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Given the superior soft tissue contrasts obtained by MRI and the long residence times of magnetic
nanoparticles (MNPs) in soft tissues, MNP-based theranostic systems are being developed for
simultaneous imaging and treatment. However, development of such theranostic nanoformulations
presents significant challenges of balancing the therapeutic and diagnostic functionalities in order
to achieve optimum effect from both. Here we developed a simple theranostic nanoformulation
based on magnetic nanoclusters (MNCs) stabilized by a bisphosphonate-modified poly(glutamic
acid)-4-(ethylene glycol) block copolymer and complexed with cisplatin. The MNCs were
decorated with luteinizing hormone releasing hormone (LHRH) to target LHRH receptors
(LHRHTr) overexpressed in ovarian cancer cells. The targeted MNCs significantly improved

the uptake of the drug in cancer cells and decreased its ICsq compared to the nontargeted
formulations. Also, the enhanced LHRHr-mediated uptake of the targeted MNCs resulted in
enhancement in the T,-weighted negative contrast in cellular phantom gels. Taken together, the
LHRH-conjugated MNCs show good potential as ovarian cancer theranostics.

Graphical Abstract

INTRODUCTION

Advances in material sciences and nanotechnology have enabled design of nanocarriers
capable of releasing their payload in response to specific biological stimuli such as pH,13
temperature, =3 and redox potential .48 Moreover, recent studies in nanomedicine have
focused on spatiotemporal delivery of drugs, genes, and imaging agents as implementation
of a “theranostics” platform. Over the last two decades, superparamagnetic iron oxide
nanoparticles (MNPs) have been studied comprehensively and used in a wide variety of
applications ranging from water purification to high capacity data storage’ to numerous
biomedical applications such as protein and antibody detection,8 toxin separation,® and
magnetic resonance imaging (MRI) contrast agents.1% MNPs interact with protons in water
molecules and shorten their transverse (T,) relaxation times thereby producing dark T»-
weighted negative contrasts in the surrounding tissues. Because of this ability, the MNPs
have been applied clinically as MRI contrast agents for diagnosis of several diseases such
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as blood pool agents in magnetic resonance angiography (MRA) of the aortoiliac region and
coronary arteries.11-13

Several attempts were made to coformulate MNPs with therapeutic agents. Such theranostic
systems can present a desirable improvement in cancer chemotherapy due to their ability

to target the tumor and simultaneously allow non-invasive visualization and treatment.1415
Development of MNP-based theranostic agents requires availability of a nanoformulation
platform where the diagnostic and therapeutic components are properly balanced. Moreover,
MNP-based formulations can provide an opportunity for remote control of theranostic
agents by applied magnetic fields.16:17 For example, biodegradable polymersomes loaded
with MNPs and doxorubicin displayed magnetic field-responsive drug release along with
excellent MRI contrast.18 In another study, MNP aggregates stabilized by Pluronic F127
and loaded with doxorubicin exhibited sustained drug release /n vivo while simultaneously
enabling MRI of the target tumor tissue.1® However, formulation-related issues such as
colloidal stability and systemic toxicity hinder the clinical development of such MNP-based
theranostic systems.

Here we report a facile process for theranostic nanoformulation through magnetic
nanoclusters (MNC) for anticancer therapy and simultaneous MRI. These MNCs were
prepared by reacting MNPs dispersed in an aqueous medium with anionic bisphosphonate-
modified poly(glutamic acid-&-ethylene glycol) (PLE-6-PEG) block copolymer. The MNCs
were loaded with cisplatin through coordination interactions with the remaining carboxylic
groups of the block copolymer. A synthetic peptide analogue of the LHRH was conjugated
to the MNC:s to enable targeting the nanoformulation to ovarian cancer cells that overexpress
the LHRHTr. This work reports the synthesis of targeted MNCs, drug loading, drug

release, and /n vitro cytotoxicity in ovarian cancer cells and evaluates T, relaxivity of the
nanoformulations in LHRHr overexpressing wild type (A2780-WT) and cisplatin-resistant
(A2780-CisR) ovarian cancer cells.

MATERIALS AND METHODS

Chemicals.

PLE-b-PEG block copolymers with different PLE block lengths, PLE;g-6-PEG113, PLE5g-
b-PEG113, PLE1go-6-PEG113, polyaspartic acidigg-6-PEG113 (PLD1gg-&-PEG113), and the
respective homopolymers were purchased from Alamanda Polymers (Huntsville, AL).

The numbers in subscripts after the copolymer blocks define the average number

of the repeating units (r.u.) in the respective block. The free end of the PEG

had a methoxy end group. Alendronate sodium trihydrate (ALN) was purchased

from Ultratech (Navi Mumbai, India). 1-Ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
(EDC), N-hydroxysuccinimide (NHS), iron(l11) acetylacetonate (Fe(acac)s), benzyl alcohol
(anhydrous), nitric acid (TraceSELECT), hydrochloric acid (TraceSELECT), inductively
coupled plasma mass spectrometry (ICP-MS) grade standards for Fe, Pt, and P (Fluka),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (St. Louis, MO). Acetone (histology grade), N, N-dimethylformamide
(DMF), cisplatin, pyridine, dimethyl sulfoxide (DMSO), and all other anhydrous HPLC
grade organic solvents were purchased from Thermo Fisher Scientific (Waltham, MA).
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N-Hydroxysulfosuccinimide (S-NHS) was purchased from Covachem (Loves Park, IL). A
LHRH peptide, b-Lys-6-LHRH (Glp-His—Trp-Ser-Tyr— DLys—-Leu-Arg—Pro-Gly; 1253.4
Da) was purchased from American Peptide Company (Sunnyvale, CA). Alexa Fluor-647
hydrazide, Lysotracker Green, and Hoechst 33342 were purchased from Life Technologies
(Carlsbad, CA).

Synthesis of MNPs.

MNPs were synthesized by thermal decomposition of iron(l11) acetylacetonate (Fe(acac)s) in
benzyl alcohol with minor modifications to the method developed by Pinna et al.20 Briefly,
6.2 umoles of Fe(acac)s was charged to a three-necked flask containing 45 mL of anhydrous
benzyl alcohol. The reaction mixture was heated at 110 °C for 1 h to ensure complete
evaporation of water. The size of the MNPs was tuned by subsequently varying the heating
rates of the reaction. Four different heating profiles were employed as described below and
depicted in Figure S1. (1) Profile S1-A: The reaction mixture was heated gradually at 0.4
°C/min to 205 °C. Once at reflux the temperature was kept constant for 40 h. (2) Profile
S1-B: The mixture was heated to 150 °C at 4 °C/min and kept isothermally at 150 °C for 2
h, and then the temperature was raised to reflux at 4 °C/min and heated for 40 h at reflux. (3)
Profile S1-C: The reaction mixture was heated to 180 °C at 4 °C/min and kept isothermally
at 180 °C for 2 h, and then the temperature was raised to reflux at 4 °C/min and heated

for 40 h at reflux. (4). Profile S1-D: The reaction mixture was heated quickly at 5 °C/min

to reflux and heated at reflux for 40 h. All the reactions were conducted under an inert
atmosphere. After cooling, the MNPs were precipitated and washed in acetone. The final
product was collected by magnetic separation, dried under vacuum by rotary evaporation

at 40 °C, and stored for further use under vacuum in a sealed vial filled with argon. The
saturation magnetization (M, emu/g) of the smallest and the largest particles obtained was
determined by superconducting quantum interference device (SQUID) analysis (Quantum
Design Co.) at 300 K.

ALN Conjugation to PLEsg-b-PEG ;3.

Prior to ALN conjugation, PLEgg-6-PEG113 sodium salt was dissolved in deionized water
and acidified by slow addition of 0.1 N HCI to restore the carboxylic acid functionality

by removal of the sodium salt protecting the pendant carboxylate groups. The precipitate
was dialyzed overnight against deionized water and lyophilized, and final deprotected
polymer was stored under vacuum in a sealed vial filled with argon for further use. For

the conjugation reaction, 60 mg of this polymer was dissolved in 3 mL of DMSO. In a
separate vial, 30 mg of EDC and 85 mg of NHS were dissolved in 0.5 mL of DMSO and
added to the polymer solution. The reaction mixture was stirred for 4h at room temperature
(RT). ALN (145 mg) was dissolved in 4 mL of deionized water, and this was followed

by adjustment of the pH to 9.0 with NaOH. The EDC-NHS-activated PLEgy-6-PEG13 in
DMSO was added dropwise to the aqueous solution of ALN, and the reaction mixture

was stirred for 48 h. The unconjugated ALN as well as the reaction byproducts were
removed by centrifugal filtration through 3000 MWCO PES centrifugal membrane filters
(Sartorius, NY), and the resultant ALN-conjugated PLEgq-6-PEG113 was lyophilized. The
ALN conjugation was confirmed by IH NMR and quantified by inductively coupled plasma
mass spectrometry (ICP-MS). A standard curve was prepared from a commercial standard
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solution of phosphorus (Fluka) in the 50-500 ppb concentration range. The lyophilized
polymer was dispersed in 1 mL of deionized (DI) water at a concentration of 1 mg/mL.
Concentrated HCI ((50 gL ; TraceSELECT) was added to it, and the mixture was incubated
at 70 °C for 12 h. The sample was allowed to cool to RT, and then the volume was adjusted
to 2 mL with DI water. The final solution was filtered through a 0.2 zm nylon syringe filter
and analyzed by ICP-MS to quantify the bisphosphonate end groups in the polymer using
argon and oxygen carrier gases.

Preparation of Polymer-Stabilized MNCs.

(1) MNC:s prepared from unmodified PLE-&-PEG polymers were prepared as follows.
Briefly, the polymer (40 mg) was dissolved in 10 mL of alkaline water (pH 9-9.5) and
added to 10 mL of MNP dispersion (2 mg/mL) in alkaline water (pH 12) in a 2:1 (w/w)
ratio. (2) MNCs prepared from ALN-modified PLE5g-6-PEG113 polymers were prepared as
follows. (a) The 30-40 nm MNCs were prepared by mixing the ALN-modified polymers
and MNPs in the same ratio as that used for preparing MNCs from unmodified polymers.
(b) The MNCs in 60-80 nm size ranges were obtained by dissolving the ALN modified
A19-PLE5p-6-PEG113 polymer (40 mg) and MNPs (20 mg) in 5 mL each of the respective
solvents. The mixture was then stirred for 12-15 h followed by extensive dialysis for 72 h,
with six water changes. To obtain the final product, the dialyzed mixture was further purified
by filtration through 0.45 and 0.22 4m Whatman Anotop syringe filters, lyophilized, and
then stored in a sealed vial filled with argon for further use.

Preparation of Cisplatin-Loaded MNCs.

The MNCs were dispersed in deionized water at 5-10 mg/mL, and the pH of the colloidal
dispersion was adjusted to 9.5 with NaOH. Then 0.7 mol equiv of cisplatin relative

to the available carboxylate groups of MNCs (each cisplatin molecule reacts with two
carboxylates) was dissolved in DMF and added under stirring to the MNCs dispersion. (The
number of carboxyl groups in MNCs was quantified by potentiometric titration beforehand.)
The solution was stirred for 48 h in the dark. The unconjugated cisplatin was separated

by centrifugal filtration, and the cisplatin-loaded MNCs were washed thrice with deionized
water (2000-MWCOQO). The final product was recovered from the filter surface as a viscous
colloid, lyophilized, and stored under vacuum at —20 °C for further use.

Preparation of LHRH-Conjugated MNCs.

(p-Lys6)-LHRH was conjugated to the free carboxylic groups of MNCs by an EDC/S-NHS
coupling reaction via the p-lysine group on the peptide. Briefly, 10 mg of lyophilized
unloaded or cisplatin loaded MNCs were dispersed separately in 0.5 mL of 0.05 M 2-(A-
morpholino) ethanesulfonic acid (MES) buffer (pH 6.0). EDC/S-NHS (3 equiv/6 equiv) at
RT was used to activate 5 mol % of the total available carboxylic groups (as determined by
potentiometric titration) for 2 h. The excess of unreacted reagents was neutralized by 20 mM
2-mercaptoethanol. (p-Lys6)-LHRH (10 mg; 8 mM) was prepared in 1 mL of PBS (1x, pH
7.4). This solution (0.4 mL) was mixed with the activated MNC and cisplatin-loaded MNC
formulations. The pH of the mixture was adjusted to 7.4, and the solutions were stirred

for 7 h at RT. The dispersions were purified by centrifugal filtration (3000 MWCO,; three
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washes) to remove any unreacted peptide and other reactants. The final formulations were
lyophilized and stored under vacuum at —20 °C for further use.

Physicochemical Characterization of MNCs.

The z-average hydrodynamic diameter (Dggf), polydispersity index (PDI), and ¢-potential
were determined by dynamic light scattering (DLS) using a Malvern Zetasizer (Malvern
Instruments, MA, U.S.A.) at a concentration of 1 mg/mL, Transmission electron microscopy
(TEM) images of the MNCs were taken on a JEOL 2010F-FasTEM HRTEM (Peabody,
MA\). Briefly, MNPs and MNCs were diluted to approximately 0.2 mg/mL in alkaline water
(pH 12) and DI water, respectively. A 10 L sample was placed on a copper TEM grid
coated with carbon support films (Ted Pella INC, Redding, CA) and allowed to settle for 2
min. The excess sample was carefully removed, and the grid was allowed to dry for another
10 min before placement in the microscope. The composition of the unloaded MNCs was
determined by thermogravimetric analysis (TGA; Q50, TA Instruments, DE). Briefly, 5-

10 mg of the lyophilized unloaded-formulation was placed on the tared TGA pan. The
formulation was dried in the furnace at 110 °C in order to remove the moisture followed by
steady heating at 5 °C/min to 1000 °C. The thermogram was analyzed using the Universal
Analysis software (TA Instruments, DE) to deduce the total loss of the organic components
and amount of iron oxide per mg of MNCs. The content of benzyl alcohol coating on the
MNPs was determined by loss of organic components upon thermal decomposition by TGA.
The loss on ignition (LOI) of MNCs was corrected by subtracting the content of benzyl
alcohol in the MNPs to obtain the content of polymer in the MNCs. LHRH conjugation

on the MNCs was determined by Fourier transform infrared spectroscopy (FTIR) using a
Nicolet 380 FTIR equipped with a silvergate assembly (Thermo Fisher Scientific, Waltham,
MA). The lyophilized sample was placed on the ZnSe crystal of the silvergate assembly and
gently compressed with a flat-head anvil to form a pellet on the crystal. The spectrum was
obtained by subtraction of the blank signal.

Relaxation Measurements.

A Bruker Biospec MRI and spectroscopy (MS) system (7 7721 cm, Bruker, Karlsruhe,
Germany) was used to determine the longitudinal (r1) and transverse (r>) relaxivities of

the various MNC formulations. The sequence used for T, mapping was a Carr—Purcell-
Meiboom-Gill (CPMG) phase cycled single slice multiecho sequence. One 1 mm thick
coronal image was acquired with an acquisition matrix of 256 x 128 mm2, 40 x 40 mm?
field of view (FOV), 32 echoes at 10 ms first echo time and 10 ms echo spacing, repetition
time of 3000 ms, one average, for a total acquisition time of 6.4 min. The sequence used for
T4 mapping was a fast spin echo sequence with variable TR from 0.4sto 10s, TE = 7.0 ms,
1 coronal slice of thickness 1 mm, in-plane resolution 0.156 x 0.156 mmZ, FOV = 40 x 40
mm?2. The stabilized colloidal particle dispersions were diluted to 0, 0.018, 0.045, 0.09, 0.18,
0.27, and 0.36 mM Fe with distilled water and 20 mM PBS. T, and T, relaxation times were
measured and converted to their corresponding relaxation rates (R, and R; 1/T; s™1). The n,
(longitudinal molar relaxivity) and , (transverse molar relaxivity) values (s~1-mM™71) were
obtained as the slope of the plots of /74 or /&, versus the corresponding Fe concentrations.
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Drug Release.

Cell Culture.

The drug release of the anionic formulations was studied in potassium free 20 mM
phosphate buffered saline (PBS), pH 7.4, or 50 mM sodium acetate buffered saline (ABS),
pH 5.5. Briefly, a formulation equivalent to 25 g of cisplatin was placed in Float-alyzer©
dialysis membrane tubes (3.5-5 kDa MWCO; 1 mL capacity; Spectrum Laboratories, USA).
The volume in the tube membrane was adjusted to 1 mL, and the assembly was placed in

24 mL of the dissolution medium and stirred at approximately 125 rpm for 5 days at 37 °C.
At specific time points during the study, 0.5 mL aliquots were removed from the dissolution
medium outside the dialysis membrane and replaced with the same volume of fresh buffer.
The cumulative release of cisplatin was quantified by ICP-MS and plotted against time.

The wild-type human ovarian cancer cells A2780-WT and cisplatin-resistant human ovarian
cancer cells A2780-CisR were kindly provided by Dr. T.K. Bronich (UNMC, Omaha, NE).
Both of the cell lines were cultured in RPMI complete growth medium (Gibco, Grand
Island, NY) supplemented with 10% v/v fetal bovine serum (FBS) (Sigma-Aldrich, St.
Louis, MO) and 1% v/v penicillin:streptomycin (Gibco, Grand Island, NY).

Cellular Uptake of MNCs.

A2780-WT and A2780-CisR cells (106 cells/flask) were plated in T25 cell culture flasks,
were allowed to grow for 4 days until they achieved approximately 90% confluency,

and then were treated with 7.5 mL of a colloidal dispersion of various MNCs (at Fe
concentration of 5 gg/mL) in complete RPMI medium supplemented with 10% v/v FBS for
up to 24 h. At various time points during the incubation the medium was removed and the
cells were washed three times with ice-cold PBS and acid saline (pH 3.0). The cells were
harvested and cell viability was determined by the trypan blue assay. The harvested cells
were then centrifuged to form a pellet. The supernatant was removed completely, and 0.5
mL of 100 ppb solution of iridium in 2% v/v HNO3 was added to the pellets. The cells

were then lysed mechanically by probe-sonication. Concentrated HNO3 (50 /i, TraCERT;
Fluka) was added to the lysate, which was then treated overnight at 70 °C. The samples were
then diluted to 5 mL with 2% HNO3. The cell debris was separated by ultra-centrifugation
at 10000 rpm for 30 min. The supernatant was further filtered through 0.2 zm syringe

filters and analyzed by Nexion 300-D ICP-MS equipped with collision cell and auto sampler
(PerkinElmer, USA). The intensities of the 57Fe and 195Pt isotopes were considered for
quantification of the uptake. The final Fe or Pt content was normalized to the total protein
content of the cells as determined by standard BCA assay, and the uptake was expressed as
g Fe per mg of total cellular protein.

In parallel, live-cell confocal microscopy was performed to study the cellular localization
pattern of the various fluorescent-labeled MNCs. For this purpose, MNCs were fluorescently
labeled by an EDC/NHS coupling reaction with hydrazide functionalized Alexa-Fluor-647.
For confocal imaging, A2780-WT and A2780-CisR cells were plated in 8-chamber confocal
slides, allowed to grow for 24 h, and then incubated with Alexa Fluor-647 labeled MNCs (at
Fe concentration of 5 gg/mL) in 0.5 mL of RPMI complete media for 1, 3, and 24 h. At the
end of each time period the cells were washed thoroughly with sterile 1x PBS (10 mM, 0.14
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M NaCl) and further incubated for 30 min with Lysotracker Green (504 nm/511 nm Ex/Em)
and Hoechst nuclear stain followed by visualization under a LSM 710 (Zeiss, CA) confocal
microscope equipped with a live-cell imaging stage.

In Vitro Cytotoxicity.

The A2780-WT and A2780-CisR cells (3000 cells/well) were seeded in 96-well plates and
cultured in complete RPMI 1640 medium for 24 h before treatments with the drugs or
drug-free MNCs for either 24 or 72 h. At the end of each time point the culture medium
was replaced with complete RPMI, and the cells were further incubated for 12 h. The

cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay.21:22

In vitro MRI.

Approximately 10 million A2780-WT and A2780-CisR cells were incubated with LHRH-
conjugated and unconjugated MNCs at Fe concentrations of 0.045, 0.09, and 0.18 mM

in complete RPMI growth medium supplemented with 10% v/v FBS for 24 h. Following
incubation, the cells were collected and cell viability was determined by the trypan blue
assay. Nine million viable cells were redispersed in 0.5 mL of PBS and mixed carefully
with an equal volume of hot 4% w/v agar solution. The samples were cooled to 4 °C to
allow formation of a solid matrix. Nine million untreated cells were used as a control.
Phantom gels were scanned in Siemens Magnetom TIM Trio 3T human magnetic resonance
(MR) scanner. Images of the phantom gels were obtained by using similar parameters as
mentioned previously for the relaxation measurements at a 1.64 ms/3000 ms TE/TR and
40° flip angle for T4 and 112.5 ms/3000 ms TE/TR for T,. The cellular phantoms were
compared with phantoms of similar concentrations of formulations without any cells.

Statistical Analysis.

Statistical analysis was performed using PRISM and IBM SPSS statistical software.
Experimental designs with two groups were analyzed by ftest, and designs with more than
two groups were analyzed by ANOVA followed by Bonferroni posthoc test.

RESULTS
Synthesis of MNPs.

At the onset of this work we concluded that it was important to control and fine-tune the
sizes of the MNPs as these sizes could affect the properties of the resulting MNCs. In the
modified one-pot solvent-controlled synthesis of magnetite nanocrystals2%-23 benzyl alcohol
acts as a solvent and reducing agent as well as a ligand or a mild surfactant. In this process
the colloidal metal oxide nanocrystal nuclei of MNPs grow by consuming the surrounding
Fe(acac)3 precursor while Ostwald’s ripening or oriented attachment mechanisms are not
observed.2425 Notably, the thermal decomposition of Fe(acac)s in benzyl alcohol allows
good control over the nucleation and growth stages of the colloidal nanocrystals of
magnetite and yields MNPs with a narrow size distribution as compared to the widely
used coprecipitation technique.29 The rate of decomposition of Fe(acac)s and therefore the
onset, rate, and extent of the nucleation phase in nanocrystallization of magnetite from the
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organometallic precursor were controlled by changing the heating rate and temperature of
the reaction mixture. To determine the rate of decomposition of the precursor during the
MNPs nucleation and growth phases, 5-41 aliquots of the reaction mixture were collected,
diluted with HPLC-grade acetone, and centrifuged, and the supernatant was analyzed by UV
spectroscopy in the 250-600 nm wavelength range. The broad peaks at 355 and 435 nm
correspond to the precursor while the sharp peak at 330 nm corresponds to the colloidal
nuclei in the reaction mixture.2% The Fe content in the supernatant was also quantified by
ICP-MS. Several heating regimes were evaluated (Figure 1, Supporting Information Figure
S1).

1. Slow Heating.—As the temperature was raised slowly at 0.4 °C/min (Supporting
Information Figure S1A), the nucleation stage was initiated very early (at ~150 °C), as
indicated by the attenuation of the precursor peak intensities at 355 and 435 nm and
elevation of the colloidal nuclei peak intensity at 330 nm (Figure 1A1). Approximately 75%
of the precursor was converted into colloidal nuclei at around 160-180 °C (Figure 1A2). As
the temperature approached reflux (205 °C), the remaining precursor in the reaction mixture
was entirely consumed for the growth of the nuclei as shown by a complete loss of the
absorbance (Figure 1A1). The mean size of the resultant MNPs was 7 = 4 nm (Figure 1A3).

2. Step-Wise heating at 150 °C.—In this regime the reaction mixture was heated to
150 °C at 4 °C/min, and then the temperature was kept constant at 150 °C for 2 h to prolong
the nucleation stage compared to the regime 1 by slowing down the precursor decomposition
(Supporting Information Figure S1B). Under those conditions approximately 70 wt % of

the precursor was consumed during the nucleation stage (Figure 1B1,B2) resulting in nearly
monodisperse MNPs with a mean diameter of 9 + 2 nm (Figure 1B3).

3. Step-Wise Heating at 180 °C.—In this regime the reaction mixture was heated at 4
°C/min to 180 °C, and then the temperature was kept constant for 2 h at 180 °C (Supporting
Information Figure S1C). As a result, the nucleation phase was shortened compared to
regimes 1 and 2. Under these conditions, at 180 °C and above, a large excess of the
precursor was involved in the particles growth on the existing nuclei as demonstrated by the
attenuation of the peak intensity at 330 nm (Figure 1C1). After 2 h at 180 °C, a significant
amount of nuclei had undergone growth and precipitated as discrete MNPs (Figure 1C2).
Larger MNPs with a mean diameter of 11 + 4 nm and a broader size distribution were
obtained using this regime (Figure 1C3).

4. Rapid Heating.—In the final regime the temperature was increased rapidly at a rate
of 5 °C/min until the reaction mixture refluxed (205 °C), and this was followed by 40 h of
annealing (Supporting Information Figure S1D). Rapid heating of the mixture resulted in
an overlap of the nucleation and growth phases leading to availability of large excesses of
the precursor to promote rapid growth of the formed nuclei (Figure 1D1,D2). This regime
resulted in particles with a mean diameter of 14 + 7 nm (Figure 1D3).

The rapid increase in temperature and prolonged high temperature annealing is known to
provide a higher degree of control over the crystal size.2” Specifically, high temperature
annealing was shown to enhance the saturation magnetization (M%) of the superparamagnetic
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single domain MNPs synthesized by thermal decomposition.28:29 The magnetic properties
of the 7 and 14 nm diameter MNPs were studied by measuring the saturation magnetization
(M) at 300 K (Figure 2). The magnetization curves did not show any hysteresis which

is consistent with the superparamagnetic properties of the MNPs.30 As the particle size
increased from 7 to 14 nm, their M values nearly doubled from 36.2 emu/g to 65.5 emu/g
while their superparamagnetic behavior was preserved. Larger MNPs, due to their lower
surface—volume ratio, have smaller numbers of atoms at the surface thereby leading to
decreased surface effects such as spin—spin canting and spin-glass-like behavior.3! As a
result, the number of atoms contributing to the magnetic moment of the MNPs increases
leading to higher M values.32 Increase in M also leads to an increased T relaxation
capability of the MNPs.30:33 Therefore, from the theranostic perspective, the 14 nm MNPs
were expected to have higher T relaxivity and darker negative contrast.

Preparation and Characterization of the Polymer-Stabilized MNC.

MNCs stabilized by PLE-6-PEG block copolymers were formed via electrostatic binding
of pendant carboxylate groups of the PLE blocks and the MNP surface (Scheme 1).

In this study the length of the PEG block of the PLE-5-PEG was kept constant, while

the PLE block length was varied. The hydrodynamic diameters of the resulting clusters
(Supporting Information Figure S2) varied in the range of 40 to 70 nm depending on the
length of the PLE block (Table 1). All MNCs were negatively charged as was evident
from their ¢-potential values. In this study we also prepared MNCs stabilized by PLE1qg
homopolymer as well as PLD1g-6-PEG113 block copolymer and PLD1gg homopolymer.
All these clusters in the deionized water had relatively small particle size (under 100

nm) and negative ¢-potential (Supporting Information Table S1). Pegylated polymers

are preferable in our work because they impart stealth properties and enhance systemic
circulation of nanoformulations.3*3> PLE-4#-PEG was chosen because of more facile
lysosomal biodegradation of PLE compared to PLD and the respective block copolymer.36:37
PLD1go-6-PEG 13 and the corresponding homopolymer based MNCs were anticipated to
undergo degradation at a slower rate and hence were not developed further.

For the PLE-4-PEG stabilized MNCs altering the PLE block length affected the
polydispersity and composition of the clusters. Interestingly, the greatest MNPs content

in the clusters, as determined by TGA, was observed in E1p-MNC formed using copolymers
with the shortest PLE chain (10 r.u.). As the ionic block length increased, the MNP

content decreased to ~30-40 wt % in E5p-MNCs and in E19p-MNC compared to ~74%
E10-MNC. Irrespective of the length of the PLE block in the copolymer used for cluster
formation, the MNCs showed considerable sensitivity to the environmental pH, as well as
the concentration and/or composition of the elementary salts in the solution. For example,
E100-MNC appeared to be less stable in magnesium sulfate, pH 6.0, than in sodium acetate,
pH 5.0, sodium bicarbonate, pH 7.2, or disodium phosphate, pH 7.4, solutions (Figure 3A).
This is possibly explained by the coordination of the divalent magnesium cation with the
PLE block38 resulting in detachment of this block from the MNPs surface. In the phosphate
buffer (pH 7.4) the E19o-MNC stability strongly depended on the concentration of the
disodium phosphate (Figure 3B) or NaCl (Figure 3C). This was attributed to a relatively
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weak attachment of the pendant carboxylate groups of the PLE to the MNP surface that can
be substituted by the phosphate ions or disrupted by increasing the ionic strength.

Introducing anchor groups such as dopamine3%-41 or bisphosphonate-containing compounds
that form very strong coordination complexes with the MNPs2342 can enhance binding of
the block copolymer to the MNP surface and increase stability of the resulting MNCs under
physiological conditions. Toward this goal we conjugated ALN to the PLE chain of PLEgg-
b-PEGq13 by EDC/NHS chemistry in a DMSO-water system (Supporting Information
Scheme S1). The product of the reaction was confirmed by 1H NMR (Supporting
Information Figure S3) and 3P NMR (Supporting Information Figure S4). The number

of ALN groups linked to the PLE chain, termed here “degree of conjugation” (Dgopj), Was
quantified by ICP-MS as well as NMR (Table 2, Supporting Information Table S2).

The cluster size was altered by increasing the concentration of the polymer and MNP
solution by twofold. The number of ALN groups also strongly influenced the size of

the resulting MNCs (Table 2). The Ag-MNC and A1,-MNC formed using copolymers

with Dgonj equal to 6 and 12 respectively were relatively small (~33-35 nm). As Dgop;
increased to 19 in A1g-MNC-1 the particle size increased nearly twofold. Interestingly, TEM
images suggest that A19g-MNC-1 particles appear to be more elongated and display greater
proportion of chain-like structures compared to A;o-MNC (Figure 4). Using the copolymer
with Dgonj = 19 and MNPs with different particle diameter (9 and 12 nm) we also produced
two types of clusters, Ajg-MNC-1 and A1g-MNC-2. Despite the difference in their MNPs
sizes the resulting clusters had practically the same overall particle size. Similar to the
above-described non-stabilized clusters, the MNCs obtained using the ALN copolymers
were negatively charged as was evident from the high absolute values of their negative
¢-potential (Table 2). Perhaps the greatest difference between these clusters was in their
stability in physiological ionic strength conditions. Thus, all ALN-stabilized clusters had
nearly the same particle size in PBS, pH 7.4, as in the DI water. When compared with each
other the Ag-MNC and A1,-MNC having a smaller number of ALN groups per copolymer
were relatively less stable upon storage and aggregated over time (Supporting Information
Figure S5). In contrast, A1g-MNC-1 was stable in both DI water and PBS at RT and 37 °C
displaying little if any change in particles size upon incubation for at least 30 days (Figure
5).

Loading of Cisplatin in MNCs.

Cisplatin was loaded into the MNCs via the formation of a coordination complex of

drug molecules with the carboxylate groups of PLE chains at pH 9.5. The technique
employed for the drug loading was similar to that previously described by us for the

loading of the cross-linked anionic nanogels.#344 In addition, the bisphosphonate groups
introduced on the polymer chain are also likely to have a higher binding affinity toward
cisplatin than the carboxylates.*> We targeted 70 mol % of the total carboxylate groups
available in MNCs, assuming that each mole of cisplatin reacts with two moles of the
carboxylate groups. Four different types of ALN-stabilized MNCs described in the previous
section were used in these experiments. The characteristics of the resulting cisplatin-loaded
MNCs are presented in Table 3. In all cases from 24 to 40% of the drug used for the

Chem Mater. Author manuscript; available in PMC 2023 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vishwasrao et al.

Page 12

loading was actually incorporated in the MNCs. Both the loading efficiency (LE) and
loading capacity (LC) appeared to increase as the number of ALN moieties elevated in

the following order Ag-MNC < A1,-MNC < Aj9-MNC-1. As mentioned earlier, increase
in the bisphosphonate groups (two bisphosphonates introduced per each carboxylate group
attached) is also very likely to contribute to this trend in LE and LC due to higher affinity
for cisplatin. However, in A1g-MNC-2, as the size of the MNP grains increased, there was
nearly twofold increase in the LC compared to A19-MNC-1. Although these two unloaded
clusters had similar particle size, the greater phosphonate and carboxylate groups content
in A1g-MNC-2 compared to A1g-MNC-1 probably explained the difference in the LC
between them (Table 2). Notably, the particle size of all clusters in DI water noticeably

did not change upon loading (Tables 2 and 3). However, and quite interestingly in all cases,
the ¢-potentials of the loaded clusters appeared to become more negative after loading,
which might seem counterintuitive as the ionic groups are partially consumed by cisplatin
coordination. However, we believe that this effect may be explained by the thickening of
the effective Stern layer that, as previously discussed*? in the nanogel-like particles, can
span throughout the entire particle volume. Coordination of the drug is likely to displace the
counterions from the interior of the MNCs to the more “hydrodynamically mobile” surface
and periphery layers, resulting in an effective increase in the density of the uncompensated
negative charge and absolute {-potential value of the particles.

Release of Cisplatin from MNCs.

Cisplatin release was studied at 37 °C at pH 7.4 (PBS) and pH 5.5 (50 mM; ABS), which
mimic conditions in extracellular media and endosomal compartments, respectively. As
shown in Figure 6 both pH and Dopj of the MNCs affected the drug release. In all cases
the fastest release kinetics was observed in Pt-Ag-MNC having the smallest number of ALN
anchor groups in the copolymer and lowest LC. As the Dyqpj increased the release rate
decreased, the lowest being in Pt-A1g-MNC-1. For all systems the release was faster at pH
5.5 than pH 7.4 although this difference was the smallest in Pt-Ag-MNC and the greatest in
Pt-A19-MNC. The pKj of the protons on the phosphonate groups of ALN may also play an
important role in the drug release. The third p&; of alendronic acid is 6.4.46 Hence, at pH
5.5, the respective phosphonate groups of ALN can become protonated, and if these groups
participate in binding cisplatin this could also cause increase in the drug release rate.

Interestingly, Pt-A19-MNC-1 at pH 7.4 displayed a complex release kinetics with very slow
release of the drug during the first 2 days followed its by acceleration thereafter. The slow
phase could be possibly attributed to the initial compact morphology of the cluster, which
becomes looser as the drug loading decreases, thereby facilitating drug diffusion out of

the particle. Notably, the slow release phase was not seen at pH 5.5 with the drug release
being overall much faster and monotonic. It is noteworthy that the formulations did not
aggregate or lose colloidal stability over the entire period of the study in either buffer
systems (Supporting Information Figure S6).

Relaxometry Measurements of MNC Formulations.

The use of contrast agents for MRI depends on their ability to shorten the relaxation times
of the surrounding protons.4”48 Positive contrast agents reduce T relaxation times to give
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a brighter signal while negative contrast agents reduce T, resulting in a darker signal. The
reciprocals of the relaxation times are called the relaxation rates, /7, and A, with the
effectiveness of contrast agents expressed as relaxivities, 7, and >, which are determined
from the slope of the relaxation rate curves expressed as a function of total Fe concentration
(mM). In all cases the r; relaxivity values of MNCs in PBS pH 7.4 values were relatively
low and did not change or decrease upon drug loading (Table 4).

In contrast the 7, values of MNCs increased progressively as the Dgopj Value increased Ag-
MNC < A12-MNC < A19-MNC-1 (Table 4). Notably for each empty and drug loaded MNCs
the r, value appeared to be higher as the particle size was larger. But quite unexpectedly

for all MNCs the > value increased considerably, ~1.6 to 1.8 times after the drug loading
although the particle size (Tables 2 and 3) did not change that significantly. For example,
Pt-A19-MNC-1 had 7> values of 154.8 s~1.mM™1 vs 87.8 s~-.mM~1 for the unloaded
A19-MNC-1. The Tq and T relaxivities of Ajg-MNC-1 and Pt-A19-MNC-1 were further
measured in buffered (PBS pH 7.4) 2% w/w agar gel. Phantom agar gel is commonly used
as reference material to mimic biological tissues due to similarities of its T; and T values to
those of biological tissues.*9 In the gel the r1 and r, values of both the loaded and unloaded
MNCs showed only a minor decline compared to these values in PBS dispersion suggesting
good potential for negative contrast in biological tissues.

Synthesis of LHRH-Targeted MNCs.

Unloaded A1g-MNC-1 and Pt-A1g-MNC-1 (41 wt % MNP and 8.4 wt % cisplatin) were
used in this work as representative MNCs for LHRH conjugation. Similar to our previous
publication on cisplatin containing nanogels®° (p-Lys6)-LHRH was conjugated through its
lysine primary amino group to the free carboxyl groups of the A1g-MNC-1 and Pt-A1g-
MNC-1 using EDC/S-NHS coupling chemistry. The conjugation was confirmed by an
HPLC assay®! by measuring the amount of the free (p-Lys6)-LHRH in the filtrate after
purification of the modified clusters by centrifugal filtration (3000 MWCO). Only 13.3%
and 28.7% of the total reagent added in the reaction mixtures was present in the filtrates

of A19-MNC-1 and Pt-A;9-MNC-1 samples, respectively. The apparent greater yield of
conjugation of the peptide to A;g-MNC-1 compared to Pt-A;9-MNC-1 was explained by
availability of a greater number of free carboxylate groups prior to loading of the drug. The
FTIR spectra (Supporting Information Figure S7) of the LHRH-conjugated Pt-A;9-MNC-1
(LH-Pt-A;9-MNC-1) suggested formation of a secondary amide bond between the primary
amino group of the (p-Lys6)-LHRH and the carboxylic acid groups of the PLE.

Uptake of LHRH-Targeted Cisplatin-Loaded MNCs in Ovarian Cancer Cells.

The cell uptake of the unloaded LHRHr-targeted (LH-A19-MNC-1) and untargeted (A1o-
MNC-1) MNCs was studied by confocal microscopy in LHRHr overexpressing A2780-

WT and A2780-CisR human ovarian cancer cells. A2780 human ovarian cancer cells are
known for LHRHr overexpression. Numerous studies have characterized LHRHr expression
by Western Blot analysis.5952:53 As seen in Figure 7, untargeted MNCs showed very

low cellular uptake even after 24 h in both wild type and cisplatin-resistant cells. The
internalized MNCs were localized in the lysosomal compartments of the cells visualized by
the bright yellow punctate regions in the overlay images. Conjugation of LHRH significantly
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enhanced the LH-A;9-MNC-1 cellular uptake. In the A2780-WT cells the LH-A;9-MNC-1
were seen localized along the cell membrane (red) and within the lysosomes (yellow
punctate regions) as early as at 1 h post-incubation. Although the uptake of LH-A9-MNC-1
in A2780-CisR cells was slower, a significant red fluorescence of the labeled clusters

was observed in the cells at as early as 3 h. Interestingly, literature reports suggest that
certain cisplatin-resistant cancer cells (e.g., ovarian epidermal carcinoma) exhibit significant
reduction in nonreceptor mediated fluid-phase endocytosis compared to their wild-type
counterparts while the receptor-mediated endocytosis remains unaffected.>* The observed
increased uptake of LH-A19-MNC-1 in A2780-CisR cells specifically is in line with these
reports and strongly suggests that receptor-mediated targeted therapy is an effective strategy
for achieving a faster onset and selective enhancement of cellular uptake in drug resistant
tumors as it circumvents the defective mechanisms of uptake in drug resistant cancers.

The uptake was further quantified by ICP-MS. In this case the cells were incubated with
Pt-A19-MNC-1 and LH-Pt-A19-MNC-1 for up to 24 h, and the Fe and Pt content in the cells
was normalized per mg of cellular protein and plotted over time (Figure 8). Similar to the
trend observed in the confocal images, LHRH conjugation resulted in an almost twofold
increase in intracellular Fe concentration in the A2780-WT cells (Figure 8A). In the A2780-
CisR cells there was also a significant increase in the uptake of targeted LH-Pt-Aj9-MNC-1
compared to untargeted Pt-A;9-MNC-1, although as expected, the overall uptake was slower
than that in the WT cells. A similar pattern was observed for the intracellular Pt content

also (Figure 8B). It is important to note that LHRH targeting significantly improved the

rate of uptake of the cisplatin-loaded MNCs during the first few hours, thereby decreasing
the effect of the release of free cisplatin in the culture medium. This was apparent in the
analysis of the ratios of the cisplatin/Fe cell levels (Figure 8C). In the case of the nontargeted
Pt-A19-MNC formulation the cisplatin/Fe ratio in both cell lines decreased significantly after
3 h over time indicating that a significant amount of drug was released into the media during
the incubation time. For the targeted LH-Pt-A;9-MNC-1 formulation this ratio steadily
decreased over time but remained much higher than that for Pt-A1g-MNC-1. This was
consistent with more rapid internalization of the drug-loaded particles prior to a considerable
release of the drug into the media.

Finally, preincubating both cell lines with 100 nM free p-Lys-6-LHRH peptide for 1 h
before adding the MNCs greatly diminished the uptake of LH-Pt-A;9-MNC-1 and had little
if any effect on Pt-A19-MNC-1 (Supporting Information Figure S8). This suggests that the
free peptide competitively inhibited the uptake of LHRH-targeted LH-Pt-A19-MNC-1 and
reinforces the receptor-mediated mechanism of its internalization in cancer cells.

Anticancer of LHRH-Targeted Cisplatin-Loaded MNCs in Ovarian Cancer Cells.

Prior to evaluating the anticancer activity of drug formulations the toxicity of unloaded
MNCs was determined in A2780-WT and A278-CisR human ovarian cancer cells. The
cells were incubated with various concentrations of A;g-MNC-1 and LH-A19-MNC-1 for
24 and 72 h, and cell viability was measured by an MTT assay. These MNCs did not show
toxicity in a broad range of concentrations (Supporting Information Figure S9), and they
were further used to assess the anticancer activity of the drug loaded MNCs.
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The anticancer activity of LHRH-targeted and untargeted cisplatin-loaded MNCs was
determined in A2780-WT and A278-CisR cells after 24 and 72-h treatments. The two
time points were used initially to exclude possible effects of the release of the drug into
the extracellular media from the untargeted and targeted MNCs. However, the observed
trends in cytotoxicity were essentially the same for both exposure times. As expected, the
untargeted Pt-A19-MNC-1 was several-fold less active compared to the free cisplatin in
both A2780-WT and A2780-CisR cells (Table 5 and Supporting Information Figure S10).
LH-Pt-A19-MNC-1 was more active compared to untargeted Pt-A19-MNC-1 in both cell
lines. Although LH-Pt-A19-MNC-1 was still less active than the free drug in the resistant
cells, its IC5q was close to that of cisplatin (10.9 4M vs 7.9 ¢M; 72 h). This trend in activity
of MNC formulations is consistent with the slow and low cellular uptake of the untargeted
MNCs and somewhat faster uptake of the LHRH targeted particles. Since, as discussed
above, during the cell exposure time the free drug may release from nanoparticles into the
extracellular media and contribute to cytotoxicity, the “actual” difference in the activity of
the targeted and untargeted MNCs could be even greater than revealed herein.

In Vitro Evaluation of the MRI Potential of MNCs.

The effect of LHRHTr targeting on the MRI capability of the formulations was studied in
both cell lines. Following 24 h of incubation with different unloaded and cisplatin loaded
MNCs A19-MNC-1, LH-A19-MNC-1, Pt-A19-MNC-1, and LH-Pt-A;9-MNC-1 at various Fe
concentrations, the cells were washed with 1x PBS and harvested, and 9 x 108 live cells per
group were molded into agar and scanned in the Siemens 3T human MR scanner to obtain
T4 and T,-weighted contrast images (Figure 9). MNPs are predominantly used as negative
(T2) contrast agents. The negative contrast was indeed more prominent and showed a dose-
dependent increase. LHRH conjugation promoted cellular uptake of LH-Pt-A;9-MNC-1 and
resulted in greater T, contrast and this was more profound in the A2780-WT cells that

took up more material than A2780-CisR. In line with the relaxivity values, the presence of
cisplatin resulted in greater contrasts irrespective of the presence of LHRH. This was more
obvious in the case of A2780-CisR cells than in A2780-WT cells due to overexposure in the
latter. Overall, when compared to the contrast obtained with the phantom gels, the targeted
MNCs provided significant T, contrast even after internalization within the cells.

DISCUSSION

We have developed the new superparamagnetic nanoformulations for drug delivery and
MRI and demonstrated (1) their use as carriers for a chemotherapeutic drug, cisplatin,

(2) their targeted receptor mediated delivery into drug resistant and sensitive ovarian
cancer cells, and (3) and their potential use as MR contrast agents for future theranostic
applications. Structurally, these systems are distant relatives of previously described
nanogels or polymeric micelles with cross-linked polyion cores and PEG shells that have
been synthesized using the anionic block copolymers, including PLE-5-PEG,43:50,55.56
However, instead of chemical cross-links the polyion chains of the block copolymers are
physically cross-linked through ionic interactions with the magnetite MNPs that bind these
chains to each other.
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To synthesize the MNPs we employed a well-established method of thermal decomposition
of Fe(acac)s, which is a simple one-pot technique allowing access to relatively uniform
MNPs having good magnetization properties. In this method the solvent serves as a mild
surfactant as well as a reducing agent.2% The sizes of the MNPs are governed by the rate of
heating while magnetic properties depend on the annealing temperature and duration of the
reaction.>”:58 High boiling point solvents such as benzyl ether (298 °C) are known to allow
for shortening of the duration of synthesis but require additional surfactants and reducing
agents.5% We show herein that, in spite of a relatively lower reflux temperature in benzyl
alcohol, the nucleation and growth phases could be effectively controlled in this solvent by
altering the rate of reaction thereby enabling control over the core size.

Formation of nanoclusters of MNPs with unmodified PLE-6-PEG block copolymers was
governed by complex interplay between 1) the charge coordination and electrostatic
interactions of the carboxylate groups of PLE with the magnetite particle surface, 2) the
magnetite particle—particle interactions, and 3) the steric repulsion of the PEG blocks.
From this standpoint it is interesting that PLEo-PEG113 having the shortest anionic PLE
block formed the clusters that were enriched by magnetite compared to other clusters.

One possible reason for such behavior was that the short PLE block could not prevent
coalescence of MNPs with each other. Moreover, given the PLE and PEG block length ratio
the complete coverage of the MNP surface by the copolymer might have been prevented
by the PEG steric repulsion that is particularly high in the case of the shortest PLEg-
PEG113 compared to two other block copolymers. As a result while E10-MNC showed the
highest capacity to incorporate MNPs these clusters were also the least stable compared to
Es5o-MNC and E;9p-MNC. An increase in the number of anchoring groups was shown to
improve surface coating and reduce aggregation of the MNPs.50

Colloidal stabilization of the MNCs in aqueous dispersion was achieved using biodegradable
ALN-modified PLE-£-PEG block copolymer.>® Notably, for the ALN-modified PLE-4-PEG
block copolymer, both the phosphate and the carboxylic groups interacted with the MNPs
surface during clusters formation. Although the interactions of carboxylic groups with the
MNPs were disturbed in PBS, the structures were stabilized by phosphate groups of the
alendronate. Hydrogels of carboxylated polymers are known to exhibit significant swelling
behavior at physiological pH due to the presence of charged carboxylate groups.61-63 In the
case of cross-linked nanogels formed by anionic block copolymers such as PLE-6-PEG,
swelling results in significant increase in the particle size that is varied by changing

the cross-linking degree. Moreover, cross-linking can significantly enhance the colloidal
stability of nanogels and define the rate of the release of the encapsulated payload.55:64 In
this work we have demonstrated that MNCs can be successfully stabilized by introducing
sufficient amount of ALN bis-phosphonate groups onto the PLE block that tightly anchor the
copolymer to the MNP surface. Cisplatin loading in the MNCs was successfully achieved by
coordinating the drug with a fraction of the remaining carboxylic and phosphonate groups of
the PLE chains. The presence of MNPs did not hinder the loading as was evident from the
relatively high LC values. The drug loaded MNCs exhibited sustained drug release profiles
that were altered by changing the number of bis-phosphonate “cross-links” between the
polymer and the MNPs. The utilization of a few carboxylate groups for cisplatin loading did
not hamper the colloidal stability of the formulations. The samples showed only a marginal
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pH-dependent increase if Du¢ and did not undergo any aggregation throughout the period of
the cisplatin release study. In addition, we believe that cisplatin loading can, in fact, further
increase the stability and integrity of the formulation by simultaneously cross-linking the
polymer chains within the cluster.

Recently, Pothayee et al.®> developed theranostic MNCs by adsorbing the polyacrylate block
of an amino functional poly(ethylene glycol-b-acrylate) (HoN-PEG-6-PAA) copolymer onto
magnetite MNP and loaded these MNCs with a cationic antibacterial drug, gentamycin,
through electrostatic interactions. Despite some similarities that can be found with this
prior work there were major differences with our nanoformulations. First, in contrast to
H,N-PEG-5-PAA the PLE-b6-PEG used here has a biodegradable PLE block, which is
essential for the use of this nanoformulation for systemic drug delivery. Second, H,N-PEG-
b-PAA chains were covalently cross-linked via nondegradable PEG diacrylate oligomer

to form the nanoclusters. In this work we introduced controlled levels of bisphosphonate
groups onto the PLE block via ALN addition. The bisphosphonates form stronger links

to both the magnetite and the Pt from cisplatin than having only carboxylates present.
These interactions allow for facile noncovalent self-assembly of MNCs. Such clusters based
on ALN-modified PLE have stable colloidal sizes in physiological pH and ionic strength.
Selection of an appropriate polymer coating is critical to ensure colloidal stability, high
drug loading capacity, biocompatibility and biodegradability, and long circulation time of
the MNP-based nanoformulations. Block copolymers comprising biodegradable charged
polyamino acid chains can serve as ideal stabilizing agents for formation of MNCs. In

our case, the resulting MNCs contained an excess of carboxyl and bisphosphonate groups
that were used to load an anticancer drug, cisplatin. Since the loading proceeded through
coordination of the drug with the ionic groups, it increased as the amount of these groups
was increased and achieved a maximum of 17.6%, which is an excellent LC value for a
nanoformulation used in cancer therapy.

A key element in our nanoformulation design is the decoration of MNCs with a targeting
moiety to increase accumulation of the MNCs and their payload in ovarian cancer cells.
Ovarian cancer represents a major health problem accounting for about 22 000 new

cases and over 14 000 deaths annually in the US alone.®8 In spite of the dose limiting
nephrotoxicity and other severe side effects,®7 cisplatin still remains the first line of
treatment for ovarian cancer. To address the toxicity and delivery issues of cisplatin the
drug has previously been loaded into various polymeric nanocarriers.>® Attempts of targeted
delivery of cisplatin have also been reported. For example, cisplatin has been incorporated
within the folate-decorated cross-linked PEG- 6-polymethacrylate (PEG-6-PMA) nanogels
to treat the folate receptor positive ovarian cancer tumor in mice.#3 Here we targeted
LHRHr that is overexpressed in more than 70% of human ovarian cancers as well as
several other cancers.58-70 These receptors are not present in most visceral organs, which
could help in reducing the off-target delivery of the nanoformulations to normal tissues
and decrease side effects. The LHRH peptide, a synthetic analogue of the natural hormone,
has successfully been used to improve delivery of chemotherapeutic agents to LHRHr
overexpressing tumors.”* We also previously used this approach with LHRH-decorated
PEG-6-PMA nanogels loaded with cisplatin to target LHRHr-positive ovarian cancer in

Chem Mater. Author manuscript; available in PMC 2023 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vishwasrao et al.

Page 18

mice.®0 In a separate study MNPs were conjugated directly with LHRH-peptide in order to
improve the uptake of such MNPs in LHRH overexpressing breast cancer cells.”?

As expected, decoration of the MNCs with LHRH resulted in the increased uptake

of both MNPs and the drug presumably due to the LHRHr-mediated endocytosis of

the targeted nanoformulation.”2-74 This translated to increased cytotoxic effects of the
targeted nanoformulated drug in both cisplatin-sensitive and resistant cancer cells. Notably,
cisplatin loaded in untargeted nanoformulations was also active albeit much less than the
free drug. The differences between the free and nanoformulated drug were minimal in

the drug resistant cell line. Interestingly, our targeted nanoformulations were somewhat
more active in A2780 cells in comparison to previously reported LHRH-decorated PEG-4-
PMA nanogels loaded with cisplatin (24 h ICsq ~ 30 1M).59 We attribute the enhanced
efficacy of our new nanofomulation to the biodegradability of PLE-&-PEG in the lysosomal
compartments, which can enhance the drug release.?® As MNCs accumulate in endosomal-
lysosomal organelles, the drug release is triggered by acidic pH in these organelles.
Hydrolysis of the neutral cisplatin molecule inside the cells results in aquation of the
molecule involving displacement of the chlorine ligand with water. LHRH targeting further
increases influx of the drug-loaded MNC:s in the targeted cancer cells where the paucity of
chloride ions facilitates drug activation. The activated cationic mono- and di-aqua complexes
of cisplatin are thereby released and trapped within the target cells where they intercalate
with the N7 atoms of the purines in the DNA base pairs, which prevents DNA repair and
DNA replication and leads to cell death.56.75.76 By incorporating cisplatin in the targeted
MNCs one can protect the drug from premature aquation in the blood that is responsible for
undesired side effects and more selectively affect tumor cells.

Interestingly we also show here that targeting can improve the MRI imaging of cancer

cells, which is consistent with increased uptake of LHRH-decorated MNCs in these cells.
This result reinforces the importance of tissue specific targeting in designing successful
theranostic nanosystems, which can enable diagnosis as well continuous monitoring of
therapy. The MNP-based MR contrast agents have been in commercial clinical use in several
countries for almost a decade.””:’® To be clinically relevant, negative contrast agents should
have higher transverse (T,) relaxivities. Transverse relaxivity is governed by several factors
such as MNP core size, chemical nature, oxidation state, applied magnetic field, site-specific
uptake, and proximity of the metal ions to the water.”9-82 A formulation that enables deeper
penetration of the water molecules toward the magnetic core allows for faster relaxation of
the protons and a higher T-relaxivity.82 Clusters of magnetic nanoparticles experience a
greater force and magnetic moment than single, well separated MNPs in a magnetic field
gradient resulting in an increase in saturation magnetization.83 Clustering of several MNP
cores into compact agglomerates has been shown to be beneficial especially in the case of T,
relaxivity.8485 It was previously reported that aggregates comprising few closely held MNPs
measured with long pulse-echo times, can result in greatly improved To-relaxivity.86:87
Berret et al.88 have shown that ionic block copolymers having an opposite charge to that

of the MINPs can be successfully used to formulate stable MNCs wherein the aggregation
number of the MNPs can be controlled by altering the copolymer block length. The MNCs
discussed herein exhibited a similar trend, where T relaxivity was governed by the cluster
size and MNP loading in the clusters. In contrast the T, relaxivity was only marginally
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affected either by cluster formation or increased uptake since the primary factor governing
T41-weighted positive contrast is the MNP core size. Only ultrasmall superparamagnetic
iron oxide nanoparticles (less than 5-6 nm in size) are known to exhibit positive contrast
enhancement as well.8% Hence, the 9 nm MNP cores were expected to produce only
marginal changes in T1 images.

Unexpectedly, we discovered that cisplatin loading in the MNCs considerably increased

the r, relaxivities for all of our nanoformulations. It is well-known that FePt nanoparticles
have considerably faster ry relaxivities as compared to iron oxide nanoparticles with similar
sizes.%991 This can be attributed to the much higher magnetization of FePt as compared

to the iron oxides. It is also established that T, relaxivities of magnetic nanoparticles
increase significantly as the size of the nanoparticle is increased, and this is attributed to

the diffusion rates of proximal water molecules around the particulate contrast enhancement
agents.92 There are also some examples of small clusters of iron oxide nanoparticles in
core—shell arrangements where the core is relatively hydrophilic that can display very high r,
relaxivities, but this is not well understood theoretically. This is the case with the cisplatin-
loaded MNCs reported herein. It is believed that access of water molecules around the iron
oxide nanoparticles in the cores of these MNC clusters has been changed as the cisplatin
was added, and that the change results in the observed increased r, values in a rather
uniform manner. Such alterations would require considerably more work to understand
these structure—property relationships. This effect, nonetheless, could play a positive role in
theranostic applications using cisplatin-loaded MNCs.

CONCLUSION

We have produced stable MNCs by reacting magnetite MNPs with the biodegradable PLEg-
b-PEG113 block copolymer having ALN anchor groups attached to some of the carboxylic
groups of the PLE via polymer-analogous modification. The resulting MNCs were loaded
with cisplatin using remaining carboxylic and bisphosphonate groups of the PLE. The
MNCs were decorated with the LHRH as the targeting groups to enhance delivery of the
nanoformulations to ovarian cancer cells overexpressing LHRHr. The LHRH modification
enhanced uptake of the MNCs, and their drug and MNP payload in the wild-type as well

as cisplatin-resistant ovarian cancer cells. Enhanced uptake further translated into superior
MRI contrast and significant enhancement in cytotoxicity of the nanoformulated drug. Thus,
theranostic nanoformulations were developed here that can be applied for simultaneous MR
imaging and targeted drug delivery in cancer cells. The encouraging in vitro results certainly
warrant further investigation of the in vivo efficacy of the proposed theranostic nanosystem.
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Figure 1.
Effect of the heating patterns on the size of MNPs. A1-D1: UV-absorption spectra of the

reaction mixtures upon different heating patterns as depicted in Supporting Information
Figure S1. Aliquots of the reaction mixture were collected at specific time intervals,
precipitated in acetone, and centrifuged to separate any formed MNPs, and the absorbance
spectrum of the supernatant was measured to determine the nucleation and growth phases
during the synthesis of MNPs. The solid lines correspond to measurement taken at the start
of the incubation periods. The dashed lines are spectra taken 2 h after incubation of the
system at a given temperature except for D1 where the spectra were taken at the start of
reflux. A2-D2: Amount of unreacted Fe(acac)s in the reaction mixture at the corresponding
temperatures during the ramp phase of the heating process as measured by ICP-MS. A3-
D3: TEM images of the MNPs synthesized by different heating patterns. Particle size
distributions are shown in the respective insets. Diameters of the MNPs were calculated
from the TEM images using ImageJ software.
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Saturation magnetization of MNPs with two different core sizes synthesized by thermal
decomposition of Fe (acac)s.
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Figure 3.

Days

Colloidal stability of E;9p-MNC as a function of (A) pH and salt composition (20 mM

each), (B) concentrations of

phosphate buffer, pH 7.4, and (C) NaCl concentration in 10 mM

phosphate buffer, pH 7.4. All samples were prepared at a concentration of 0.5 mg/mL. Data

are mean + SD (n=3).
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Figure 4.
TEM images of (A) A12>-MNC and (B) A1g-MNC-1 formulations.
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Colloidal stability of A;g-MNC-1 in DI water and potassium free PBS pH 7.4 at (A) RT and
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Figure 6.

Days

Release of cisplatin from Pt-Ag-MNC, Pt-A;,-MNC and Pt-A;9-MNC-1 at (A) pH 7.4 and
(B) pH 5.5. Data are mean + SD (n7= 3); statistical analysis performed by ANOVA using
SPSS statistical software, *p < 0.05; **p < 0.01. The graphs in the insets of both the plots

show the release patterns in the first 24 h.
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Figure 7.
Confocal microscopy of the wild-type A2780-WT and cisplatin resistant A2780-CisR

human ovarian cancer cells at different time points during their incubation with nontargeted
A19-MNC-1 and LHRH-conjugated A1g-MNC-1. Live cells were exposed to the said Alexa-
Fluor 647 labeled (red) MNCs and stained with the lysotracker green (green) and Hoechst
nuclear stain (blue) for 30 min. The colocalization of the labeled MNCs in lysosomes is seen
in the overlay (yellow punctate regions) (magnification 63x).
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Figure 8.
Uptake of LHRH-targeted and untargeted cisplatin-loaded MNCs in A2780-WT and A2780-

CisR cells as quantified by ICP-MS and presented as (A) Fe levels, (B) Pt (cisplatin) levels,
and (C) cisplatin/Fe ratio over time. Data are mean * SD. Statistical analysis done by
ANOVA using SPSS software. Statistical significance denoted as *p < 0.05, **p < 0.01,
*** < 0.001, ****p < 0.0001.
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Figure 9.
In vitro evaluation of MRI potential of different formulations. T1 and T, images of phantom

gels of A2780-WT and A2780-CisR cells incubated with different concentrations of (A)
A19-MNC-1, (B) LH-A19-MNC-1, (C) Pt-A19-MNC-1, and (D) LH-Pt-A19-MNC-1. The
image contrasts are compared with those obtained from serial dilutions of A1g-MNC-1 and
Pt-A19-MNC-1 in the absence of cells (top). The signal-to-noise (S/N) ratios for the different
sets of contrasts were plotted against the corresponding Fe concentrations to quantitatively
compare the contrasts obtained by the four different formulations A-D. The comparisons of
S/N ratios of T and To-weighted contrasts of formulations A and C in phantoms with no
cells are represented in parts E and F respectively. parts G and | represent the S/N ratios of
T4 and T,-weighted contrasts in phantoms of A2870-WT cells while parts H and J represent
the same of A2780-CisR cells incubated with different concentrations of formulations A-D.
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Table 4.

Longitudinal (r1) and Transverse () Relaxivity of Various MNC Formulations

formulation  r; (stmM)@

As-MNC 0.694 +0.07
Pt-Ag-MNC 0.66+0.04
Ap-MNC 1.91+011
Pt-A;,-MNC 1.02 £0.06
Age-MNC-1 1.23+0.05

Pt-Ai-MNC-1  1.02+0.16
Ag-MNC-17 11201
Pt-Ajg-MNC-10  0.9+0.04
Ag-MNC-2 1.34%0.08
Pt-Aig-MNC-2  1.18+0.07

ry (stmM1h)a

3132
56 +4.7
48322
86.5+2.38
87.8+4.4
1548 +11.5
72.2+4.02

120.8+3

81.4+33
140.3+12

a
Data are mean + SD (7= 3).

b . . .
Relaxivity measurements of phantom gels in 2% v/v agar. All other measurements were conducted in PBS, pH 7.4.
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ICsq Values of Different Treatment Groups in A2780-WT and Cisplatin Resistant A2780-CisR Ovarian

Cancer Cell Lines

Table 5.

1Csq values (UM)

exposure time@ treatment A2780-WT  A2780-CisR (uM)
24h cisplatin 11 9.1
Pt-A19-MNC-1 6.8 28.6
LH-Pt-Ajg-MNC-1 3.2 18.3
72h cisplatin 0.9 7.9
Pt-A;9-MNC-1 4.4 16.7
LH-Pt-Ajg-MNC-1 2.3 10.9

a L . . . . .
Exposure time is the total duration of incubation of cells with respective treatments.
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