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An injectable nanoparticle generator enhances delivery

of cancer therapeutics
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Jianliang Shen!, Haoran Liu!, Zhenhua Hu!, Lingxiao Chen!, Yi Huang!, Eugene Koay!3, Yu Huang!8, Jun Liu4,
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The efficacy of cancer drugs is often limited because only a
small fraction of the administered dose accumulates in tumors.
Here we report an injectable nanoparticle generator (iNPG)
that overcomes multiple biological barriers to cancer drug
delivery. The iNPG is a discoidal micrometer-sized particle

that can be loaded with chemotherapeutics. We conjugate
doxorubicin to poly(L-glutamic acid) by means of a pH-sensitive
cleavable linker, and load the polymeric drug (pDox) into iNPG
to assemble iNPG-pDox. Once released from iNPG, pDox
spontaneously forms nanometer-sized particles in aqueous
solution. Intravenously injected iNPG-pDox accumulates at
tumors due to natural tropism and enhanced vascular dynamics
and releases pDox nanoparticles that are internalized by tumor
cells. Intracellularly, pDox nanoparticles are transported to

the perinuclear region and cleaved into Dox, thereby avoiding
excretion by drug efflux pumps. Compared to its individual
components or current therapeutic formulations, iNPG-pDox
shows enhanced efficacy in MDA-MB-231 and 4T1 mouse
models of metastatic breast cancer, including functional cures
in 40-50% of treated mice.

A series of biological barriers hinders the accumulation of drugs in
tumors!-3, reducing the efficacy of conventional and nanoparticle-
based chemotherapeutics, especially in the treatment of metastatic
disease*>. Among these barriers are drug distribution to nontu-
mor tissues®, hemorheological flow limitations and endothelial
association/extravasation’, impaired delivery across tumor cell mem-
branes and tissue$, and multidrug resistance (MDR)®. Multifunctional
nanoparticles have been developed to surmount these barriers!? (e.g.,
addition of moieties for active tumor targeting and pH-sensitive
release), but they have had limited success, and none has been adopted
in the clinic. An effective solution will require a design that addresses
all barriers successively, demonstrating substantial tropism to tumors,
association with and extravasation across tumor-associated vascular

endothelium, cellular internalization, vesicular transport to peri-
nuclear regions, endosomal escape and avoidance of MDR efflux
pumps. Here we describe an iNPG that sequentially negotiates these
tasks. iNPG-pDox consists of nanoporous silicon particles!'! pack-
aged with pDox that self-assembles into nanoparticles (Fig. 1a). Once
iNPG-pDox has localized to tumor tissues owing to natural tropism
and favorable vascular dynamics, pDox molecules assemble into
nanoparticles and are released intratumorally in a sustained
fashion. Upon internalization in tumor cells, pDox nanoparticles
undergo trafficking to perinuclear regions of the cell. There, a pH-
sensitive linker!? connecting the polymer to Dox is cleaved in the
acidic environment of the endosomes!'14, yielding high intracellular
concentrations of activated Dox in a cellular domain beyond the reach
of cell-surface drug efflux pumps.

pDox was synthesized by covalently conjugating Dox to the glutamic
acid side chains of poly(r-glutamic acid) by a pH-sensitive hydra-
zone linker (Supplementary Fig. 1a), and successful conjugation was
confirmed by 'H-NMR (Supplementary Fig. 1b). Physicochemical
parameters of the construct are summarized in Supplementary
Table 1. pDox molecules were loaded into the 40- to 80-nm-sized
pores of discoidal silicon-based carrier particles measuring 2.5 um in
diameter and 700 nm in thickness (Supplementary Fig. 2), with geom-
etry and dimensions previously shown to optimize the concentration
of particles in metastases, including lung and liver lesions!>~17.

Confocal microscopy confirmed pDox loading into nanopores of
the silicon carrier, with pDox accounting for 25% of the total weight
of iNPG-pDox (Supplementary Table 1). Upon loading, pDox dis-
tributed homogeneously throughout the nanopores, with intense
drug-associated fluorescence (red) found co-localized (orange) with
carrier-associated fluorescence (gray), which in turn spanned all
levels of the construct from basal to top planes (Fig. 1b). Through
cross-sectional examination of INPG-pDox with confocal microscopy,
with specific emphasis on the region of the particles consisting of pore
openings, the release of pDox nanoparticles (red) from the silicon
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Figure 1 iNPG-pDox characterization and pDox assembly and release from
iNPG. (a) Schematic diagram depicting iINPG-pDox composition, pDox
prodrug encapsulation, and pDox nanoparticle assembly and release from
nanopores. (b) Z-series confocal microscopy imaging of the iINPG-pDox
particles, highlighting the presence of pDox (red) within the nanopores of
the silicon carrier particle (gray). Scale bar, 1 um. (c) Three-dimensional
reconstruction following sagittal cross-sectioning of the iINPG-pDox particles,
depicting pDox (red) within the nanopores of the silicon carrier particle
(gray), as well as the presence of pDox nanoparticles (red) released from the
microparticle. Scale bar, 1 um. (d) AFM analysis of size distribution of pDox
nanoparticles released from iNPG-pDox at pH 7.4. (e) Cryogenic TEM of
pDox nanoparticles released from iNPG-pDox at pH 7.4. Scale bar, 150 nm.
(f) Release of pDox or disassembled Dox from iNPG-pDox at pH 7.4

and pH 5.2 in 10% FBS. Error bars, mean + s.d. (g) Gel permeation
chromatography (GPC) analysis on released pDox and disseminated

Dox from iNPG-pDox. pDox was the predominant form at pH 7.4, whereas
Dox was released from the polymer at pH 5.2. The inset represents release
of Dox in different pH conditions following cleavage from pDox.

carrier construct was visualized (Fig. 1c). The size range of nano-
particles generated and released at physiological pH, as visualized by
confocal microscopy, measured by atomic force microscopy (AFM)
and cryogenic transmission electron microscopy (TEM) (Fig. 1d,e),
and corroborated by dynamic light scattering, proved to be 30-80 nm,
that is, containing about 16 pDox molecules. pDox nanoparticles of
analogous size were detected at pH 6.6 (Supplementary Fig. 3a),
indicating that pDox remained in nanoparticle form upon release
under the slightly acidic (pH 6.6-7.0) conditions that are also found
in tumor microenvironments!$. The resulting size range of pDox
nanoparticles suggests that pDox assembled into nanoparticles upon
contact with aqueous environments, and particle size was influenced
by the pore of the iINPG (Supplementary Fig. 3a,b).

The kinetics of assembly, as well as pH-sensitive cleavage of Dox
from pDox, resulted in sustained release of pDox from iNPG for up
to 2 weeks at pH 7.4 (Fig. 1f). Moreover, Dox was effectively cleaved
from pDox at pH 5.2, but not at pH 7.4 (Fig. 1g), with release of
Dox occurring at faster rates in acidic environments. The size of the
released particles at pH 5.2 was less than 25 nm (Supplementary
Fig. 3c), suggesting that pH-dependent cleavage of the pDox
construct overtook nanoparticle assembly.

Both free pDox and iNPG-pDox proved effective at killing
human triple-negative breast cancer cell lines MDA-MB-231 and
MDA-MB-468 in vitro (Supplementary Fig. 4a,b), with conjuga-
tion of Dox to the polymer not substantially reducing the cell-killing
activity of the active drug, indicating effective cleavage of Dox from
pDox inside cells. To determine whether pH-dependent drug release
from pDox was critical for cell-killing activity, an amide-pDox
that shared a similar chemical structure as pDox, but lacked a pH-
sensitive hydrazone linker between poly(L-glutamic acid) and Dox
was synthesized (Supplementary Fig. 4c). This polymeric drug had
only a fraction of the cell-killing activity of pDox on MDA-MB-231
and MDA-MB-468 cells (Supplementary Fig. 4d), suggesting that
effective cleavage of Dox from the polymer was essential for maximal
tumor cell killing and demonstrating the vital role of pH-dependent
drug release for overall activity.

Uptake of pDox in MDA-MB-231 cells was effectively blocked by
inhibitors of the clathrin- and caveolae-mediated pathways including
dynasore, chlorpromazine and genistein, but not by various inhibitors
of phagocytosis or macropinocytosis, indicating that clathrin- and
caveolae-mediated pathways play important roles in tumor cell
internalization of pDox (Supplementary Fig. 5a). Compared to free
Dox, pDox nanoparticle (NP) demonstrated a delayed cellular entry
(Supplementary Fig. 5b). Fluorescence from pDox co-localized with
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LysoTracker-positive subcellular organelles 1 h after treatment and
reached a high level at 8 h, indicating vesicular internalization and trans-
portin cancer cells. Based on structural properties and pH-dependent
cleavage profiles, pDox disassembled into free Dox and poly(L-glutamic
acid) in the acidic environment of endosomes!4, with released Dox
entering the nucleus directly from perinuclear compartments.

In vivo, iNPG-pDox showed an effective natural tropism and
accumulation to sites of metastasis. Biodistribution assays of Dox, pDox
NP and iNPG-pDox carried out in murine models of metastatic MDA-
MB-231 tumors showed that drug cleared rapidly from circulation,
regardless of formulation (Fig. 2a). High Dox concentration in the
heart was detected 1 h after dosing with free Dox, with accumula-
tion leading to severe damage to cardiac myofibers (Supplementary
Fig. 6), similar to clinical observations of severe cardiomyopathy
in patients that imposes a maximum lifetime dosage threshold!%-20.
By contrast, pDox and iNPG-pDox were not present at high levels in
the heart (Fig. 2a), and there was no evidence of structural cardiac
damage in the INPG-pDox treatment group (Supplementary Fig. 6).
Moreover, high Dox concentrations were detected in kidneys of mice
treated with free Dox and pDox, but not iNPG-pDox (Fig. 2a). Rapid
renal clearance was most likely the cause of quick drop-off levels of
drug in the liver and lung in the free Dox and pDox treatment groups.
Although there was no significant difference in drug accumulation
in these organs 1 h after dosing between free Dox and iNPG-pDox
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Figure 2 Accumulation of iNPG-pDox in a Heart
metastatic MDA-MB-231 tumors. (a) Time- 100+

dependent tissue biodistribution based on % 104 i ”
Dox content in mice with MDA-MB-231 lung § § —
metastasis after administration of 6 mg/kg g E, i

Dox, pDox NP or iNPG-pDox. Differences and 0 0.1
significance between iNPG-pDox and Dox or 0.014

pDox NP were estimated by F-tests with 1h 1d
Hommel’s adjustment of multiplicity. Error bars, Lung
mean + s.d., n= 3. (b) INPG-pDox accumulation 1004, 2+,
in lung metastatic tumors by H&E staining (upper 5T 104 "3 =
and middle panels). Presence of doxorubicin sg

inside iINPG was visualized under fluorescence 32

microscopy (bottom panel). Scale bars, 10 um. ez

(c) H&E histological evaluation of tumor nodules,
demonstrating co-localization of iNPG-pDox

with red blood cells and attachment on tumor
microvessels. The red arrow points to an iNPG
particle, and blue arrow points to red blood cells.
Scale bar, 5 um. (d) CD31 staining for tumor
microvessels (brown). The red arrow points to

an iNPG particles. Scale bar, 5 um. (e) TEM
analysis of INPG attachment to microvessel walls
in tumor-bearing lung tissues collected 24 h
after iINPG-pDox treatment. The red arrow points
to an iNPG particle, the yellow arrow points to

a tumor cell, and the blue arrow points to a red
blood cell inside the vessel. Scale bars, 2 um.
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(f) Flow cytometry analysis of Dox distribution in
CD31* endothelial cells, HLA-ABC* tumor cells,
and HLA-ABC-/CD45-/CD31~ normal lung cells
isolated from post-treatment mice. ANOVA test
with Hommel’s adjustment. n = 3. Error bars,
mean £ s.d. *P< 0.05; **P< 0.01.

treatment groups, higher levels of iNPG-pDox 0 Q:,; zz e

were detected in the liver 1 d and 7 d later. ‘§ 815
Consistent and prominent contrast in g% 10

Dox accumulation profiles could be seen in og 5

tumor-bearing lungs. There was a sevenfold s 0 .

enhancement in iNPG-pDox over free Dox 1 d
after dosing, with high levels maintained in
this organ up to 7 d (Fig. 2a), likely owing to the stability of iNPG
in acidic microenvironments of tumor-bearing tissues. Silicon content
analysis confirmed the accumulation and sustained presence of INPG
in livers and tumor-bearing lungs, and that iNPG particles were cleared
from circulation within 1 h after intravenous (i.v.) administration
(Supplementary Fig. 7a). Intraperitoneal administration of iNPG-pDox
did not result in comparable drug levels in the lungs of tumor-bearing
mice as those observed following an i.v. administration of the drug
(Supplementary Fig. 7b). This observation further corroborated the
notion that the innate tropism and tumor tissue accumulation depends
on i.v. administration of iINPG-pDox. Moreover, tumor-free nude mice
treated with the same dose of Dox, pDox NP and iNPG-pDox displayed
similar drug levels in the heart and liver as those in tumor-bearing mice,
but the amount of drug in lungs in the disease-free scenario was only a
fraction of that found in lungs of tumor-bearing mice at all 3 time points
examined (Supplementary Fig. 8 and Fig. 2a).

Following organ-specific accumulation, we evaluated intratu-
moral iNPG-pDox distribution in the lungs as well as pDox NP
uptake by cells. Real-time intravital microscopy revealed fluorescent
iNPG-pDox particles in tumor nodules (Supplementary Fig. 9a).
Histological analysis of tumors in the lung showed accumula-
tion of iNPG-pDox particles in tissues collected 1 h and 24 h after
administration (Fig. 2b), with co-localization of the silicon carrier
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constructs and red blood cells in tumor nodules indicative of
particle attachment to tumor microvascular walls (Fig. 2¢,d and
Supplementary Fig. 9b,c). TEM analysis of tumor tissues collected
at the 24 h time point confirmed tight attachment of the silicon carrier
construct to tumor microvessels (Fig. 2e). Flow cytometry analysis
of disseminated single cells from post-treatment tumor-bearing lung
tissues corroborated microvessel enrichment of iNPG-pDox, with
CD31* endothelial cells associated with the highest percentage of
Dox (Fig. 2f). A higher percentage of tumor cells than normal lung
cells were Dox-positive at both 4 h and 24 h, indicating that released
pDox nanoparticles had been effectively taken up by tumor cells.
Notably, there were more Dox-positive tumor cells in the INPG-pDox
treatment group than in Doxil (liposome-encapsulated Dox) or free
Dox groups (Fig. 2f). Tissue sectioning 24 h after administration
showed cell apoptotic bodies in tumor tissues from mice treated with
iNPG-pDox (Supplementary Fig. 10).

Mice bearing metastatic MDA-MB-231 tumors in the lung were
used to validate the therapeutic efficacy of iNPG-pDox compared
to equivalent amounts of clinical formulations of Dox (Fig. 3a,b).
H&E staining of lung tissues from athymic nude mice euthanized at
the end of drug treatments (week 7) revealed the presence of smaller
and fewer tumor nodules in mice treated with Doxil or iINPG-pDox
compared to PBS controls (Supplementary Fig. 11a), a difference
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Figure 3 /n vivo growth inhibition of lung a PBS
metastatic MDA-MB-231 tumors, as well s
as an MDR cell line, following iNPG-pDox -

treatment. (a) Bioluminescence monitoring of
MDA-MB-231 tumor metastasis in the lung.
Nude mice were inoculated with MDA-MB-231
cells carrying a luciferase gene, divided into
six treatment groups (n = 10 mice/group), and
treated weekly with 3 mg/kg Dox or biweekly 4 !5
with 6 mg/kg Doxil, pDox or iNPG-pDox for xada 3 '
6 weeks. Mice were maintained further thereafter TR
to monitor survival. Images of five mice/group
are shown. (b) Kaplan-Meier plot of animal
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reflected as well by K;-67 staining for prolifer-
ating tumor cells (Supplementary Fig. 11b).
Treatment with free Dox or pDox offered
limited survival benefit compared to negative
controls (Fig. 3). Mice treated with Doxil had
37 d longer median survival. Tumor growth

stalled during the 6-week treatment period,

but resumed as soon as treatment was discontinued. The most effica-
cious therapeutic effect was observed in mice undergoing iNPG-pDox
treatment, with 80% of mice remaining alive after 20 weeks when
all mice in the control groups had succumbed to disease, and 50%
achieving long-term survival (Fig. 3b).

An additional efficacy examination was performed in BALB/c mice
bearing 4T1 tumors. The primary 4T1 tumors metastasized to the
liver and lung in this model. Histological analysis corroborated iNPG-
pDox accumulation in lung tumor nodules (Supplementary Fig. 12).
PBS and iNPG vehicle control mice began to die from lung metas-
tases in week 6, with all mice succumbing to the disease by week 9
(Supplementary Fig. 13). pDox and free Dox again offered limited
survival benefit compared to controls, with Doxil treatment extend-
ing median survival by 19 d. However, little to no traces of metastatic
tumor-associated bioluminescence was detected in mice treated with
iNPG-pDox 4 weeks after treatment, and approximately 40% of mice
survived for over 180 d.

MDA-MB-231/MDR cells overexpressing the drug efflux protein
P-gp (Fig. 3¢) were used to evaluate the ability of the iNPG-pDox

particles to overcome multidrug resistance. Cells indeed showed
resistance to free Dox (Fig. 3¢), as drug efflux proteins on cytoplas-
mic membranes were capable of sequestering and expelling drug
from the cytosol?!. By contrast, pDox nanoparticles effectively killed
MDA-MB-231/MDR cells to a similar degree as parental MDA-
MB-231 cells (Supplementary Fig. 4a). In mice bearing lung
metastatic MDA-MB-231/MDR tumors, no inhibition of tumor
growth was observed from Dox treatment as compared to the PBS
control. In contrast, INPG-pDox treatment inhibited tumor growth
substantially (Fig. 3d).

Potential toxicity from iNPG-pDox was evaluated in tumor-free
athymic nude mice and BALB/c mice, with toxicity compared to those
observed following Doxil administration. Whereas both mouse strains
survived treatment at 24 mg/kg of iNPG-pDox (4x therapeutic dos-
age) used in this study, mice were unable to tolerate a dose of 24 mg/kg
of Doxil (Supplementary Fig. 14). Moreover, Doxil treatment dra-
matically reduced total white blood cell counts at 12 mg/kg and trig-
gered a surge in plasma lactate dehydrogenase level, indicating severe
cardiac damage. By comparison, iNPG-pDox displayed a mild toxicity
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profile even at the highest dosage level (Supplementary Fig. 14),
indicating a desirable toxicity profile of iNPG-pDox over Doxil.

By partitioning biological barriers encountered by cancer thera-
peutics en route to tumors into distinct tasks, we have developed a
multifunctional construct capable of successively overcoming these
obstacles. We have demonstrated natural tropism of therapeutic car-
riers to lungs and liver, preferential organs of metastasis, through
rational design with regards to carrier size and geometry. Once local-
ized, high concentrations of Dox were maintained in these organs for
over 1 week after administration, with the particles effectively serving
as long-term nanotherapeutic-generating vascular depots.

The pDox molecules were shown to self-assemble in situ into nano-
particles, which could in turn extravasate into the tumor interstitium
through leaky vasculature?23, or alternatively through transcytosis.
pDox nanoparticles were then internalized into tumor cells by endo-
cytotic pathways, followed by vesicular transport to the perinuclear
region and pH-sensitive cleavage of Dox from pDox. This enabled
the release of Dox far from the sequestering effects of efflux pumps
(e.g., P-glycoprotein) and overcoming of cell membrane-based MDR
mechanisms (Supplementary Fig. 15).

Notably, individual components of this construct did not yield the
degree of efficacy observed with the complete particles mainly because
deconstructing iNPG-pDox into its individual components, including
iNPG, pDox nanoparticles and Dox, negated proper negotiation of
barriers (Fig. 3e). This dramatically reduced its therapeutic impact
while substantially increasing adverse side effects. To highlight this, we
compared the efficacy of iINPG-pDox to clinical formulations of doxo-
rubicin in two metastatic triple-negative breast cancer mouse models.
Triple-negative breast cancer is a subset of the disease that is especially
sensitive to anthracycline therapy due to its high proliferative rate, and
for which there is currently no targeted therapy. However, in the clinic
nonspecific distribution hinders efficacy, increases cardiotoxicity,
results in MDR, and eventually, cessation of therapy?*.

We have developed an approach that has the potential to improve
upon these shortcomings by providing a rational material design
approach necessary for transport through distinct biological barriers.
To the best of our knowledge, no other multicomponent material
with the capability of in situ generation of nanotherapeutics for sus-
tained site-specific release, acting as intravascular drug depots for
prolonged drug exposure at therapeutically relevant concentrations
has been reported before. Although the dimensions and the geometry
of silicon particles make the strategy best suited for targeting specific
anatomical locations that include the lung and liver, which in turn are
major sites of metastasis, the versatility of the silicon-based carrier
allows for incorporation of moieties for targeting other organs as well.
In principle, the strategy is not limited to one single agent such as Dox,
or a specific biomaterial for that matter. Rather, distinct biomaterials
may be used as constituent materials of microparticles that encase
different drugs and/or multiple drug combinations for therapeutic
applications in a variety of disease states.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Synthesis and characterization of pDox. Hydrazide groups were conjugated
to glutamic acid side chains of poly(L-glutamic acid) by means of an acid
anhydride reaction. Briefly, N-morphylmorline (Sigma-Aldrich) was added
to poly(r-glutamic acid) (Sigma-Aldrich) in anhydrous dimethylformamide
(DMF), followed by dropwise addition of isobutyl chloroformate at 4 °C under
Argon gas. After stirring for 15 min, carbazic acid tert-butyl ester (Sigma-
Aldrich) in DMF was added. The resulting solution was allowed to react for
30 min at 4 °C followed by 2 h at 25 °C. To synthesize the final product, 100 mg
poly(r-glutamic acid hydrazide)-co-poly(L-glutamic acid) was dissolved in
200 ml anhydrous methanol, and 100 pL of trifluoro-acetic acid was added.
Dox hydrochloride was then added, and the mixture was stirred at 25 °C for
48 h under Argon gas. Polymer Dox was concentrated, dialyzed in methanol,
and purified with Sephadex-LH20 (Amersham Pharmacia Biotech Co.).

Gel permeation chromatography (GPC) was carried out to measure
molecular weight and polydispersity index of pDox using a Viscotek GPCmax
(Houston, TX) equipped with a 7.8 mm x 30 cm I-MBHMW column (Viscotek,
Houston). DMF containing 10 mM LiCl was used as the mobile phase (flow
rate, 1.0 ml/min). The GPC system was equipped with a Viscotek TDA 305,
a triple detector array including a differential refractive index, a differential
viscometer, and a right angle laser light scattering detector. A PEG stand-
ard was used for calibration of the GPC apparatus. Molecular weight and
distribution were calculated using Viscotek TriSEC GPC. Absence of free
Dox was confirmed by GPC. Percentage of Dox in pDox was measured by
UV absorbance.

Fabrication and characterization of iNPG-pDox. Discoidal silicon micropar-
ticles were fabricated as previously described?’. Particles were then modified
with 2% (v/v) 3-aminopropyltriethoxysilane (APTES) in isopropanol for 48 h
at 55 °C to conjugate primary amines on the particle surface. INPG-pDox was
assembled by loading concentrated pDox molecules (>10 mg/ml in methanol)
into the APTES-modified porous silicon particles followed by vacuum dry.
The loading process was repeated to completely fill the nanopores with pDox.
To monitor pDox nanoparticle release in vitro, INPG-pDox was incubated
in acidic or neutral buffers (pH 5.2, 6.6, 7.4) overnight, and released pDox
nanoparticles in the supernatant were collected by centrifugation. Particles
sizes were measured with a Multimode 8 AFM system (Bruker Nano). Briefly,
a 10 uL droplet of released pDox was applied to a freshly cleaved mica. After
incubating for 30 min, the substrate was rinsed with water, and left to air dry.
Images were acquired using a ScanAsyst-Air probe with spring constant of
0.4 N/m and 1 Hz scan rate, and were analyzed with the Nanoscope Analysis
software (Bruker Nano).

For quantification of Dox release, INPG-pDox was incubated in acidic or
neutral buffers (pH 5.2, 7.4) with 10% FBS. Aliquots were collected at different
time points, and Dox in solution measured by UV absorbance. The aforemen-
tioned GPC was used to measure cleavage of Dox from the prodrug. Briefly,
pDox was incubated in PBS (pH 7.4) or phosphate buffer (pH 5.2) overnight
and the solution applied to a gel permeation column, and eluted with PBS.

Dynamic light scattering (DLS) measurement of particle size distribution.
DLS was applied to measure size distribution of released pDox nanoparticles.
Briefly, 1 billion iNPG-pDox particles were suspended in 200 ul of PBS (pH
7.4 or 6.6), followed by shaking at 300 r.p.m. in a thermomixer (Eppendorf,
Germany) at 37 °C for 12 h.

Supernatants containing released pDox nanoparticles were collected by
centrifugation at 2,000 r.p.m. for 4 min. iNPG controls were prepared by the
same procedure with 1 billion empty iNPG particles. pDox NP controls were
prepared by direct dispersion of 5 il pDox DMF solution into 2 ml PBS (pH
7.4 or 6.6). Particle size was measured with a Zetasizer Nano-ZS (Malvern
Instruments Ltd., Worcestershire, UK) with measurements made using
intensity average.

Cryo-TEM examination of released pDox NP. Released pDox (5 pul) was
deposited onto freshly glow-discharged holey carbon grids for 1 min.
The grids were blotted with Whatman filter paper and rapidly vitrified
in liquid ethane using a gravity-driven plunger apparatus. The resulting
frozen-hydrated specimens were imaged at —170 °C using a Polara G2 electron
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microscope (FEI Company) equipped with a Field Emission Gun and a Direct
Detection Camera (Gatan K2 Summit). The microscope was operated at an
accelerating voltage of 300 kV with a magnification of 9,400, resulting in
the effective pixel size of 4.45 A. For each area of interest, low dose cryo-EM
images at ~5 defocus were recorded on the Direct Detection Camera. The
cumulative doses of ~30 e~/A2 were distributed over 30 frames, which were
subsequently aligned with each other to generate the final high-resolution
cryo-EM image.

In vitro analysis of iNPG-pDox growth inhibition and intracellular
trafficking. To assess cancer cell killing, cells were seeded into 96-well plates
at a seeding density of 5,000 cells/well, and treated with empty iNPG, free Dox,
pDox NP or iNPG- pDox for 96 h. Cell growth and viability was evaluated
by incubating with CellTiter Aqueous one solution cell proliferation assay
reagent (Promega). Absorbance from each well was measured at 570 nm with
a Synergy H4 hybrid reader (BioTek). ICs, values were determined with the
Graphpad PRISM version 5 software.

To test blockade of pDox nanoparticle uptake by tumor cells, MDA-MB-231
cells were treated for 30 min with 20 uM cytochalasin D, 20 pM amiloride,
20 uM dynasore, 120 uM chlorpromazine or 200 uM genistein. Cells were
then incubated with 10 pg/ml pDox for 2 h. pDox-positive cells were detected
by flow cytometry.

To study intracellular pDox trafficking and Dox accumulation, MDA-
MB-231 cells were seeded at 1,000 cells/chamber on culture slides (BD Falcon)
in DMEM containing 10% FBS. Dox or pDox was added 24 h later, and cells
were harvested at different time points. To stain late endosomes/lysosomes,
cells were incubated with 75 nM LysoTracker Green (Invitrogen) in DMEM
for 45 min, rinsed with PBS, and fixed with 2.5% formaldehyde for 10 min at
RT. Slides were mounted with ProLong Gold antifade reagent containing DAPI
(Invitrogen). Fluorescent images were captured using a confocal microscope
(Nikon A1 Confocal Imaging system).

Analysis of tissue distribution of Dox and iNPG-pDox. Quantification of
doxorubicin was performed using daunorubicin (Dau, Sigma) as an internal
standard?®. Briefly, tissues were homogenized in PBS (100 mg tissue/330 ml
PBS), and then mixed with 10 uL Dau (50 pg/ml). A fourfold volume of
the extraction solution containing chloroform and methanol (3/1, v/v) was
subsequently added. The mixture was vortexed for 10 min, and centrifuged
at 13,000 r.p.m. for 10 min to separate the aqueous and organic phases.
The organic phase was collected, and the solvent was vacuum dried.
The extract was dissolved in 200 UL methanol, and a 100 pL aliquot was used
for HPLC analysis.

Animal studies. All animal studies were performed in accordance with the
guidelines of the Animal Welfare Act and the Guide for the Care and Use
of Laboratory Animals, following protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at the Houston Methodist Research
Institute. Murine metastatic models of MDA-MB-231 or MDA-MB- 231/MDR
tumor cells, transfected with a plasmid carrying both luciferase and GFP genes,
were established in nude mice by tail vein inoculation of 3 x 10° tumor cells.
All mice developed tumor metastases to the lungs, and tumor growth in the
lung was visualized by bioluminescence with a Xenogen IVIS-200 system.
Experiments to determine the biodistribution and efficacy of iNPG-pDox
were carried out in tumor-free athymic nude mice and in murine model
of lung metastatic MDA-MB-231 triple negative breast cancer model?’-2?,
and were determined by measuring disassembled Dox in blood and major
organs 1 h, 1 d and 7 d after i.v. or intraperitoneal administration of iNPG-
pDox by HPLC, with free Dox and pDox serving as controls. Biodistribution
of iNPG-pDox by silicon content was analyzed as previously described!®.
Briefly, animal organs including the heart, liver, spleen, lung, kidney, brain,
blood samples were weighed, homogenized in 3 ml of 1 N NaOH containing
20% ethanol (v/v), and incubated for 48 h at 20 °C. After centrifugation at
4,700 r.p.m. for 30 min, 0.5 ml supernatant was diluted with 2 ml deionized
water, and applied to a Varian 720-ES ICP Optical Emission Spectrometer for
silicon content measurement.

For examination of iNPG-pDox localization to tumors, mice with meta-
static MDA-MB-231 tumor in the lung were treated i.v. with 6 mg/kg pDox
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or iNPG-pDox. Intravital microscopic imaging was performed at 1 hand 24 h
time points as previously described!”. Briefly, mice were euthanized, and the
chest cavity immediately opened to expose lungs to imaging. Three mice were
imaged per time point. The lung tissues were then processed for histologi-
cal analysis and for transmission electron microscopy following previously
published methods3°.

Flow cytometry was applied to determine cell types associated with iNPG-
pDox and pDox particles. Briefly, female athymic nude mice with advanced
stage MDA-MB-231 tumor metastasis were treated, tumor-bearing lungs
collected, and tissue samples digested with collagenase to isolate single cells
followed by flow cytometry analysis, as described above. For efficacy exami-
nation, mice were divided into 6 treatment groups (n = 10 mice/group) and
treated weekly with 3 mg/kg Dox, or biweekly with 6 mg/kg Doxil, pDox NP,
or iNPG-pDox for 6 weeks. Mice were maintained after treatments until one of
the endpoints was met (loss of 10% body weight, fatigue, lethargy, or death).

The orthotopic murine 4T1 tumor model served as the animal model for
lung and liver metastases. The 4T1 tumor cells were engineered with luciferase
expression for tracking of tumor metastasis by bioluminescence. To initiate
lung metastasis, female BALB/c mice were inoculated with 4T1 cells (3 x 10%)
into the fourth mammary gland fat pad. Primary tumors were surgically
removed once they reached 250 mm?3. Mice were then treated with negative con-
trols (PBS and iNPG), or with 6 mg/kg Dox, Doxil, pDox NP and iNPG-pDox
weekly for 4 weeks, and maintained to assess survival benefit. For histological
analysis, mice were euthanized at the end of the treatments, and tumor nodules
in the lungs were analyzed by H&E staining for growth morphology and K;-67
staining for cell proliferation.

For examination of resistance in vivo, female athymic nude mice were
inoculated with MDA-MB-231/MDR cells engineered with luciferase expres-
sion, and were treated with PBS controls, free Dox or iNPG-pDox. Tumor
growth in the lung was monitored weekly by bioluminescence intensity.

Statistical analysis. Statistical analyses were performed with the GraphPad
Prism 5 (GraphPad Software, Inc., CA, USA) and SAS 9.4 (SAS institute Inc.,
NC, USA) softwares. For all in vivo analysis, sample sizes were chosen to ensure
adequate power to detect a pre-specified effect size. Animals were excluded
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from analysis based on the absence of tumor growth and these criteria were
pre-established. Animals were randomized before treatment. Blinding was
not performed. Differences were evaluated by F-tests of the fixed effects of a
two-way ANOVA model and drill down using F-tests of partitions and con-
trasts of the interaction term. The two-way ANOVA models allowed for the
heterogeneous nature of the data and included a random subject effect to
account for the data’s correlation structure. Hommel’s adjustment was applied
for multiple comparisons to correct for multiplicity. Survival was estimated by
the Kaplan-Meier method and differences in survival were evaluated using log-
rank tests. To establish the validity of a linear models approach, the assumption
of normality was assessed objectively using a Shapiro-Wilk test and visually
by inspecting the normal probability Q-Q plots within each treatment by time
period. When necessary, log-transformations were employed to rescale and
normalize the data. Global tests were done to establish that significant differ-
ences exist, and then pairwise group comparisons were made and adjusted for
multiplicity using Hommel’s approach. P-values of less than 0.05 and 0.01 were
considered statistically significant and very significant, respectively. Data are
presented as means * s.d. or s.e.m.
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