

Fig. 5. SEM images of aggregates of spherical magnetic nanoparticles (a) and aggregates of
cubic magnetic nanoparticles (b)
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The calculated {200}/{110} diffraction planes ratio helped
in estimation of the magnetic crystal structure. For PPG-NH2-
coated magnetic aggregates, the diffraction planes ratios are
generally less than 0.5, which confirms the observed spherical
morphology. However, polyrotaxane-coated aggregates dem-
onstrated higher crystal plane ratios, which indicates the trans-
formation in the crystal morphology from cubic to
dodecahedron.

Saturation Magnetization of Aggregates as Measured with
Vibrating Sample Magnetometer. The relation between the
induced moment of magnetic samples and the applied mag-
netic field is presented in Fig. 7. The measured saturation
magnetization value was 0.32 emu/g. This saturation magneti-
zation value was much smaller than the literature value for
magnetite (4,20), which could be attributed to the smaller size
of magnetic nanoparticles or the surface oxidation of magne-
tite at the surface of nanoparticles. Polyrotaxane-coated sam-
ples showed a saturation magnetization value 3.56 emu/g,
which could be referred to the surface coverage of aggregates
with polyrotaxane inclusion complex.

Fig. 6. XRD patterns of magnetic nanoaggregates coated with different surface coatings (a) and the predicted crystal
morphologies for different magnetic aggregates (b)

Fig. 7. Hysteresis loop for uncoated spherical magnetic nanoparticles
of magnetite (Fe3O4)
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Selection of a Dry Powder Inhaler Device for Magnetic
Aerosol Delivery. The selection of an inhaler device for deliv-
ery of magnetic aggregates was based on preliminary experi-
ments conducted using two proposed inhaler devices: the
Handihaler® and Aerolizer®. The internal geometries for
both devices are demonstrated in Fig. 8. Based on our obser-
vations, the Handihaler® demonstrated better dispersion and
less capsule and device retention. This could be attributed to
the different mechanisms of operation of both inhaler devices
(41). The Handihaler® exhibits different mechanism of oper-
ation, which showed impact on the fine particle fraction (FPF)
and emitted dose (ED).

In case of the Aerolizer®, the airflow enters the inhaler
device through the two opposite tangential inlets of the cap-
sule chamber. The turbulent airflow is the only major factor
that assists in capsule ejection. However, in case of the
Handihaler®, the air stream passes through a single inlet in
the inhaler device, and then the inhalation flow stream is

suddenly expanded as it passes through the capsule chamber.
The sudden opening during the air passage from the inlet to
capsule chamber resulted in a pressure loss in this region
associated with an annular circulation of air. The incoming
flow of air pushes the capsule toward the grid simultaneously
with the low-pressure regions that are continuously attracting
the capsule toward the grid. The alternating attraction and
pushing causes the capsule to spin and vibrate in the chamber.
For this reason, better capsule evacuation is obtained in case
of the Handihaler®.

Application of Magnetic Next Generation Impinger for
Estimation of Aerosol Deposition Characteristics. The deposi-
tion of coated magnetic aerosol particles in an in vitro lung
model has been reported by Xie et al. (31). In the current
study, the aerosolization performance of magnetic aggregates
was examined using a magnetic next generation setup
(Scheme 1). A preliminary experiment on a standard sample
(MMAD=5 μm, GSD=1.83) was conducted in both NGI (42)

Fig. 8. Images and schematic views of the two examined dry powder inhalation devices: Handihaler® (a)
and Aerolizer® (b). The internal geometry of both devices is based on structures illustrated in (41)
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and mNGI in order to validate the cut-off diameters for each
stage of magnetic setup. The results obtained indicate similar-
ity in MMAD and GSD values measured in both devices,
which suggests that the modifications made to NGI have not
significantly affected its particle sizing capabilities.

Different samples were examined for their magnetic
aerosol deposition at variable flow rates. The dependence
of magnetic field on the position of the permanent mag-
net (1 T) is presented in Fig. 9. Generally, the magnetic
field showed a two-fold increase on increasing the inhala-
tion flow rate from 15 to 100 L/min. At 60 L/min, the
average magnetic field at mNGI stages 1 (cut-off diameter
higher than 4.46 μm) was 0.088 T. In comparison, at cut-
off diameter less than 4.46 μm, the average magnetic field
approximately increased from 0.22 to 0.731 T upon mov-
ing from stage 2 to stage 7.

The aerosol deposition performance of polymer-coat-
ed magnetic aggregates was presented in Figs. 10, 11, and
12. In these figures, the fractional mass deposition of
nanoparticles was plotted versus the upper cut-off diame-
ter of each impinger stage. The aerosol deposition per-
formance for each sample was qualified based on
calculation of two parameters; the fine particle dose and
the FPF.

Ef f e c t o f F l ow Ra t e on Magne t i c Ae ro so l
Deposition. Generally, the samples coated with PPG-
NH2 showed a unimodal particle size distribution (Figs. 10
and 11). However, polyrotaxane-coated samples induced
bimodality in the size distribution profile (Fig. 12). The
observed bimodality for the polyrotaxane-coated samples
(from 50 to 150 mg polyrotaxane/100 mg nanoparticles)
reflects greater fraction of aggregates for these samples,

Fig. 9. Effect of air flow rate on the measured magnetic field values on each stage of magnetic next
generation impinger
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Fig. 10. Effect of poly(propylene glycol) bis(2-aminopropylether) (PPG-NH2) on the percentage
aerosol deposition on mNGI. The mass deposition on each stage was measured at 15 L/min (a),
30 L/min (b), and 60 L/min (c)
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which is diminished upon increasing the coating polymer
concentration.

The inhalation flow rate seemed to have significant
impact on magnetic aerosol deposition (Fig. 11). This effect
could be attributed to the improved dispersion behavior as
a result of the increased turbulence and decreased capsule
and device retention. PPG-NH2-coated samples showed
major aerosol deposition between stages 1 and 4, which
suggests poor dispersion behavior for the aggregates. The
calculated MMAD values for PPG-NH2- and polyrotaxane-
coated magnetic nanoparticles are listed in Tables I and II,
respectively. These values indicate the dual dependence of
magnetic aerosol deposition on the inhalation flow rate
and crystal morphology.

Effect of Polymer Concentration on the Calculated FPF
and ED. The increase in the FPF was significant between
15 and 30 L/min for both spherical and cubic aggregates,
where an increase in the FPF from 36.28% to 43.39% and

Fig. 12. Bimodal (a) and unimodal (b) in vitro aerosol deposition of polyrotaxane-coated
magnetic aggregates measured at 60 L/min

Fig. 11. Magnetic in vitro aerosol deposition of magnetic aggregates
coated with higher concentrations of poly(propylene glycol) bis(2-
aminopropylether) “PPG-NH2” and measured at 60 L/min
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from 54.57% to 67.10% was observed for the 50- and 150-mg
PPG-NH2-coated samples, respectively (Table III). To the au-
thor’s knowledge, no comparative data exist for magnetic aggre-
gates. The same observation obtained upon increasing the flow
rate from 30 to 60 L/min (Table S-2). A further increase in
inhalation flow rate from 60 to 100 L/min shows no significant
effect on the FPF of magnetic samples. Nevertheless, a significant
reduction in the percentage emitted dose was observed for the
sample coated with 300 mg of PPG-NH2 (Table III). This could
be attributed to the reduction in the Fe3O4 content as compared
to the polymer, which resulted in less magnetic collection.

The magnetic formulation coated with 100 mg PPG-NH2/
100 mg nanoparticles showed a polydispersity index of 0.12
(Table I), which is reflected on the FPF and ED. The calcu-
lated MMAD for this sample is 2.97 μm, and the GSD is 1.41.
The decreased value of the polydispersity index is only
reflected on the GSD, which means lower deposition of par-
ticles in stages 1 and 2 of NGI. This can be reflected in
lowering the mouth and throat deposition of inhaled powders
following their in vivo administration. However, the sample
coated with 250 mg of PPG-NH2 showed a comparable value
of polydispersity index and a greater deep aerosol deposition
(indicated by the lower value of MMAD). This is because the
aerosol deposition is a complex function of the particle size
and size distribution profile.

Dependence of Magnetic Aerosol Deposition on Individual
Particle’s Magnetization. The individual particle’s magnetiza-
tion was calculated based on the experimentally measured sat-
uration magnetization data and the mass distribution profiles
determined using mNGI (Fig. 13). The dependence of particles’
saturation magnetization on their diameters was previously
reported (43,44). The magnetic moment distribution per each
particle was calculated and plotted versus the cut-off di-
ameter of mNGI and presented in Figs. 14, 15, and 16.
Our results are in agreement with the previously validated
data (44). The magnetic moment followed an exponential
distribution as a function of the upper cut-off diameters of
mNGI (R2=0.9974). Increasing the saturation magnetization
of magnetic aggregates samples from 0.32 to 1.16 emu/g
resulted in a shift in the saturation magnetization distribution,
primarily toward the lower stages of impinger. This shift could
be attributed in the increased retention by the magnetic field (1
Tesla) in the stages with cut-off diameters <4.46 μm. These

results suggest better deposition in the lower stages of impinger
upon increasing the magnetization of the prepared magnetic
samples.

Interestingly, a shift in themass magnetization distribution
profile toward the upper stages of mNGI was observed for the
sample prepared with 1.51 μm MMAD and 1.21 GSD (mea-
sured at 15 Lmin−1). This shift could be attributed to the higher
particle magnetization which may lead to an increased
particles’ aggregation. An increase in the inhalation flow rate
from 15 to 30 Lmin−1 resulted in a change in the magnetization
distribution profile showing an increased positive slope with
the upper cut-off diameter of mNGI. Further increase in the
inhalation flow rate from 30 to 60 L min−1 resulted in a
significant shift in the magnetization profile toward the upper
stages of impinger. This could be primarily attributed to the
reduced exposure time to the magnetic field gradient, as the
inhalation flow rate increased. The results illustrated above
indicate the direct proportionality between the individual
particle magnetization and the amount of magnetic field
applied (position of nanoparticles on different stages of
mNGI relative to the magnet), when the particles’ MMAD is
smaller than 3.37 μm.

Mathematical Modeling of the Dispersion Process. A
powder deaggregation index was proposed and calculated by
dividing the geometric diameter of powder aggregates
(measured by the dynamic light scattering technique) by the
MMAD (estimated from the magnetic aerosol deposition
data). Thereafter, a flow rate titration was performed for the
calculated deaggregation index. The deaggregation index-flow
rate curves showed a sigmoid profile, which can be perfectly
fitted to Eq. 2. The calculated kinetic parameters for
polyrotaxane-coated samples are exemplarily presented in
Table IV. The efficiency of the dispersion process was
expressed as parameter (a) in Eq. 2. The calculated values for
parameter (a) ranged between 0.13 and 0.32 for the samples
coated with PPG-NH2 (in the concentration range from 50 to
150 mg/100 mg nanoparticles), which indicates incomplete
powder dispersion by the inhaler device. Significant increase
in parameter (a) values was detected for the samples coated
with high concentrations of PPG-NH2 (more than 150/100 mg
nanoparticles) and polyrotaxane (in the concentration range
from 50 to 300/100 mg nanoparticles). The reduction in
parameter (a) values indicates the ability of the inhaler

Table III. Percentages Fine Particle Fraction and Emitted Dose of
Different PPG-NH2, Poly(propylene glycol) bis(2-Aminopropylether),
Coated Magnetic Aggregates Measured in Magnetic Next Generation

Impinger

PPG-NH2
concentration (mg)

Percentage fine
particle fraction (%)

Percentage emitted
dose (%)

60 L/min 60 L/min

0 35.88 40.32
50 49.98 51.99
100 59.4 60.35
150 69.67 70.78
200 64.97 65.95
250 52.98 53.21
300 44.99 45.56

PPG-NH2 poly(propylene glycol) bis(2-aminopropylether)

Fig. 13. The influence of airflow rate on the distribution of saturation
magnetization per each stage of mNGI for magnetic aggregates sam-
ples coated with variable amounts of PPG-NH2/100 mg nanoparticles
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device together with the applied magnetic field to
approximately achieve complete powder dispersion of the
aggregates into primary particles.

The rate and extent of the dispersion process was expressed
by parameters (b) and (x0), respectively. The presence of coat-
ing polymer on the surface of magnetic nanoparticles affects the
force required to break up the aggregates into primary particles,
which consequently affects the rate of dispersion process.
Polyrotaxane-coatedmagnetic aggregates showed better disper-
sion behavior, which is indicated by the higher values of param-
eter (b). The highest dispersion was observed for the sample
coated with 300 mg of polyrotaxane/100 mg nanoparticles with a

parameter (a) value of 0.98 and parameter b value of 27.59. A
reduced parameter (b) value indicates the possibility of powder
dispersion at relatively lower air flow rates. TEM images show-
ing the dispersion process as a function of air flow rate were
presented in Fig. S-2.

DISCUSSION

The morphological change associated with the addition of
polyrotaxane can be attributed to the increased rate of crystal
growth. It is well known that increasing the growth rate is

Fig. 14. The influence of airflow rate on the magnetization per particle (emu/particle) measured in mNGI at
15 L/min (a), 30 L/min (b), and 60 L/min (c) for magnetic aggregates coated with variable amounts of PPG-
NH2/100 mg nanoparticles
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always associated with a rapid consumption of small nuclei
of Fe3O4/PR. Therefore, the morphology will be forced
toward the cubic shape nanoparticles (38,39). Our results
indicate a significant reduction in the particle size of cubic
magnetic nanoparticles upon increasing the concentration
of polyrotaxane (from 50 to 300 mg). This can be also
confirmed by the peak broadening in the X-ray diffraction
pattern (Fig. 6). Results for the particle size distribution in
mNGI suggest the dependence of in vitro aerosol deposi-
tion on the applied inhalation flow rate, which is confirmed
by previously reported studies (45,46). Therefore, we ap-
plied a flow rate titration for investigation of the kinetics
of dispersion process. Measurement of the dispersion be-
havior of powders at a sequence of air flow rates was
previously investigated (36). In the current study, we mod-
ified the method proposed in the literature (36) by esti-
mating a novel deaggregation index based on the data
obtained from the mNGI. Different samples can be com-
pared based on the maximum extent of dispersion achieved

Fig. 15. Exponential increase in particle’s magnetization upon moving
toward the mNGI stages with higher cut-off diameter. This exponen-
tial profile is valid only for samples with MMAD less than 3 μm

Fig. 16. The estimated particle’s magnetization for magnetic nanoaggregates prepared with
variable amounts of polyrotaxane/100 mg nanoparticles. The samples were examined using
mNGI operated at 60 L/min
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at 100 L/min. Therefore, the estimated deaggregation indices
can be seen as a valuable tool for the potential development of
magnetic dry powders for inhalation.

The change in the individual particle’s morphology is not
reflected on the aggregates shape (Fig. 5), and it only affects
the deaggregation behavior upon exposure to an airflow
stream. Based to our knowledge, the shape of aggregates has
an impact on their aerodynamic drag forces and considerably
affects their entrainment in air stream. Previous mathematical
studies were conducted to describe the effect of drag forces on
the local aerosol deposition of nanoparticles (31). The trans-
port and deposition equation of magnetic aerosols can be
written:

dv
dt

¼ f
τp

ui−við Þ þ gi 1−αð Þ þ fBrownian;i þ fM;i ð3Þ

where vi and ui are the components of the particle and local
flow velocity, respectively. τp is the characteristic time re-
quired for the particle to respond to changes in fluid motion.
The local deposition of particles in a model respiratory tract is
affected by gravitational forces (gi), Brownian motion
(fbrownian), and drag factor (f). Based on the SEM imaging,
we assumed that aggregates have similar shape. Nevertheless,
evaluation of the aggregate geometries is needed for the de-
velopment of geometric shape factor that can be used in drag
coefficient calculations, which is an interesting area of re-
search for perspective studies.

On the other hand, the variation in the dispersion process
between cubic and spherical nanoparticles could be connected
to the different fractal geometry of individual particles (47).
The change in the geometric network structures results in
variations in the work of adhesion between primary neighbor-
ing particles (48). Therefore, the air flow rate and magnetic
field can influence the dispersion behavior of magnetic aggre-
gates with different fractal geometries.

CONCLUSION

Variation of coating polymer concentrations can be
regarded as a primary factor for controlling the particle size,
shape, and dispersion behavior of magnetic aggregates. The
change in the particle size concurrently with the particle shape
can suggest the moderate rate of thermal decomposition of
iron precursor, thus giving sufficient time for the formation of

aggregates. In the current study, we demonstrated the mor-
phological transformation of polymeric-coated magnetic ag-
gregates from spherical to rhombic passing through the cubic
crystal structure.

In addition, we introduced a modified setup of the next
generation impinger for investigating the in vitro aerosol de-
position of magnetic nanoparticles. The magnetic deposition
of polymeric-coated magnetic aggregates seemed to be com-
plex and dependent on various interactive factors. Therefore,
we investigated the dispersion profile of different aggregate
samples and showed how it was affected by the magnetization
value on each particle. Mathematical modeling of the in vitro
dispersion profile leads to better selection of the ideal formu-
lation, which provides high deaggregation index at relatively
low air flow rate.
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