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Abstract

Tumor microenvironment (TME) is a significant physical barrier to effective delivery of
chemotherapy into solid tumors. To overcome this challenge, tumors are pre-treated with an agent
that reduces cellular and extracellular matrix densities prior to chemotherapy. However, it also
comes with a concern that metastasis may increase due to the loss of protective containment. We
hypothesize that timely priming at the early stage of primary tumors will help control metastasis.
To test this, we primed orthotopic 4T1 breast tumors with a paclitaxel (PTX)-loaded iron oxide
decorated poly(lactic-co-glycolic acid) nanoparticle composite (PTX@PINC), which can be
quickly concentrated in target tissues with the aid of an external magnet, and monitored its effect
on the delivery of subsequently administered NPs. Magnetic resonance imaging and optical whole-
body imaging confirmed that PTX@PINC was efficiently delivered to tumors by the external
magnet and help loosen the tumors to accommodate subsequently-delivered NPs. Consistently, the
primed tumors responded to Doxil better than non-primed tumors. In addition, lung metastasis was
significantly reduced in the animals PINC-primed prior to Doxil administration. These results
support that PINC combined with magnetophoresis can facilitate timely management of primary
tumors with a favorable secondary effect on metastasis.
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1. Introduction

For effective delivery of chemotherapy to solid tumors, physical barriers of tumor
microenvironment (TME) need to be overcome.1> TME features abnormal physiological
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characteristics that impair interstitial transport of drug and nanomedicine. Uncontrolled cell
growth induces high stress within the tumor and compresses blood and lymphatic vessels to
interfere with drug perfusion and drainage of the interstitial fluid.® In addition, abnormal
blood vessel networks driven by overactivation of proangiogenic pathways lead to the
formation of tortuous and leaky vasculature, resulting in slow blood flow, increased blood
viscosity and interstitial accumulation of fluid and macromolecules.” Coupled with the
impaired lymphatic drainage, the fluid and macromolecules increase the interstitial pressure,
reducing the transvascular and intratumoral pressure gradient, hindering the convective
transport of a drug.8 Moreover, the tumor extracellular matrix (ECM), comprising high
levels of fibrous proteins and glycosaminoglycans, further deters diffusional transport of a
drug.! These features of TME in concert generate significant challenges in effective
chemotherapy of solid tumors.

To overcome the barriers in intratumoral drug delivery, chemotherapy has been combined
with various pretreatments that reduce the cellular and ECM densities as well as
transvascular and interstitial pressure gradients in tumors (“tumor priming™).2 3 The
pretreatments include enzymes, radiotherapy, hyperthermia, or metronomic chemotherapy.
1.4 For example, collagenase and cathepsin C were used to digest collagen and decorin,
respectively, resulting in significant increase in intratumoral diffusion of macromolecular
dextran.? In addition, PEGylated hyaluronidase (PEGH20) has been used to degrade
hyaluronic acid accumulated in solid tumors and increase tumor access of anti-cancer
therapeutics in preclinical models and clinical trials.1% 1112 Alternatively, 4-
methylumbelliferone (MU) or its prodrug have been used to inhibit HA synthesis and
improve liposomal delivery to 4T1 murine breast tumors.13 With the same principle,
losartan, a small molecule angiotensin Il receptor blocker, increased intratumoral delivery of
chemotherapy (Doxil® or 5-fluorouracil) in orthotopic models of pancreatic cancer by
reducing the collagen I level in tumors.14 15 Radiotherapy has also shown to increase
intratumoral accumulation of macromolecules or nanomedicines, including liposomal
doxorubicin6 and paclitaxel-loaded nanoparticles.1” It is thought that radiation played
multiple roles, such as increasing the pressure gradient, inducing tumor cell apoptosis and
shrinkage,6 and increasing transvascular permeability.18 In addition, a tumor-penetrating
peptide, iIRGD, has shown to increase vascular and tissue permeability.1% 20 iRGD binds to
peritumoral endothelium via av integrins and undergoes proteolytic cleavage to produce
tumor penetrating CRGDKJ/R peptide, which enhances intratumoral transport of bystander
drugs.20 Chemotherapeutic drugs are also used to reduce the tumor cell density, expand the
interstitial space, and enhance the penetration of subsequently administered drugs or
nanoparticles. In particular, paclitaxel (PTX), an inhibitor of microtubule disassembly, has
been used as a pretreatment to induce the apoptosis of cancer cells prior to the standard
chemotherapy.?!: 22 PTX priming enhanced the delivery of doxorubicin-loaded liposomes to
tumors with minimal distribution in normal tissues, facilitating tumor regression and
prolonging the survival of model animals.22 A study performed in a mouse model of human
pancreatic cancer shows that PTX priming enhanced intratumoral delivery of gemcitabine by
depleting peritumoral desmoplastic stroma.23

With the expected benefits of priming strategies in chemotherapy of tumors, a potential
concern raised in tandem is that the relief of intratumoral transport barriers may increase
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metastatic spread of primary tumor cells.2* While considered a significant barrier to drug
delivery, desmoplastic stroma is also viewed as a protective containment of tumor cells,
which upon removal may unleash primary tumors with metastatic potential.2* It is shown in
genetically-engineered mouse models of pancreatic cancer that the depletion of tumor
stroma rather led to reduced survival with increased epithelial-to-mesenchymal transition,
stem cell-like phenotype, and metastasis.2> 26 We hypothesize that timely tumor priming
may however reduce the risk of metastasis through effective initial management of primary
tumors. To test this, we perform tumor priming prior to chemotherapy with a polymer-iron
oxide nanocomposite (PINC), which can be quickly concentrated at the target tissues with
the aid of external magnet,2” and monitor its effect on the progression of tumor with high
metastatic potential.

In this study, we employed magnetophoretic delivery of PTX-loaded PINC (PTX@PINC) to
reduce tumor stroma and evaluated its efficacy in enhancing the delivery of subsequent
chemotherapy and managing the metastasis of orthotopic 4T1 tumor. Clinical utility of
magnetophoresis remains controversial due to the limitations in the strength of magnetic
field gradients; nevertheless, it is an excellent tool to control the localization of nanoparticles
in animal models. Based on this merit, PTX@PINC was magnetophoretically delivered to
tumor-bearing mice, and its tumor distribution was monitored with magnetic resonance
imaging. The tumor priming effect of PTX@PINC was evaluated at both microscopic and
macroscopic levels via tissue observation and optical whole-body imaging. The effect of
priming on chemotherapy of tumors was evaluated in an orthotopic 4T1 breast cancer model
to reveal that the chemotherapy combined with PINC-mediated tumor priming attenuated the
growth of primary 4T1 tumors and suppressed lung metastasis.

Materials and Methods

Materials

Poly(lactic-co-glycolic acid) (PLGA) (lactic acid:glycolic acid=50:50, 4 kDa, ester endcap)
and PLGA (lactic acid:glycolic acid=85:15, 30 kDa, ester endcap) were purchased from
Lactel Absorbable Polymers (Birmingham, AL, USA). PLGA (lactic acid:glycolic
acid=85:15, 150 kDa, acid endcap) was purchased from Akina, Inc. (West Lafayette, IN,
USA). Methoxy-polyethylene glycol (2000 Da)-amine (MeO-PEG,qg9-NH>) was purchased
from Nanocs Inc. (New York, NY, USA). Liposomal doxorubicin was purchased from
Avanti Polar Lipids (Alabaster, AL, USA). 1,1’-Dioctadecyl-3,3,3",3’-
Tetramethylindotricarbocyanine lodide (DiR) was purchased from Fisher Scientific
(Hampton, NH, USA). Dopamine HCI was purchased from Alfa Aesar (Ward Hill, MA,
USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Hoechst
33342 were purchased from Invitrogen (Eugene, OR, USA). All other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation and characterization of NPs

Preparation of PTX@PLGA NPs coated with polydopamine (PTX@PLGA—-pD
NPs)—PTX-loaded PLGA NPs (PTX@NP) were prepared with three different PLGA
polymers by the single-emulsion method. Briefly, 50 mg of PLGA (4, 30 or 150 kDa) was
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dissolved in 4 mL of CH,Cl, and mixed with 50 pL of 5 wt% PTX (i.e., 2.5 mg) in CHCls.
The PTX/PLGA mixture was added to 10 mL of 4 wt% polyvinyl alcohol (PVA) in water,
and emulsified by a probe sonicator (Sonics Vibracell, Newtown, CT, USA) for 2 min in ice,
pulsing at a power level of 7W and a 2:1 duty cycle every 6 sec. The emulsion was added to
20 mL of deionized (DI) water and stirred for 1 h, and the organic solvent was removed by
rotary evaporation for 1 h. The resulting PTX@NP was collected by centrifugation at 16,000
rcf for 20 min at 4 °C and washed twice with DI water. For preparation of DiR-loaded
PLGA NPs (DiR@NP), DiR were dissolved in the organic phase with PLGA at a target DiR
content of 0.25 wt%.

An aqueous suspension of 0.1 wt% PTX@NP (1 mL) was mixed with an equal volume of
0.1 wt% dopamine HCI in Tris buffer (L0 mM, pH 8.5). The mixture was incubated on an
orbital shaker for 3 h at room temperature to coat the NP surface with a layer of
polydopamine (pD). The pD-coated NP (NP-pD) was collected by centrifugation at 16,000
rcf for 20 min at 4 °C and re-dispersed as a 2 wt% suspension.

Preparation of polydopamine-coated Fe304 particles (I0—pD)—Colloidal Fe304
was synthesized as described previously2” and collected by a handheld NeFeB magnet,
washed 3 times with DI water, and dried in air. Freshly prepared Fe3O4 particles (4 mg)
were added to 0.1 wt% dopamine HCI in Tris buffer (4 mL) and gently mixed for 30 min.
The pD-coated Fe304 particles (10-pD) were collected by a handheld magnet, re-dispersed
as 0.4 wt% solution in fresh Tris buffer, and used immediately.

Preparation and characterization of PTX loaded polymer—iron oxide
nanocomposites (PTX@PINC)—A suspension of 2 wt% PTX@NP-pD (1 mL) was
added to four volumes of 0.1 wt% fresh dopamine HCI in Tris buffer (10 mM, pH 8.5),
followed by one volume of 0.4 wt% 10—pD in Tris buffer (10 mM, pH 8.5). The mixture was
agitated for 2 h by vortex mixing at room temperature and homogenized with a probe
sonicator for 5 min (50% duty cycle every 4 s). The PLGA NP/Fe304 composites
(PTX@NP-pD-10) were collected with a handheld magnet and redispersed as a 2 wt%
suspension in fresh Tris buffer (10 mM, pH 8.5). The PTX@NP-pD-10 suspension (3 mL)
was mixed with 1 mL of 2 wt% MeO-PEGyggo-NH> solution in Tris buffer and agitated with
a vortex mixer for 3 h at room temperature, followed by sonication for 2 min (50% duty
cycle every 4 sec). The PEGylated PTX@NP-pD-10 composites (PTX@NP-pD-10-PEG,;
i.e. PTX@PINC) were collected by applying a handheld magnet for 10 min, which was long
enough to collect PTX@PINC but not enough to attract free 10-pD. The collected
PTX@PINC was redispersed in DI water and stored at 4 °C.

2.3. Characterization of PTX@PINC

The hydrodynamic diameter of PTX@PINC was measured in DI water, and the zeta
potential in phosphate buffer (2.5 mM, pH 7.4) by dynamic light scattering (DLS) using a
Malvern Zetasizer Nano ZS90 (Malvern, Worcestershire, UK). NPs were visualized by
transmission electron microscopy (TEM) using a Tecnai F20 (FEI, Hillsboro, OR, USA)
with negative staining by 2% phosphotungstic acid. Scanning electron microscope with
energy dispersive x-ray spectroscopy (SEM-EDX) was performed by an Oxford INCA
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Energy 250 system (Oxford Instruments plc, UK). EDX data was analyzed by the AZtecOne
software (Oxford Instruments plc, UK). To confirm the presence of PEG to PINC,
PTX@PINC was dissolved in 50% acetonitrile and analyzed by matrix-assisted laser
desorption-ionization mass spectroscopy (MALDI-MS) using a Voyager-DE PRO MALDI-
MS (Applied Biosystems, Foster City, CA). MeO-PEG,ggo-NH> was treated and analyzed in
the same manner as a reference. The PTX loading efficiency was determined by HPLC after
retrieving PTX from PTX@PINCs with acetonitrile. The iron content was determined by
atomic absorption spectroscopy (AAS) using a Perkin-Elmer 3110 Spectrometer (Waltham,
MA, USA). The DiR loading was determined by measuring the fluorescence of NP solution
in acetonitrile with a Spectral AMI Optical Imaging System (Spectral Instruments, Tucson,
AZ, USA).

2.4. PTXrelease from PTX@PINCs

The release kinetics of PTX from PTX@PINCs were evaluated in phosphate-buffered saline
(PBS) containing 0.2% Tween 80 (PBST). Briefly, 1 mg of PTX@PINCs were suspended in
1 mL 0.2% PBST and incubated at 37 °C with rotation. At predetermined time points (up to
80 h), the NP suspension was centrifuged at 16,000 rcf for 10 min. The PTX concentration
in each supernatant was measured with no other treatment. The remaining pellet was
analyzed in the same manner as the PTX loading content determination.

2.5. Cytotoxicity of PTX@PINCs after short-term magnet-aided exposure

2.6.

The cytotoxicity of PTX@PINCs was evaluated with 4T1 murine breast cancer cells (ATCC,
Manassas, VA, USA) with or without an external magnet. 4T1 cells were seeded in a 96-well
plate at a density of 10,000 cells per well in 200 pL of complete medium, grown overnight,
and treated with PTX@PINCs equivalent to 0.85 uM PTX. An external magnet (8 mm) was
placed under each well for 5 min. Subsequently, the medium was removed, and the cells
were rinsed with fresh medium once. After additional 24 h incubation in the particle-free
medium, the medium was replaced with 100 uL of fresh medium containing 75 pg of MTT
reagent and incubated for 3.5 h, followed by the addition of the stop/solubilization solution.
The absorbance of solubilized formazan crystals was read by a SpectraMax M3 microplate
reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 562 nm. The measured
sample absorbance was normalized to that of untreated control cells.

MR imaging of magnetophoretic delivery of PTX@PINC

All animal procedures were approved by Purdue Animal Care and Use Committee, in
conformity with the NIH guidelines for the care and use of laboratory animals. Five to six
week-old female Balb/c mice were purchased from Envigo (Indianapolis, IN, USA) and
acclimatized for 1 week prior to the procedure. Each mouse received a subcutaneous
injection of 5 x 10° 4T1 cells in both flanks. When the average tumor volume reached 100
200 mm3, animals were injected with 1 mg of PTX@PINCs (30 kDa) equivalent to 1.6 mg
PTX/kg via tail vein. Immediately after injection, a handheld magnet (G = 1 kG/cm) was
placed on one of the tumors for 30 min. MR images were acquired under 3% isoflurane
anesthesia before and after PTX@PINC administration and magnet treatment. The time
interval between two imaging events was approximately 2 h. Axial views of whole-body MR
images were obtained using a 7-T small-animal MRI scanner. 7,*-weighted MR images
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were obtained using a gradient echo sequence (TR/TE = 1781/15 msec, FOV = 32 mm?, flip
angle = 90°/180°, matrix size = 256 x 256, NEX = 4, number of slices = 40, and section
thickness = 1 mm). 7,*-weighted datasets were processed by the ImageJ software (1.47v,
Bethesda, MD, USA).

2.7. Optical whole-body imaging of DIR@NP distribution in PTX@PINC-primed tumors

The mice received intravenous injection of DIR@NPs (1 mg NP/mouse) at 12 h post-
injection of PTX@PINCs, and the distribution of DiR fluorescence was monitored by the
AMI imaging system (Agx/Agm: 745 nm/790 nm). At 6 h post-injection of DIR@NPSs, mice
were sacrificed by CO» asphyxiation, and ex vivo image of tumors were taken by the AMI
imaging system. The radiance (photon emission per unit area) of a region-of-interest (ROI)
was calculated by the AMI viewer image software.

2.8. Acellular area induced by PTX@PINC injection

The tumor priming effect of PTX@PINC was evaluated by measuring the acellular area in
tumor tissues. One milligram of PTX@PINC was injected to 4T1 tumor bearing mice by
intravenous injection when the tumor size reached 100 mm3. After 24 h, mice were
sacrificed, and tumors were excised, fixed in 10% formalin solution, and sectioned in
paraffin blocks for hemotoxylin and eosin (H&E) staining. The H&E-stained tissue section
was examined by a confocal microscope with a 4x objective (Nikon America Inc., Melville,
NY). For each section, 6-12 images were obtained and stitched by the Nikon NIS-Elements
software. The acellular area in each tumor section (2-3 section per each side in each animal)
was defined as the areas devoid of cells. The area was quantified by the Image J. Tumor area
was first defined by a continuous outline, and acellular areas were determined within the
outline according to the color threshold. % acellular area was defined as formula: %
acellular area = acellular area/total tumor area x100.

2.9. Antitumor efficacy study of Doxil after tumor priming by PTX@PINC

Liposomal doxorubicin (Doxil) was administered to orthotopic 4T1 tumor bearing mice
intravenously 12 h after PTX@PINC priming of tumors. 1.5 x 10° cells in 50 uL of PBS was
inoculated in the mammary fat pad.28 When the tumors grew to 100-150 mm?3, animals were
randomly assigned to 5 treatment groups: (i) the control group receiving PBS, (ii)
PTX@PINC/magnet-primed but no Doxil (P/M/-), (iii) PTX@PINC with no magnet
followed by Doxil (P/-/D), (iv) PTX@PINC/magnet-primed followed by Doxil (P/M/D), and
(v) Doxil given prior to PTX@PINC/magnet-priming (D/P/M) with the same interval (12 h).
PTX@PINC was given at a dose equivalent to 1.6 mg/kg PTX, and Doxil at 10 mg/kg
doxorubicin. Doxil shows dose dependent tumor accumulation and anti-tumor efficacy.2°
Accordingly, the mice were treated with a total of two cycles of priming and treatment
schedule to afford a measurable difference from the control groups. Tumor volume and body
weight were monitored every other day. The length (L) and width (W) of each tumor were
measured with a digital caliper, and the volume (V) was calculated per the modified
ellipsoid formula: V = (L x W?)/2.30 Specific growth rate of a tumor was calculated as
AlogV/At (V: volume in mm3, t: time in days).3!
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On day 33 post-inoculation, mice were sacrificed, and primary tumors in the mammary fat
pad were excised and weighed. The lungs were excised, filled with dilute India ink solution
through the trachea, destained in Fatake’s solution, and fixed in 4% paraformaldehyde.32-34
The number of metastatic nodules were counted.

2.10. Statistical analysis

Statistical analysis was performed with GraphPad Prism 7 (La Jolla, CA, USA). Data were
analyzed by unpaired t-test, Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple
comparisons test or ordinary one-way ANOVA followed by Tukey’s multiple comparisons
test. A value of p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Synthesis and characterization of paclitaxel-loaded PINC

The schematic of PTX@PINC preparation is shown in Fig. 1a. Briefly, PTX-loaded PLGA
NPs (PTX@NP) were prepared by the single emulsion method. The surface of PTX@NP
was coated with polymerized dopamine (to form PTX@NP-pD) and mixed with
polydopamine-coated iron oxide particles (10-pD). PTX@NP-pD appeared to preferentially
interact with 10-pD than with other PTX@NP-pD, likely due to relatively robust pD coating
of iron oxide particle based on its metallic nature.35-37 Finally, the 10-pD-covered
PTX@NP-pD (PTX@NP-pD-10) was stabilized by MeO-PEG,qg9-NH; to form PTX@NP-
pD-10-PEG (PTX@PINC).

The PLGA NPs and iron oxide particles were pre-coated with pD layer to facilitate the
surface modification. The pD layer is formed by oxidation of dopamine in weak alkaline
condition, deposits on various solid surfaces including PLGA and iron oxide particles, and
accommodates functional ligands with amine or thiol groups via Michael addition and/or
Schiff base reactions.3% 38. 39 |n the formation of PINC, pD serves as an adhesive layer and
helps to immobilize the iron oxide particles as well as MeO-PEG-NH, on the PLGA NPs.2’
Consistent with our earlier studies,38: 40: 41 the pD coating was evident from the dark color
of PTX@NP-pD, characteristic of polymerized dopamine, as well as the thin layer on the
particle surface shown in the TEM image (Fig. 1b). The presence of iron oxide particles and
PEG on PTX@PINC was confirmed by SEM-EDX analysis (Fig. 1c) and MALDI-MS (Fig.
1d, Figure S1), respectively. The TEM images of PTX@PINC showed dense iron oxide
particles attached on the NP surface (Fig. 1b, Fig. S2a), clearly distinguished from
PTX@NP-pD-PEG (NPs containing all other components except for iron oxide
nanoparticles, Fig. S2b) or IO@NP-pD-PEG (NPs containing iron oxide particles inside the
PLGA NP matrix, Fig. S2c). PTX@NP and PTX@NP-pD showed similar sizes in both DLS
(Table 1) and TEM measurements (Fig. 1b), indicating that the pD layer had little
contribution to the particle size. However, the Z-average of PTX@PINC was substantially
larger than that of PTX@NP-pD (Table 1), partly due to the surface-bound iron oxide
particles and also to the slight aggregation, which might not have been completely prevented
by surface PEGylation. PTX@PINC maintained a constant size and surface-bound iron
oxide particles in 50% FBS (Fig. S3a, b). The iron oxide particles persisted on the PINC
surface after exposure to shear stress induced by vortex mixing and 28G needle passing (Fig.
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S3c). These results suggest that PTX@PINC should survive protein-rich condition and shear
stress during circulation.

In vitro release kinetics of PTX@PINC

To identify a formulation suitable for in vivo application, PTX@PINC was prepared with
three types of PLGAs differing in the molecular weight (MW) or LA:GA ratio of PLGA.
The morphology, size, and zeta potential of PTX@PINC were not significantly affected by
the MW or LA:GA ratio of the polymers (Fig. S4, Table S1). The PTX loading ranged from
1.5 wt% to 2 wt%, with PTX@PINC made of higher MW PLGA showing slightly higher
loading efficiency. The release kinetics of PTX from the three PTX@PINCS was monitored
in PBST for 24 h to test the ability to retain drug during the initial circulation, the most
critical period for tumor distribution of PTX@PINC. The drug release kinetics differed with
the MW and composition of PLGA (Fig. S5a);: PTX@PINC made of PLGA (4 kDa,
LA:GA=50:50) showed burst release of PTX and 90% of drug release in 5 h, whereas those
made of PLGA (150 kDa, LA:GA=85:15) showed a slower profile with 20% of the drug
released in 24 h. PTX@PINC made of PLGA (30 kDa, LA:GA=85:15) showed an
intermediate drug release profile. Given that the initial drug release from polymeric NPs
represents diffusion-based transport,2 the differential PTX release is attributable to the
difference in hydrophobicity of the polymers, which determines the rate of hydration and
swelling of the NP matrix. Since the drug prematurely released in circulation is likely to
cause systemic side effects, PTX@PINC made of PLGA (4 kDa, LA:GA=50:50) with the
high initial burst release was considered least desirable. Between PTX@PINCs made of
PLGA (150 kDa, LA:GA=85:15) and PLGA (30 kDa, LA:GA=85:15), the latter releasing
more drug toward 24 h was considered more favorable for inducing the priming effect. The
PTX@PINC (30 kDa PLGA) continued to release PTX beyond 24 h, reaching 43% release
by 80 h (Fig. S5b); however, the release rate is likely suboptimal for effective tumor
priming. The drug release rate toward the later time points remains to be improved in the
future studies.

In vitro magnetophoretic delivery of PTX@PINC

The effect of an external magnet on cellular delivery of PTX was evaluated with 4T1 cells.
The cells were exposed to PTX@PINC with (+M) or without an external magnet (-M) for 5
min, and the cell viability was assessed after additional 24 h incubation in treatment-free
medium (Fig. S5¢). PTX@PINC made of PLGA (30 kDa, LA:GA=85:15) or PLGA (150
kDa, LA:GA=85:15) showed minimal cytotoxicity in the -M condition, consistent with the
sustained drug release profile. Both types of PTX@PINC induced significant cytotoxicity in
the +M condition. This indicates that PTX@PINC entered or adhered to the cells during the
5 min magnet exposure and released PTX during the additional incubation time. Meanwhile,
PTX@PINC made of PLGA (4 kDa, LA:GA=50:50) showed greater toxicity than the
previous two types, irrespective of the magnet application, suggesting that its toxicity was
governed by the burst-released PTX. It is interesting that PTX@PINC (PLGA 4 kDa) was
more toxic than free PTX, unlike others made of higher MW PLGAs, in the -M condition.
Since blank PINC counterpart was non-toxic in the same condition, this difference may be
attributable to the enhanced drug exposure by the cellular contact of NPs,*3 which can help
concentrate the drug to the cells. The cytotoxicity study complements the release kinetics
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results, confirming that PTX@PINC (PLGA 4 kDa) releasing PTX prematurely is
undesirable for systemic application. PTX@PINC (PLGA 30 kDa) and PTX@PINC (PLGA
150 kDa) were comparable in cytotoxicity test, but PTX@PINC (30 kDa) was chosen for the
subsequent /n vivo studies of magnetophoretic tumor priming since it released PTX better
than the latter in the later period.

In vivo imaging of magnetophoretic tumor priming

The tumor priming effect of magnetophoretically-delivered PTX@PINC was evaluated with
female Balb/c mice bearing 4T1 tumors. 4T1 tumor cells were subcutaneously inoculated on
both flanks of each mouse. Optimal tumor priming with PTX is reported to be 1 h infusion
of 5 mg/kg PTX followed by 16 — 24 h interval prior to the main treatment.2: We chose a
lower dose of PTX (1.6 mg/kg PTX) and a shorter interval (12 h) than the reported optimum
to distinguish the effect of the priming effect due to quick magnetophoretic delivery of PTX
via PINC?’ from that of PTX released in circulation during the prolonged interval. The
animals received PTX@PINC (equivalent to 1.6 mg/kg PTX) by tail-vein injection, and an
external magnet was applied on one of the two tumors (Fig. 2a). MR imaging showed
greater accumulation of PTX@PINC on the magnet-treated tumor (+M) than untreated side
(-M), evidenced by greater T2-signal enhancement (darker field) on +M tumor (Fig. 2b, Fig.
S6), consistent with our previous report.2” To observe if magnetophoretically delivered
PTX@PINC enhances the delivery of subsequently administered therapy, DIR@NP with an
average diameter of ~200 nm (as a model NP therapy) was administered by intravenous
injection at 12 h after the PTX@PINC treatment and monitored by whole-body fluorescence
imaging over 6 h (Fig. 2c, Fig. S6). Three of five mice showed higher DiR signal at +M
tumors than -M tumors, one showed similar signal, and one showed an opposite trend (Fig.
2d). Consistently, ex vivoimages showed higher DiR fluorescence intensity at +M tumors
than —M tumors (Fig. 2e) except for the one outlier. Although the result shows some degree
of variability, the trend supports our hypothesis that tumor priming by magnetophoretically
delivered PTX@PINC may enhance the accumulation of subsequently administered drugs.

3.5. Analysis of PTX@PINC-primed tumors

For mechanistic understanding of the enhanced NP delivery to PTX@PINC-primed tumors,
tumor sections were sampled at 24 h post-PTX@PINC injection. According to the image
analysis, the fraction of acellular area was significantly greater in +M tumors than in -M
tumors (Fig. 3, Fig. S7). The MR imaging and tissue analysis collectively suggest that
magnetophoretic delivery of PTX@PINC to tumors enhance the local effect of PTX on
tumors, reducing the tumor density. The increased acellular area (Fig. 3) may have
facilitated the intratumoral transport of subsequently administered DIR@NP (Fig. 2c—e).

3.6. Antitumor effect of Doxil after tumor priming by PTX@PINCs

To determine if tumor priming with PTX@PINC with an external magnet enhances the
anticancer effect of subsequently delivered chemotherapy, Doxil (liposomal doxorubicin)
was administered following the magnetophoretic delivery of PTX@PINC to orthotopic 4T1
tumor-bearing Balb/c mice (Fig. 4a). When tumor volume reached 100-150 mm3 (on 10 d
post-tumor inoculation), PTX@PINC (equivalent to 1.6 mg/kg PTX) was administered by
tail vein injection followed by a 30 min magnet exposure to the tumor. 12 h after
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PTX@PINC priming, Doxil (equivalent to 10 mg/kg doxorubicin) was administered by tail
vein injection (designated as P/M/D, standing for PTX@PINC, Magnet, and Doxil). In
addition to non-treatment control, regimens omitting Doxil or magnet (P/M/- or P/-/D), as
well as an identical treatment in a scrambled order (D/P/M), were included as control
treatments. The treatment cycle was repeated on 12 d post-tumor inoculation. As shown in
Fig. 4b and ¢, P/M/D regimen was more effective than other control groups in attenuating
the growth of primary tumor. P/M/- showed no difference from no treatment control,
indicating that magnetophoretic priming alone had no direct anti-cancer effect at the dose
used in this study. As expected from the imaging study (Fig. 2c—e) and tissue evaluation
(Fig. 3), P/-/D (i.e., -M) was not as effective as P/M/D (i.e., +M) due to the lack of priming
effect, thereby inefficient tumor delivery of Doxil. Importantly, D/P/M regimen was subpar
to P/M/D, supporting that the effect of P/M/D was not a simple sum of PTX@PINC and
Doxil but a consequence of the improved Doxil delivery by tumor priming. The weights of
tumors sampled at 33 d post-inoculation maintained the same rank order (Fig. 4d, Fig. S8).
No significant decrease in body weight was observed over 27 d (Fig. S8), indicating minimal
toxicity of the treatments. The same experiment was repeated with P/-/D and P/M/D, and a
consistent trend was observed (Fig. S10).

Effect of tumor priming on metastasis of 4T1 tumors

Orthotopic 4T1 tumor model is well-known for high incidence of lung metastasis.*4 45
Metastatic spread of orthotopic 4T1 tumors is reported to be detectable as early as 8 d post-
tumor inoculation.*8: 47 We evaluated the extent of metastasis at the time of sacrifice (33 d
post-inoculation) to determine if tumor priming at 10 and 12 d post-inoculation increased the
metastasis of 4T1 tumors by depleting stromal containment. The lungs of animals treated
with P/M/D showed the least number of metastatic nodules, whereas those of other groups
showed a broad range in the number of nodules (Fig. 4e, Fig. S9). We exclude the possibility
of differential accumulation of Doxil in the lung because other regimens including Doxil
(P/-/D, D/P/M) did not show comparable effects. The attenuation of metastasis is rather
likely a secondary effect of the initial Doxil delivery to primary tumors. Given that lung
metastasis of 4T1 tumors is observed well after the removal of primary tumor,*” 4T1
metastasis is thought to occur with the expansion of metastatic foci established at the early
stage rather than a continued export of primary tumors.#6 P/M/D regimen applied on 10 and
12 d post-inoculation might have prevented the migration of primary tumors to distant
organs at the most critical time, although it did not have a long-lasting effect on primary
tumors (Fig. 4d). This result supports that PTX@PINC-mediated tumor priming does not
increase but rather suppress the metastatic spread of the primed tumors via efficient delivery
of chemotherapy to primary tumors.

4. Conclusion

To facilitate chemotherapy of solid tumors, 4T1 murine breast tumors were primed with
magnetophoretically delivered PTX@PINC. The primed tumors developed acellular area at
a subtoxic level of PTX and accommaodated the subsequently administered NPs better than
non-primed tumors. Consequently, the primed tumors responded to Doxil better than non-
primed ones, showing delayed growth at the early stage. Moreover, lung metastasis was

Mol Pharm. Author manuscript; available in PMC 2019 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 11

significantly reduced in animals receiving PINC-mediated tumor priming, which indicates

that the early management of primary tumors was critical to preventing the development of
metastatic foci. PINC combined with magnetophoresis provides a useful tool for timed and
localized delivery of tumor-priming agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) Schematic of PTX@PINC preparation; (b) transmission electron microscopy images of

PTX@NP, PTX@NP-pD, and PTX@PINC. Scale bars: 50 nm. (c) SEM-EDX analysis of
PTX@NP-pD and PTX@PINC. The latter shows Fe signals from the surface-bound iron
oxide particles. (d) MALDI-MS analysis of MeO-PEG,qgg-NH, and PTX@PINC. Larger
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scale figures are shown in Figure S1.
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Fig. 2.

(a;gTreatment and imaging schedule; (b) representative T2-weighted MR images of a 4T1
tumor-bearing Balb/c female mouse before and after the injection of PTX@PINC with or
without a magnet exposure (x M); (c) near infrared fluorescence whole body images after
DiR@NP injection following tumor priming with PTX@PINC +M; (d) DiR intensity of
tumor of each animal; (e) photograph of ex vivo 4T1 tumors, excised at 6 h after DIR@NP
injection (n=5).
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Fig. 3.
(a) Image analysis scheme: Acellular area in each tumor section was defined by Image J; (b)

% acellular area = acellular area / total tumor area x 100. #1, #2, and #3 are mouse identity.
6-12 images were stitched together to make one section image. Data indicates mean + s.d.
of two to three section images per each side (+ M) per mouse. The image in (a) panel is from
mouse #1. For images of tumor sections from all three mice, see Figure S7.
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Antitumor efficacy of Doxil administered after tumor-priming. (a) Treatment schedule and
regimen; (b) tumor volume change after 2 consecutive treatments; (c) specific tumor growth
rates of 4T1 tumors after the treatment. AlogV/At (V: tumor volumes; t: time in days). *: p <
0.05; **: p < 0.01; ***: p < 0.001 by ordinary One-way ANOVA followed by Tukey’s
multiple comparisons test; (d) photograph of 4T1 tumors, excised on 33 d post-inoculation;
(e) number of metastasis nodules in the lungs. *: p < 0.05 by Kruskal-Wallis One-way
ANOVA. n = 5-6 per group.
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Table 1.
Particle sizes of PTX@NP, PTX@NP-pD, and PTX@PINC

Z—averagea (d, nm) Number mean diameter (nm) PDIb PTX content (wt%) | Fecontent (wt%)
PTX@NP 183.1+1.9 141.0+95 0.07+0.02 | 25+0.3 Not applicable
PTX@NP-pD | 186.0+0.9 132.2+5.2 0.1+0.01 Not available Not applicable
PTX@PINC 262 + 37 207 £ 41 0.14+0.03 | 1.6+05 23+0.6

Core NPs were prepared with PLGA (30 kDa, LA:GA=85:15).

Data: mean + standard deviation of 5-6 independently and identically prepared batches

a . . .
Z-averages were measured assuming that the particles were spherical.
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bPondispersity index (PDI) was obtained by cumulant analysis as described in the International Standard on DLS 1SO13321 Part 8 (Malvern DLS
technical note MRK656-01).

Mol Pharm. Author manuscript; available in PMC 2019 May 31.



	Abstract
	Introduction
	Materials and Methods
	Materials
	Preparation and characterization of NPs
	Preparation of PTX@PLGA NPs coated with polydopamine (PTX@PLGA–pD NPs)
	Preparation of polydopamine-coated Fe3O4 particles (IO–pD)
	Preparation and characterization of PTX loaded polymer‒iron oxide nanocomposites (PTX@PINC)

	Characterization of PTX@PINC
	PTX release from PTX@PINCs
	Cytotoxicity of PTX@PINCs after short-term magnet-aided exposure
	MR imaging of magnetophoretic delivery of PTX@PINC
	Optical whole-body imaging of DiR@NP distribution in PTX@PINC-primed tumors
	Acellular area induced by PTX@PINC injection
	Antitumor efficacy study of Doxil after tumor priming by PTX@PINC
	Statistical analysis

	Results and Discussion
	Synthesis and characterization of paclitaxel-loaded PINC
	In vitro release kinetics of PTX@PINC
	In vitro magnetophoretic delivery of PTX@PINC
	In vivo imaging of magnetophoretic tumor priming
	Analysis of PTX@PINC-primed tumors
	Antitumor effect of Doxil after tumor priming by PTX@PINCs
	Effect of tumor priming on metastasis of 4T1 tumors

	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1.

