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ABSTRACT: Lipid-based formulations provide a nanotechnology platform that is
widely used in a variety of biomedical applications because it has several advantageous
properties including biocompatibility, reduced toxicity, relative ease of surface ; :
modifications, and the possibility for efficient loading of drugs, biologics, and [~ ' @) '2'.".0
nanoparticles. A combination of lipid-based formulations with magnetic nanoparticles ’
such as iron oxide was shown to be highly advantageous in a growing number of
applications including magnet-mediated drug delivery and image-guided therapy.
Currently, lipid-based formulations are prepared by multistep protocols. Simplification |- 3&° e doxorubicin
of the current multistep procedures can lead to a number of important technological

advantages including significantly decreased processing time, higher reaction yield, better product reproducibility, and improved
quality. Here, we introduce a one-pot, single-step synthesis of drug-loaded magnetic multimicelle aggregates (MaMAs), which is
based on controlled flow infusion of an iron oxide nanoparticle/lipid mixture into an aqueous drug solution under ultrasonication.
Furthermore, we prepared molecular-targeted MaMAs by directional antibody conjugation through an Fc moiety using Cu-free click
chemistry. Fluorescence imaging and quantification confirmed that antibody-conjugated MaMAs showed high cell-specific targeting
that was enhanced by magnetic delivery.

B INTRODUCTION to enhance the efficiency of site-specific delivery of magnetic
. 36-38 : .
nanoparticle-loaded stem cells; and to provide spatial
control over CRISPR-Cas9 genome editing.39_41 In addition,
detection of changes in the orientation of the magnetic
moment of IONPs in an external magnetic field is a foundation
for two emerging imagin§ and sensing modalities—magnetic
. . . 2,43 . 44
particle imaging (MPI) and magnetic relaxometry,

Lipid-based nanoformulations, such as liposomes and micelles,

collectively represent one of the most advanced and well-

developed sets of technological platforms that are widely used

to encapsulate and deliver various therapeutic and imaging

agents in biological and biomedical research and clinical
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applications. These formulations offer a number of .

respectively.

attractive properties including biocompatibility, biodegrad- Recognition of the strengths of these two platforms inspired

ability, reduced toxicity, and capacity for size and surface . N
modifications.” These features allowed early successful clinical developgl, % t of hybrid ‘approaches such as magnetic lip-

. . 47 .
applications of liposomal formulations for drug delivery such as OS.O}I:.l e livi or magnetic ;mcellfs.' Encapsulati:)n of IhONPS
liposome-encapsulated doxorubicin known as Doxil'® and a within  lipid-based nanoformulations can enhance hydro-

number of other liposomal drugs that are already in clinical philicity, stability in plasma, better control of the pharmaco-

. . g o o 1417 . . logical fate, and an overall improvement in their biocompat-
practice or are being evaluated in clinical trials. Clinical Loy . . L.

) . ) . . ibility.” The initial application of magnetic lipid-based
adoption of lipid-based micelles is more limited so far; f lati ; 1 sorti . |
however, they were used in a number of preclinical studies as nanoformulations was to improve cell SOrting using an externa

)

. 45 o :

promising platforms for MRI contrast agents,'* *° hydro- magnetic field. © Then, t}.1e range of ap Phcatlons wes qulc.kly

phobic drugs,”~* and peptide>® delivery extended to externally activated drug delivery by an alternating
) .

. 48,49 X :
Another clinically successful nanotechnology platform is magnetic field (AME), magnet-mediated drug. deliv-

based on superparamagnetic properties, most commonly,

utilizing iron oxide nanoparticles (IONPs).”® Clinically Received: April 4, 2022 Bcienii”

approved applications of IONPs include treatment of Revised:  April 15, 2022 P,

anemia,””*® contrast enhancement in MRL> and hyper- Published: May 6, 2022

thermia therapy.”””' Furthermore, magnetic properties of

IONPs have been used to achieve high contrast in magneto-

motive optical,*%z’33 ultrasound,>* and photoacoustic imaging;35
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Figure 1. Schematic of a one-pot, one-step synthesis of drug-loaded magnetic lipid-based formulations. The laboratory setup (top) and an outline
of the formation process. Magnetic multimicelle aggregates (MaMAs) were synthesized by controlled flow infusion of an IONPs/lipid mixture into

an aqueous solution of doxorubicin under ultrasonication.

ery,so_52 MRI contrast agents with improved imaging contrast

and specificity,"”**™*° image-guided drug delivery,”” image-
guided surgery,”” image-guided immunotherapy,”® and the list
of possible applications continues to grow.

Traditionally, lipid-based formulations are prepared by
multistep processes that include formation of a thin lipid
layer—"lipid cake”, followed by a hydration step and finally
extrusion that results in uniform unilamellar liposomes® or
emulsification to produce micelles. For the synthesis of
multifunctional lipid-based carriers, hydrophilic molecules or
nanoparticles are, usually, added to the hydration solution and
hydrophobic moieties are mixed with lipids in the “lipid cake”.
In the synthesis of magnetic lipid-based formulations, highly
uniform superparamagnetic IONPs can be prepared by a
common thermodecomposition reaction of an iron complex,
i.e, Fe(acac),, that results in hydrophobic, oleic acid-coated
nanoparticles. In this case, an extra step is required to stabilize
magnetic nanoparticles in water suspension usually by applying
an amphiphilic coating.’”®" Simplification of the current
multistep protocol for preparation of magnetic nanoformula-
tions can lead to several important technological advantages
including significantly decreased processing time, higher
reaction yield, better product reproducibility, and improved
quality. Therefore, it is highly desirable to develop a one-pot,
one-step approach for the synthesis of multifunctional lipid-
based formulations.

970

Here, we report a one-step synthesis of multifunctional
magnetic lipid-based formulations using a simple fluidic
infusion of a hydrophobic mixture of lipids and uniform
oleic acid-coated magnetic nanoparticles (25 nm in core
diameter) in chloroform into a hydrophilic drug-containing
aqueous phase under ultrasonication (Figure 1). We optimized
the flow speed, lipid-to-iron oxide nanoparticle ratio, and
sonication power and showed that this approach results in
reproducible, stable, and uniform multifunctional nanoparticles
with encapsulated IONPs and a soluble anticancer drug—
doxorubicin. Furthermore, we used functionalized lipids and
Cu-free click chemistry for directional conjugation of HER2-
targeted antibody, trastuzumab, to enable molecular-specific
targeting of HER2 expressing breast cancer cells. Finally, the
targeted multifunctional nanoparticles were used to treat breast
cancer cells with and without an external magnetic field. Our
results indicate that magnetic guidance significantly increases
cancer cell death.

B RESULTS AND DISCUSSION

Our approach to a one-pot, one-step synthesis of drug-loaded
magnetic lipid-based formulations is based on controlled
fluidic infusion of a mixture of oleic acid-coated IONPs and
lipids in chloroform into a heated aqueous drug solution under
a probe ultrasonicator (Figure 1). The rate of infusion was
controlled by an automatic pump set at 35 mL/h. Our tests
showed that increasing the speed of infusion beyond 35 mL/h
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Figure 2. (A) TEM images of MaMAs obtained using negative staining with 2% uranyl acetate. (B) Cross-sectional cryo-EM images of MaMAs.
Individual IONPs (25 nm in diameter) can be clearly seen within spherical structures. Note the absence of a visible lipid bilayer, indicating that
these structures are not liposomes. (C) Size (DLS, intensity) and {-potentials of MaMAs before and after conjugation with trastuzumab.

resulted in the formation of larger structures and a decrease in
their uniformity. The aqueous phase was heated to ~80 °C to
accelerate evaporation of chloroform. The probe sonicator tip
with 6 mm diameter was placed at a distance of ~2 mm from
the end of the 0.76 mm inner diameter poly-ether-ether-ketone
(PEEK) tube to quickly disperse the incoming lipid/nano-
particle mixture into small droplets. Then, chloroform
evaporation and lipid self-assembly resulted in the formation
of nanostructures with encapsulated IONPs (Figure 1).

TEM images of negatively stained samples revealed the
presence of spherical structures with multiple ~25 nm
diameter IONPs inside (Figure 2A). To evaluate the
morphology of these nanostructures, we carried out cryo-EM
electron tomography (Figures 2B and S7 and Movies S1—S4).
Cryo-EM did not show a lipid bilayer typical of a liposomal
formulation, indicating that the observed structures are not
liposomes. Further, IONPs are located along the periphery of
the nanostructures without forming a continuous layer that
rules out the possibility of hollow vesicles formed by the
spherical self-assembly of nanoparticles coated with amphi-
philic polymers that were described previously.”> However,
structures that are similar to the ones observed by us were
previously reported in the case of hyperbranched conjugated
polymers (HCPs) with 2 kDa poly(ethylene glycol) (PEG)
arms®*~°° where PEGylated HCP micelles were shown to self-
assemble into spherical multimicelle aggregates. Therefore, the
cryo-EM data and analysis of the literature on various
nanoformulations produced using amphiphilic polymers led
us to the conclusion that our nanoparticles are consistent with
MaMAs formed by a combination of IONPs and lipid micelles.

971

We used 26 cross-sectional images from cryo-EM recon-
structed tomograms of individual MaMAs to estimate the
number of IONPs per MaMA nanoparticle; the image stacks
are shown in Movies S1—S4. We determined the median of six
individual IONPs per MaMA with an interquartile range of
25—75% of 3—10 IONPs (Figure S7C).

Next, we acquired negatively stained TEM images using
SerialEM montage mode with multiple overlapping fields of
view (Figure S6) to evaluate the presence of a lipid coating
around IONPs by determining whether they have a well-
defined negatively stained coating layer, as was previously
described.°>®” The IONPs in the composite TEM image were
classified into two groups: (I) nanoparticles either coated with
a clearly visible negatively stained layer or residing within
larger negatively stained areas with sizes significantly larger
than individual IONPs and (II) isolated nanoparticles without
a clearly visible lipid coating on their surface. The analysis
showed that 8218 out of 8414 (97.7%) IONPs were clearly
surrounded by a lipid coating and the remaining 196 (2.3%)
IONPs did not have a clearly discernable negatively stained
layer. These data indicate that the vast majority of IONPs are
coated by a lipid layer and further indicate that most IONPs
are associated with larger negatively stained structures, which
we interpret as MaMAs according to the cryo-EM data.

Size analysis in suspensions of our particles by dynamic light
scattering (DLS) showed the mean hydrodynamic diameter of
~115 nm, polydispersity index (PDI) of 0.212, and {-potential
of —9.46 mV (Figure 2C). In addition, we carried out size
measurements using the nanoparticle tracking analysis (NTA)
method, which directly images the Brownian motion of all
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nanoparticles in a sample to derive their distribution. This
approach has been successfully used for the characterization of
various types of particles including PEGylated iron oxide
nanoparticles with sizes less than 20 nm.”® NTA showed a
single dominant peak at ~133 nm, which contained ~90.84%
of all MaMAs (Figure S4) that is in good agreement with DLS.
A subpopulation of MaMAs around a minor peak at ~56 nm
(3.74% of all particles, Figure S4) is consistent with the
presence of isolated IONPs observed in TEM. Further, there
was ~5.42% fraction with a size of ~243 nm. The combination
of cryo-EM, negatively stained TEM, DLS, and NTA analyses
indicates that our particles are predominantly spherical
nanostructures with individual lipid-coated IONPs located on
the periphery. These structures are c0n51stent with previously
reported multimicelle aggregates.”>~*° Since our nanoparticles
contain magnetic IONPs, we refer to them as MaMAs.

For the synthesis of MaMAs, 1.97 mg of lipids and 0.4 mg of
IONPs (based on the iron content measured by ICP-MS) were
taken for a typical batch. The exact ratio of lipids is outlined in
Table 1 and consisted of PEGylated DSPE phospholipids that

Table 1. Lipid Composition in a Typical Synthesis of
Magnetic Lipid-Based Formulations

lipid
concentration mole  volume lipid mass
(mg/mL) fraction  (uL) (mg)
DSPE-PEG-1000 25 0.60 38.59 0.96
DSPE-PEG-2k-Azide 25 0.20 20.21 0.51
DSPE-PEG-2000 25 0.20 20.14 0.50
total 1.00 78.94 1.97
69—72

are commonly used in various biomedical applications
including clinical lipid formulations.””~" Specifically, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethylene glycol)-1000] (DSPE-PEG-1000), 1,2-distearo-
yl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (DSPE-PEG-2000), and 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[azido(polyethylene glycol)-
2000] (DSPE-PEG-2k-Azide) were mixed at the molar ratios
of 60%:20%:20%, respectively.

Ultrasonication power was varied from 20 to 40% of the
maximum level of the ultrasonic probe tip sonicator (Cole—
Parmer) to determine optimum conditions for the formation
of monodispersed MaMAs with the smallest size. A relatively
low power—20% of the maximum—resulted in a bimodal
distribution with sizes of ~80 and ~234 nm (Figure S1). The
ultrasonication power at 30% produced homogeneous MaMAs
with sizes of ~118 nm, and increasing the power to 40% led to
a relatively large size of ~277 nm. Therefore, the 30% power

setting was used throughout our studies. This experiment
indicates the existence of a sweet spot for the ultrasonication
power that might need to be readjusted if a different
instrument or a probe tip size is used.

Next, the ratio of lipids to IONPs in the infusion chloroform
mixture was optimized by changing the concentration of the
nanoparticles from 0.1 to 1.6 mg/mL (Figure S2) while
keeping the amount of the lipids the same (1.97 mg, Table 1).
The size of MaMAs stayed the same at ~118 nm up to 0.4 mg/
mL iron oxide concentration and it increased at higher
concentrations (Figure S2). Therefore, we settled on the 0.4
mg/mL iron oxide concentration for the synthesis of MaMAs.
The same relative amount of iron oxide and lipids was used
throughout the study. We also evaluated the relative amounts
of iron oxide and lipids retained in the preparations at the
completion of the synthesis using ICP-MS and UV—Vis
spectrophotometry for iron oxide and fluorescently labeled
lipids for lipid quantitation. A typical batch retained ~81.7% of
the iron oxide and ~69.8% of lipids at the completion of the
synthesis relative to the initial total quantities.

The stability of MaMAs was studied in buffer solutions
under different pH values: MES buffer at pH 6.5 and PBS at
pH 7.4 at 4 °C, as well as in the presence of 10% and 100%
FBS at 4 and 37 °C, pH 7.4, over periods of 6, 12, 24, and 48 h.
The exposure to FBS at 37 °C was used to mimic a biological
environment. After incubation under different conditions, the
size of MaMAs was measured by DLS to assess stability
(Figure S3). There were no substantial size changes and no
evidence of nanoparticle aggregation even after exposure to
100% FBS confirming the stability of the MaMAs. We also
measured the stability of MaMAs during 8 weeks of storage in
40 mM HEPES, pH 7.5, at 4 °C and found that their size
measured by DLS decreased by ~8 nm while maintaining a
good monodispersity with the PDI 0.158.

Trastuzumab antibodies were conjugated to azide-function-
alized lipids on the surface of MaMAs by copper-free click
chemistry (Figure 3). Click chemistry provides an attractive
approach for functionalization of nanoparticles because it has
sufficiently rapid reaction kinetics, a high selectivity, and bond
stability.”’~*> We used a directional antibody conjugation
strategy previously developed by us, where the carbohydrate
moiety on the Fc portion of the trastuzumab antibody was first
mildly oxidized with sodium periodate to produce aldehyde
groups.”® Then, the aldehyde groups were reacted with the
aminooxy group of the bifunctional dibenzocyclooctyne
(DBCO)-PEG-aminooxy linker. The linker—antibody con-
jugates were then attached to MaMAs through the click
reaction between DBCO and azide groups, resulting in HER2-
targeted MaMAs (aHER2-MaMAs). The enzyme-linked

\ «— antibody
DBCO linker lipid
G + azide
oo~ U N \ group
N ’/
g;’Jgrescem Id hyde Q + l
group 000
P AN

Figure 3. Schematic of fluorescently labeled trastuzumab antibody conjugation to azide-functionalized MaMAs through the bifunctional DBCO-
PEG-aminooxy linker usmg Cu-free click chemistry. This approach utilizes mild oxidation of a carbohydrate moiety on the antibody’s Fc portion to

form aldehyde groups.”
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Figure 4. Optical microscopy images of (from left to right) HER2™ MCF7 cells after incubation with A647-aHER2-MaMAs; HER2* BT474
incubated with the supernatant collected after the last washing step following synthesis of A647-aHER2-MaMAs (a control for free residual Alexa
Fluor 647-labeled trastuzumab antibodies); and HER2* BT474 cells after incubation with A647-aHER2-MaMAs. Note the lack of a fluorescence
signal from HER2" BT474 cells incubated with the supernatant; this indicates that the fluorescence after incubation with A647-aHER2-MaMAs is
associated with the nanoparticles rather than with residual free antibodies. The images were acquired using a Zeiss Axio Observer.Z1m microscope
equipped with a Hamamatsu ORCA-ER camera (Bridgewater, NJ) under a 40X objective lens. Fluorescence images were obtained with BP 640/30
nm excitation and BP 690/50 nm emission filters. Scale bar is 40 ym.

immunosorbent assay (ELISA) was used to determine the
antibody/aHer2-MaMA ratio. Specifically, this ratio was
calculated in terms of the number of antibody molecules per
iron oxide nanoparticle. The amount of encapsulated IONPs
per MaMA was determined by inductively coupled plasma
mass spectrometry (ICP-MS). The combination of ELISA and
ICP-MS showed that there was ~1 antibody/iron oxide
nanoparticle in a typical batch of aHER-MaMAs. The
antibody—MaMA conjugates had a hydrodynamic diameter
of ~155 nm, PDI of 0.233, and a surface charge of —3.84 mV,
which was more neutral than the one for unconjugated
MaMAs (Figure 2C).

Targeted MaMAs were conjugated with Alexa Fluor 647-
labeled trastuzumab (A647-aHER-MaMAs) to evaluate their
molecular specificity in HER2" positive BT474 and HER2™
negative MCF7 breast cancer cells. Fluorescence microscopic
images (Figure 4) showed a strong fluorescent Alexa Fluor 647
signal from HER2" BT474 and no fluorescence from HER2™
MCEF?7 after labeling with A647-aHER2-MaMAs, indicating the
molecular specificity of the targeted MaMAs. To ensure that
the observed fluorescence was not associated with residual free
Alexa Fluor 647-labeled antibodies left after washing of
targeted MaMAs, we incubated HER2" BT474 cells with the
last supernatant collected during centrifugal purification of
A647-aHER2-MaMAs (Figure 4); no fluorescence signal was
observed in this case, confirming that the fluorescence in
HER2" BT474 cells labeled with A647-aHER-MaMAs was due
to the targeted MaMAs. To further demonstrate molecular-
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specific labeling with aHER-MaMAs, we carried out a blocking
assay where HER2* BT474 were preincubated with free
trastuzumab antibodies before labeling with A647-aHER-
MaMAs (Figure S). The cells did not exhibit any significant
Alexa Fluor 647 signal indicating that A647-aHER2-MaMAs
did not interact with cells after binding sites on HER2
receptors were blocked by free antibodies (Figure SB,C).

After establishing the molecular specificity of aHER2-
MaMAs, we carried out initial evaluation of their performance
in molecular-specific and magnet-mediated drug delivery in cell
cultures. Doxorubicin was used as a model water-soluble drug
for MaMA loading. Drug-loaded MaMAs were synthesized
using the single-step reaction, shown in Figure 1, with
doxorubicin added to the aqueous phase. Then, the MaMAs
were conjugated with unlabeled trastuzumab antibodies
(Figure 3). The hydrodynamic diameter of drug-loaded
MaMAs changed from ~124 to ~144 nm after antibody
attachment, which was consistent with the size changes
observed for MaMAs without a drug (Figure 2C). To visualize
cellular uptake of targeted doxorubicin-loaded MaMAs
(aHER2-DOX-MaMAs), HER2" BT474 and HER2™ MCEF7
cells were grown in imaging chambers and were incubated with
the MaMAs for 2 h at 37 °C either with or without a
permanent 1 cm neodymium magnet placed under the
chambers. Then, the excess of aHER2-DOX-MaMAs was
removed, and the cells were fixed in 4% paraformaldehyde and
imaged under an optical microscope (Figure 6).
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Figure S. Blocking assay with HER2" BT474 cells. Schematic of the study: (A) targeted MaMAs conjugated with fluorescently labeled trastuzumab
antibodies (A647-aHER2-MaMAs) binding to HER2 positive cells; (B) blocking assay in which HER2 receptors are blocked by preincubation with
free trastuzumab that precludes subsequent binding of A647-aHER2-MaMAs. (C) Optical microscopy images of (from left to right) BT474 cells
alone (untreated control); BT474 A647-aHER2-MaMAs (BT474 cells labeled with A647-aHER2-MaMAs); and BT474 blocking assay where
BT474 cells were preincubated with free trastuzumab antibodies before labeling with A467-aHER2-MaMAs. The images were acquired using a
Zeiss Axio Observer.Z1m microscope equipped with a Hamamatsu ORCA-ER camera (Bridgewater, NJ) under a 40X objective lens. Fluorescence
images were obtained with BP 640/30 nm excitation and BP 690/50 nm emission bandpass filters. Scale bar is 40 ym.

Fluorescence images show a strong doxorubicin fluorescence
signal from BT474 cells with or without a magnet and from
MCF7 cells in the presence of a magnet (Figure 6). No
doxorubicin fluorescence was detectable from MCF7 cells
without a magnet. These data indicate that both the molecular
targeting and the magnetic force can effectively drive the
delivery of doxorubicin encapsulated in aHER2-DOX-MaMAs
to cancer cells.

To evaluate the cytotoxic effect of aHER2-DOX-MaMAs, we
carried out a proliferative cell assay. First, we established the
sensitivity of both BT474 and MCF7 cells to treatment with
free doxorubicin. Both cell lines were incubated with various
concentrations of doxorubicin for 72 h, and then the
antiproliferative effect of the treatment was assessed using
the AlamarBlue viability dye (Figure 7A) in comparison with
untreated cells. The cells were sensitive to doxorubicin
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treatment in a dose-dependent manner. Based on the
treatment curves, we chose 0.35 ug/mL as the initial
doxorubicin concentration for cell incubation with aHER2-
DOX-MaMAs. The cells were incubated with the drug-loaded
nanoparticles either with or without a magnet for 72 h. The
surviving fractions of BT474 and MCF7 cells after 72 h of
incubation with aHER2-DOX-MaMAs at the 0.35 pg/mL
doxorubicin concentration were 49.1 + 7.8% and 72.6 + 7.4%,
respectively, which are comparable to the effect of the free drug
at the same equivalent concentration (Figure 7B). Further,
incubation with a magnet did not have any statistically
significant improvement of the aHER2-DOX-MaMAs inhib-
itory effect on cell proliferation in both cell lines (Figure 7B).

We hypothesized that the similar antiproliferative effect of
the free drug and the drug-loaded nanoparticles was due to the
long continuous incubation time and a relatively high drug
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Figure 6. HER2* BT474 and HER2™ MCF?7 cells after incubation with aHER2-DOX-MaMAs at 37 °C with or without a permanent magnet: (top
row) combined phase and DAPI images; (middle row) fluorescence images of doxorubicin; and (bottom row) combined phase and doxorubicin
images. The images were acquired using a Zeiss Axio Observer.Z1m microscope equipped with a Hamamatsu ORCA-ER camera (Bridgewater, NJ)
under a 40X objective lens. Fluorescence images were obtained with BP 550/25 nm excitation and BP 605/70 nm emission filters for doxorubicin
detection and G 365 nm excitation, BP 445/50 emission filters for DAPI. Scale bar is 100 um for all images.
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Figure 7. Antiproliferative effect in BT474 and MCF?7 cells produced: (A) by free doxorubicin after continuous incubation with various drug
concentrations for 72 h (n = 3); (B) after 72 h of continuous incubation with aHER2-DOX-MaMAs at 0.35 pg/mL free doxorubicin equivalent
concentration (n = 3); (C) after 2.5 h of total incubation with aHER2-DOX-MaMAs at 0.0875 pg/mL free doxorubicin equivalent concentration
(n = 11); in panel (C) a magnet was applied only during the first 30 min of incubation with the aHER2-DOX-MaMAs.

concentration that resulted in a high doxorubicin uptake by
cells under all conditions (i.e., regardless of the active targeting
or magnetic enhancement afforded by the nanoparticles).
Therefore, we modified the assay to more closely resemble
drug delivery in vivo where the availability of magnetically
sensitive drug carriers would be limited by their blood
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circulation time. To this end, we decreased the total incubation
time with aHER2-DOX-MaMAs to 2.5 h, which is similar to
the reported half-life time in blood circulation during an initial
phase of systemic delivery of liposomal doxorubicin
formulations.”***®* Further, we decreased the concentration
of aHER2-DOX-MaMAs 4 times to the equivalent of 0.0875
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ug/mL of free doxorubicin. Magnets were applied only during
the first 30 min of the incubation, which resulted in clearly
visible nanoparticle sedimentation to the bottom of the wells
where the magnetic field was applied, thus increasing the local
concentration of aHER2-DOX-MaMAs at the surface of the
wells right next to the growing cells. After completion of the
full 2.5 h of incubation, media containing aHER2-DOX-
MaMAs was removed and was replaced with the fresh one,
followed by an additional 72 h of incubation and proliferation
assessment (Figure 7C). Under the significantly shorter drug
carrier incubation time, the application of a magnetic field had
an additive antiproliferative effect of ~10% in the case of
HER2" BT474 cells (p < 0.01). Further, HER2™ MCF7 cells
incubated with the combination of aHER2-DOX-MaMAs and
a magnet showed a relatively small (~6%) but statistically
significant inhibition of proliferation in comparison to
untreated cells (p < 0.05), while no statistically significant
inhibition was observed in the absence of a magnet. These data
demonstrate that an external magnetic field can improve
outcomes of cancer cell treatment with drug-loaded MaMAs
when there are time constraints on drug delivery (e.g., blood
circulation time).

B CONCLUSIONS

Here, we synthesized novel drug-loaded magnetic lipid-based
formulations MaMAs using a single-step, one-pot synthesis
with ultrasonication. After optimizing the synthesis, we
conjugated the anti-HER2 antibody (trastuzumab) to the
surface of MaMAs through an Fc antibody moiety using Cu-
free click chemistry. Fluorescence imaging showed that
antibody-conjugated MaMAs had a high specificity for
HER2-positive cancer cells. Further, we demonstrated that
application of an external magnetic field can significantly
enhance the antiproliferative activity of doxorubicin-loaded
HER2-targeted MaMAs in the treatment of HER' breast
cancer cells. Taken together, these data demonstrate that our
synthesis can be used for efficient production of drug-loaded
molecular-targeted MaMAs for drug delivery applications.

B METHODS

Materials. The oleic acid-coated IONPs with a diameter of
25 nm (3.2—4 mg/mL) were provided by Imagion Biosystems.
The dibenzocyclooctyne (DBCO)-PEG-aminooxy linker
(3400 Da) was purchased from Nanocs. Lipids 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethylene glycol)-1000] (DSPE-PEG-1000), 1,2-distearo-
yl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (DSPE-PEG-2000), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[azido(polyethylene glycol)-2000]
(DSPE-PEG-2k-Azide), and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000]-N-
(Cyanine 5) (DSPE-PEG-2000-CyS) were from Avanti Polar
Lipids, Inc. Doxorubicin was from Pfizer, trastuzumab as a
lyophilized sterile powder (supplied in a vial containing 150
mg) was from Genentech, chloroform was from Sigma, and
silicone oil was from Merck.

Synthesis of MaMAs with and without Doxorubicin.
For the synthesis of MaMAs, 1.97 mg of lipids and 0.4 mg of
iron (based on the iron content measured using ICP-MS) were
used for a typical batch. For the synthesis of larger batches of
MaMAs, the volume of this chloroform mixture was increased
while concentrations of all components were kept the same. A

976

detailed composition of lipids is shown in Table 1. In a typical
synthesis, 50 mL of deionized water in a glass beaker was
heated to the temperature of 80 °C on a Super-Nuova Multi-
Place hotplate (Thermo Scientific) with magnetic stirring, and
doxorubicin was added to the aqueous phase; note that 0.2 mg
was used in microscopy experiments and 10 mg in cell
proliferation assay experiments. Synthesis of doxorubicin-free
MaMAs was carried out following the same protocol but
without the drug in the aqueous phase. Lipids (all in
chloroform solutions) and oleic acid-coated IONPs (also in
chloroform) were mixed and the total volume was brought to 1
mL by adding additional chloroform. The mixture was drawn
into a 1 mL (a 10 mL syringe was used for larger batches)
gastight syringe (Hamilton) connected to a flexible poly-ether-
ether-ketone (PEEK) tube with 0.76 mm inner diameter
(IDEX Health & Science) using an epoxy gel (Devcon). The
distal end of the tube was placed inside the water in the beaker,
and a 6 mm diameter ultrasonic probe (Cole-Parmer threaded
ultrasonic probe) was placed just above the tube’s distal end
under water. The ultrasound probe sonicator (CPX 500, Cole-
Parmer) was set to the 30% power output, and the lipid/
nanoparticle chloroform mixture was infused into the pre-
heated water phase under ultrasonication at the 35 mL/h flow
rate that was controlled using a KDS-210 automatic syringe
pump (KD Scientific). The entire water phase with MaMAs
solution from the beaker was collected and centrifuged at
3100g for 40 min and 10 °C to sediment larger aggregates. The
supernatant was transferred to 15 mL 10 kDa MWCO Amicon
filter tubes (Millipore Sigma) and centrifuged for 18 min at
3100g and 10 °C to concentrate MaMAs solution. The
collected solution (ca. 200 uL) on the filter was transferred to
1.5 mL microcentrifuge tubes and centrifuged for 30 min at
16 900g at 10 °C. The supernatant was discarded carefully by
pipetting it out, and the precipitate containing MaMAs was
resuspended in 1 mL of 40 mM HEPES, pH 7.5. The last
washing step in microcentrifuge tubes was repeated two more
times (total three washings), and the final precipitate of
MaMAs was resuspended in 1 mL of 40 mM HEPES, pH 7.5.

The size and surface charge of MaMAs were measured with
a particle size and z-potential analyzer using dynamic light
scattering (DelsaNano, Beckman Coulter). Size distribution
reconstruction was acquired using the NNLS algorithm. Each
size measurement was done using 300 acquisitions and 3
repetitions to ensure reproducibility. Additional size measure-
ments were carried out using the nanoparticle tracking analysis
method (Nanosight NS300, Malvern Panalytical). The
concentration of IONPs in preparations of MaMAs was
determined by the iron content using inductively coupled
plasma mass spectrometry (ICP-MS). In addition, we created a
calibration curve between ICP-MS results and the UV
absorbance of MaMAs at 370 nm following a previously
published protocol.*® Then, the calibration curve was used to
determine the concentration of iron content in MaMAs. The
overall number of iron nanoparticles in the suspension of
MaMAs and their concentration were estimated from the iron
content using the iron oxide density and known size of iron
nanoparticles (25 nm). This was later used as a surrogate
metric to estimate molarity for the conjugation reaction
between antibodies and MaMAs (see below). The doxorubicin
concentration in MaMAs was estimated by measuring its
fluorescence at 470/560 nm excitation and emission,®®
respectively, using a Synergy HI1 fluorometer/plate reader
(Biotek). Solutions with known doxorubicin concentrations
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were used to create a calibration curve using linear regression.
Then, the concentration of doxorubicin in MaMAs was
calculated using their background-corrected fluorescence
values and the formula from the linear regression fit of the
standard curve.

Determination of the Amount of Lipids in the Final
Preparation. We used the same protocol for the preparation
of MaMAs as described above, with the exception that a
portion of DSPE-PEG-2000 (12%) was replaced with the same
molar amount of the DSPE-PEG-2000-CyS lipid containing
the Cyanine 5 fluorescent dye. We collected all supernatants
during centrifugal washing steps. Then, all collected super-
natants and the final MaMAs were lyophilized and
resuspended in chloroform, and their fluorescence was
measured at 645 nm excitation and 665 nm emission using a
Synergy HI plate reader (Biotek). A standard curve was built
using linear regression fitted fluorescence values of known
concentrations of the DSPE-PEG2000-CyS lipid in chloro-
form. The concentration of the DSPE-PEG2000-CyS lipid in
the collected supernatants and the MaMA’s sample were
calculated using their fluorescence values and formula from the
regression fit of the standard fluorescence curve. Then, the
relative amount of lipids in all supernatants and the MaMA’s
sample was calculated using the determined concentrations
and the known total volumes of the samples.

Transmission Electron Microscopy. An aliquot (10 uL)
of MaMAs was placed on 100 mesh carbon-coated, Formvar-
coated copper grids pretreated with poly-L-lysine for ~1 h. For
imaging with negative staining, the samples were negatively
stained with Millipore-filtered aqueous 2% uranyl acetate. The
stain was blotted dry from the grids with a filter paper, and the
samples were allowed to dry. Then, the samples with or
without negative staining were examined in a JEM 1010
transmission electron microscope (JEOL USA, Inc., Peabody,
MA) at an accelerating voltage of 80 kV. Digital images were
obtained using an AMT imaging system (Advanced Micros-
copy Techniques Corp., Danvers, MA).

Cryo-Electron Tomography. The preparations were
diluted to 2 X 10"> MaMAs/mL concentrations with HEPES
buffer. Then, 3 yL of each sample was applied to a Quantifoil
R 1.2/1.3 Cu 200 mesh grid or a Lacey Carbon 300 Cu mesh
grid that had been glow-discharged for 5 s using a PELCO
easiGlow system (Ted Pella, Inc.) at 15 mA and 0.3 mBar.
Grids were then plunge-frozen in liquid ethane with a Vitrobot
Mk IV (Thermo Fisher Scientific) operated at 4 °C and 100%
humidity, with a blot time of 2 s and wait time of 5 s. The grids
were stored in liquid nitrogen until imaging. Cryo-electron
tomography was performed on a Titan Krios TEM operated at
300 kV and equipped with a Gatan K2 camera (Gatan, Inc.,
Pleasanton, CA). Tilt series were collected using SerialEM at a
nominal magnification of 14 000X (pixel size of 1.72 A/pixel)
with a tilt range of +£60 and 3° increment. Each projection was
collected as a dose-fractioned movie of 10 frames with an
exposure time of 0.65 s and a dose of 2.19 e~ /A2. Alignment
and reconstruction were performed in IMOD software.®”

Antibody Conjugation to MaMAs. Conjugation was
carried out using copper-free click chemistry with a 100:1
molar ratio of antibodies to iron nanoparticles with the latter
being used as a surrogate estimation of MaMAs’ concentration.
After estimation of the iron content and number of iron
nanoparticles in MaMA batches using ICP-MS/UV—Vis as
described in the MaMA synthesis section, an appropriate
amount of the antibody was estimated for each batch
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individually. In a typical reaction, for each 1 mg of iron,
0.364 mg of the trastuzumab antibody was used.

The trastuzumab antibody was conjugated with the
dibenzocyclooctyne (DBCO)-PEG-aminooxy linker (Nanocs)
as follows. A required amount of antibody (typically 0.364 mg)
was added to 3 mL of 1:1 v/v mixed solution of 100 mM
Na,HPO, and 100 mM NaH,PO, and transferred to an
Amicon 10 kDa MWCO centrifugal filter tube. The solution
was centrifuged for 18 min at 3100g and 10 °C. Solution of the
antibody remaining on top of the filter was recovered (typically
~90 uL), mixed with 10 uL of 100 mM solution of sodium
periodate, and incubated in a 1.5 mL microcentrifuge tube on
ice for 30 min at 250 rpm on a rotary shaker in the dark. After
that, S00 uL of PBS (Ca/Mg free) was added to the solution to
quench the oxidation and incubated for 5 more min in the
same conditions. Then, the solution was transferred to an
Amicon 10 kDa MWCO filter tube, and an additional 3 mL of
PBS (Ca/Mg free) was added to the mixture, followed by
centrifugation for 18 min at 3100g and 10 °C. Typically, ~70
to 100 uL of solution from the top of the filter was mixed with
600 uL of PBS (Ca/Mg free) and centrifuged again in the
same 10 kDa MWCO filter tube two more times to wash the
antibody from sodium periodate. The washed antibody was
reconstituted in 600 uL of PBS (Ca/Mg free). Then, 2 uL of
49 mM solution of the dibenzocyclooctyne (DBCO)-PEG-
aminooxy linker (3400 Da, Nanocs) in DMSO was added per
each 0.1 mg of the antibody. The mixture was incubated at
room temperature on a rotary shaker at 250 rpm for 1 h and
transferred to an Amicon 100 kDa MWCO filter tube. The
linker—antibody conjugates were washed three times in a
centrifuge filter tube at 14 000g for 10 min at 10 °C. The first
two rounds of washing were done in PBS (Ca/Mg free) and
the last one was done in 40 mM HEPES, pH 7.5, to exchange
the buffer for the next step. Typically ~70 to 300 uL of final
washed antibody—linker solution in 40 mM HEPES, pH 7.5
was recovered for subsequent conjugation to MaMAs. To
synthesize MaMAs with fluorescently labeled antibodies, the
antibody molecules were labeled with the Alexa Fluor 647 dye
(Invitrogen) according to the manufacturer’s protocol prior to
the attachment of the linker.

Appropriate amounts of MaMAs (typically 1 mg of iron
content) and antibody—linker conjugates from the previous
step (typically 0.364 mg of total mass) were mixed together in
40 mM HEPES, pH 7.5, and the total volume of the mixture
was brought to 1 mL using 40 mM HEPES, pH 7.5. The
suspension was incubated overnight at 4 °C. The MaMAs with
attached antibodies were washed by centrifugation three times
in 40 mM HEPES, pH 7.5 at 6200g for 30 min at 10 °C. After
the third wash, the antibody-conjugated MaMAs were
collected by placing microcentrifuge tubes inside a Dyna-
Mag-2 magnetic separation device (Thermo Fisher Scientific)
and leaving it overnight at 4 °C. The supernatant was
discarded, and washed MaMAs were resuspended in 0.3 mL of
40 mM HEPES, pH 7.5.

ELISA for the Antibody Content of MaMAs. To create
the standard curve, the raw ELISA data for different
concentrations of trastuzumab antibody—linker solution was
fit to a four-parameter logistic regression model:
y=d+ =4

1

« »

———, where “y” are the ELISA readings and “x

+(0)

are the antibody concentrations measured by UV—Vis
spectrophotometry. The ELISA readings measured for differ-
ent dilutions of the antibody-conjugated MaMAs solution were
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then fit to the standard curve to determine the antibody
concentration of the nanoparticle solution. To calculate the
average ratio of antibodies conjugated per iron oxide
nanoparticle, the antibody concentration was divided by the
concentration of IONPs, determined from ICP-MS measure-
ments of the iron concentration.

Cell Imaging. BT474 (HER2 positive) and MCF7 (HER2
negative) cells with 50 000 cells/well in 10% FBS containing
DMEM media were seeded in 4-well imaging glass slides
(Nunc Lab-Tek II Chamber Slide System, Thermo Fisher
Scientific) and incubated overnight before imaging studies.
MaMAs conjugated with Alexa Fluor 647-labeled antibodies
were added to each chamber at the concentration of 5 ug of
iron oxide, and the cells were incubated with the nanoparticles
overnight at 37 °C in 5% CO,. For the blocking assay, S ug of
the free trastuzumab antibody was added to each chamber for
2 h before addition of the fluorescently labeled trastuzumab-
conjugated MaMAs, followed by overnight incubation at 37 °C
in 5% CO,. After incubation, the cells were washed three times
with PBS buffer and fixed with 4% paraformaldehyde for 30
min at room temperature and, then, imaged using a Zeiss Axio
Observer Z1m microscope (Zeiss) equipped with a Hama-
matsu ORCA-ER camera (Bridgewater, NJ).

Cell Proliferation Assay. BT474 and MCF7 cells were
seeded at 5,000 cells/well density in 96-well plates containing
200 uL of DMEM media supplemented with 10% FBS and
incubated at 37 °C and 5% CO, for the whole duration of
experiments. Cells were incubated overnight before applying
any treatments to allow for cells’ attachment to the plates. Free
doxorubicin was added to treated wells at various concen-
trations, and cells were incubated for 72 h before a
proliferation assay with AlamarBlue® (Invitrogen). AlamarBl-
ue is a viability assay based on the nonfluorescent, nontoxic,
and cell-permeable compound resazurin, which is reduced to
highly fluorescent resorufin in metabolically active cells
(excitation/emission peaks at $70/585 nm, respectively).
The duration of incubation (72 h) was chosen to allow
sufficient time for the antiproliferative effect of doxorubicin on
cells to manifest based on reported doubling times 24 and 46 h
for MCF7* and BT474” cells, respectively.

In longer duration/higher dose assays, cells were incubated
with aHER2-DOX-MaMAs containing 0.35 pg/mL equivalent
of free doxorubicin and magnets below the respective wells for
72 h before a proliferation assay with AlamarBlue. In the wells
with magnetic targeting of aHER2-DOX-MaMAs, round 1/2 X
1/4 neodymium magnets (Carolina Biological Supply
Company) were mounted below the respective experimental
wells at a S mm distance from the bottom of the plate using a
piece of plastic foam as the spacer and tape for secure
mounting. In shorter duration/lower dose assays, cells were
incubated with aHER2-DOX-MaMAs at the 0.0875 ug/mL
equivalent of free doxorubicin concentration for a total of 2.5
h. Magnets were applied to the respective wells for the first 30
min only. Then, the media were removed from all experimental
and control wells and replaced with the fresh media without
aHER2-DOX-MaMas. Cells were incubated for another 72 h
before a proliferation assay with AlamarBlue. Following the
incubation, 20 L of the AlamarBlue reagent was added to all
experimental wells, untreated cells, and the blank media
control. Cells were incubated with AlamarBlue for 6 h, and the
plates were read in a Synergy H1 fluorometer/plate reader
(Biotek) at 560/590 nm excitation/emission, respectively.
Fluorescent values from blank media control wells were used
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to correct for background fluorescence in experimental wells.
STATISTICA 13 (Dell Inc.) was used for statistical analysis
(ANOVA) on background-corrected fluorescence values from
experimental wells. The type of treatment (untreated control;
aHER2-DOX-MaMAs alone; aHER2-DOX-MaMAs + mag-
net) and plate (to reduce plate-to-plate variability) were used
as independent grouping variables. Following the overall
ANOVA test and validity assessment, differences between
experimental treatments were assessed using the post-hoc
Tukey test. Proliferation inhibition values in experimental
treatment groups were calculated as % relative to the untreated
control (set at 100%) and used for data presentation.
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