
R E S E A R CH R E PO R T

Layer-by-layer nanoparticles for novel delivery of cisplatin
and PARP inhibitors for platinum-based drug resistance
therapy in ovarian cancer

Lawrence B. Mensah1,2 | Stephen W. Morton1,2 | Jiahe Li1,2 | Haihua Xiao1,2,3 |

Mohiuddin A. Quadir1,2,4 | Kevin M. Elias1,2,5 | Emily Penn1,2 | Aysen K. Richson1,2 |

Paiman Peter Ghoroghchian1,6 | Joyce Liu6 | Paula T. Hammond1,2

1The Koch Institute for Integrative Cancer

Research, Massachusetts Institute of

Technology (MIT), Cambridge, MA, 02142

2Department of Chemical Engineering,

Massachusetts Institute of Technology (MIT),

Cambridge, MA, 02139

3Institute of Chemistry, Changchun Institute of

Applied Chemistry, Chinese Academy of

Sciences, Jilin, Changchun, P.R. China

4Department of Coatings and Polymeric

Materials, North Dakota State University,

Fargo, ND, 58108

5Division of Gynecologic Oncology,

Department of Obstetrics and Gynecology,

and Reproductive Biology, Brigham and

Women's Hospital, Boston, MA, 02115

6Dana-Farber Cancer Institute, Boston, MA,

02115

Correspondence

Paula T. Hammond, The Koch Institute for

Integrative Cancer Research, Massachusetts

Institute of Technology (MIT), Cambridge, MA.

Email: hammond@mit.edu

Funding information

Tang Histology facilities; Peterson

Nanotechnology core; FACS-fluorescent

activated cell sorting; Koch Institute Swanson

Biotechnology Center; MIT Department of

Comparative Medicine; National Research

Foundation, Grant/Award Number: NRF-

NRFF2011-01; NSF, Grant/Award Number:

DMR-0819762; NCI, Grant/Award Number:

P30-CA14051; Misrock Foundation

Fellowship; US National Science Foundation

graduate research fellowship; Department of

Defense

Abstract

Advanced staged high-grade serous ovarian cancer (HGSOC) is the leading cause of

gynecological cancer death in the developed world, with 5-year survival rates of only

25–30% due to late-stage diagnosis and the shortcomings of platinum-based thera-

pies. A Phase I clinical trial of a combination of free cisplatin and poly(ADP-ribose)

polymerase inhibitors (PARPis) showed therapeutic benefit for HGSOC. In this study,

we address the challenge of resistance to platinum-based therapy by developing a

targeted delivery approach. Novel electrostatic layer-by-layer (LbL) liposomal

nanoparticles (NPs) with a terminal hyaluronic acid layer that facilitates CD44 recep-

tor targeting are designed for selective targeting of HGSOC cells; the liposomes can

be formulated to contain both cisplatin and the PARPi drug within the liposomal core

and bilayer. The therapeutic effectiveness of LbL NP-encapsulated cisplatin and

PARPi alone and in combination was compared with the corresponding free drugs in

luciferase and CD44-expressing OVCAR8 orthotopic xenografts in female nude mice.

The NPs exhibited prolonged blood circulation half-life, mechanistic staged drug

release and targeted codelivery of the therapeutic agents to HGSOC cells. Moreover,

compared to the free drugs, the NPs resulted in significantly reduced tumor metasta-

sis, extended survival, and moderated systemic toxicity.
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1 | INTRODUCTION

Epithelial ovarian cancer (EOC) is the second most common gyneco-

logical cancer and the leading cause of death from gynecologic malig-

nancies in the developed world.1,2 High-grade serous ovarian cancer

(HGSOC) accounts for more than 70–80% of ovarian cancer-

associated mortalities.2,3 This high mortality rate is attributable to an

aggressive phenotype, diagnosis at advanced stages, and the develop-

ment of resistance against mainstay platinum-based therapies.4 Cis-

platin and other platinum-based chemotherapies efficiently bind and

induce DNA double-strand breaks (DSBs) and apoptosis in cancer

cells5 and are the current cytotoxic drugs of choice for ovarian cancer

and other carcinomas.6,7 However, the rapid development of resis-

tance often limits the effectiveness of platinum-based drugs alone

against solid tumors such as HGSOC.8,9

Among solid tumors, 15–46% of HGSOC, 40–66% of triple-

negative breast cancer, and 2–9% of non-small cell lung carcinoma are

estimated to carry mutations in the p53, BRCA1, BRCA2, and PTEN

genes, which are required for DNA damage repair via homologous

recombination (HR).5 Consequently, using DNA-damaging agents in

combination with inhibitors of DNA damage repair proteins is a very

attractive strategy. In the past 5 years, new classes of inhibitors have

emerged against poly(ADP-ribose) polymerases (PARPs), a family of

nuclear DNA damage repair enzymes with a role in the maintenance

of genomic stability.10 PARPs perform this function by initiating base

excision repair and nucleotide excision repair of DNA single-strand

breaks (SSBs).11 The inhibition of SSB repair by PARP inhibitors

(PARPis) induces and confers sensitivity and synthetic lethality to cells

with defective HR-directed DSB repair.11,12 PARPis exhibit synergistic

activity when combined with a DNA-damaging agent by interfering

with DNA repair and potentiating the activity of the chemotherapeu-

tic agent. The potentiation effect is achieved via inhibition of the cata-

lytic activity of PARP by PARPis, or by trapping PARP at SSB sites,

thereby stalling the replication fork and DNA transcription10,11 and

eventually leading to apoptosis.

Different classes of PARPis of varying toxicity and efficacy have

been developed.13,14 Of the five most clinically relevant PARPis, three

of them: AZD2281 (olaparib, Lynparza; AstraZeneca, UK),15 niraparib

(Zejula, MK4827 Tesaro, Waltham, MA),16 and rucaparib (Rubraca;

Clovis Oncology, Boulder, CO)17 are FDA approved for the treatment

of recurrent EOC. BMN 673 and veliparib are under investigation in

different phases of clinical trials.10,11

The ability of DNA damaging agents to enhance apoptosis and

reduce drug resistance in HR-deficient cells in tumors has led to a

number of preclinical investigations. Rottenberg et al.18 and Hay

et al.19 showed that the free-drug combination of AZD2281 with cis-

platin or carboplatin significantly reduced resistance to platinum-based

agents in BRCA1 mutated ovarian and breast cancer tumor-bearing

mice and prolonged overall survival compared with either mon-

otherapy. Others studies have shown high tolerance for AZD2281

alone but not in combination with other chemotherapies.18 Several

Phase I–III clinical trials have been conducted to evaluate AZD2281 in

combination with cisplatin and other chemotherapies in advanced

breast and ovarian cancers in patients with BRCA mutation.20,21 Over-

all, the data indicated that the high-dose combination of cisplatin with

AZD2281 was not tolerable in most patients. However, a moderate

dose of cisplatin (60 mg/m2) and AZD2281 (50 mg/twice daily) was

better tolerated in most patients. In addition, the AZD2281 and cis-

platin combination prolonged progression-free survival in patients

compared to monotherapy, with tolerable side effects.20,22

BMN 673 (talazoparib) remains one of the most promising PARP1/2

inhibitors, and we have also tested BMN 673 alongside AZD2281 as

monotherapies or in combination with cisplatin.23 Preclinical testing has

shown that BMN 673 exhibits superior PARP inhibition and antitumor

activity in vitro24-27 and in vivo.28 A number of completed Phase I and II

clinical trials of BMN 673 have evaluated its tolerability, efficacy, phar-

macokinetics, and safety in both ovarian and metastatic breast can-

cer24,29 and Phase III clinical trials are currently underway.11 In Phase I

and II clinical trials, the combination of BMN 673 with carboplatin

showed synergy and significant therapeutic effects. However, hemato-

logic toxicity was pronounced, particularly in gBRCA patients.29 The clini-

cal benefit of BMN 673 was 56–86% in both breast and ovarian cancer

patients, with higher efficacy for the combination with carboplatin.29

Although combinations of PARPis with cisplatin are efficacious,

these preclinical and clinical trials of AZD2281 and BMN 673 alone or

in combination with chemotherapies have revealed a number of hur-

dles that remain to be overcome to harness their full antitumor poten-

tial in the clinical setting. First, PARPis are highly hydrophobic, with

limited bioavailability and a relatively rapid plasma clearance rate.

Rothenberg et al.18 described rapid plasma clearance of AZD2281

when delivered in free form in tumor-bearing mouse models. Second,

cisplatin, which remains a key platinum agent for ovarian cancer ther-

apy, is subject to the development of resistance in tumors and there-

fore is typically administered at a high dose in the clinic, leading to its

well-known systemic toxicity.25,26 Third, the therapeutic combination

of cisplatin and AZD2281 is poorly tolerated in patients due to the

overlapping toxicities of the two drugs27; hence, only reduced doses

have been evaluated in clinical trials. Fourth, the infusion and oral

routes of administration of cisplatin and PARPis, respectively, can

reduce medication compliance, leading to a less effective therapeutic

response in patients. Moreover, to obtain the highest therapeutic

index, both cisplatin and PARPi should be codelivered at their highest

doses and at an appropriate therapeutic ratio to tumors, which is diffi-

cult to achieve via conventional free drug delivery approaches. Finally,

the two drugs have different biodistribution profiles when adminis-

tered via different routes by traditional approach. These factors affect

the time it takes each drug to reach the tumor and the drug concen-

tration delivered and can significantly affect treatment outcomes.

Codelivery of these drug combinations via a nanocarrier approach

could significantly reduce or eliminate these hurdles.30,31

Advances in nanotechnology and nanomedicine have provided

new opportunities for synergistic combinations of therapeutic agents

via single multicompartment nanoparticles (NPs).32-35 The three main

goals of this study are to (a) address the unmet clinical need for an

effective and safe platform for the delivery of combination therapies
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to ovarian cancer; (b) design safe, full-dose delivery of cisplatin, and

PARPis to overcome cisplatin drug resistance in ovarian cancer ther-

apy; (c) evaluate potential systemic toxicity associated with this treat-

ment platform. We describe a novel approach to provide safe

therapeutic delivery of cisplatin and PARPis to tumors using the layer-

by-layer (LbL) polymeric liposomal NPs approach. These NPs achieve

synergistic drug delivery while inherently addressing many of the chal-

lenges associated with the conventional delivery of cocktails of free

drugs, such as lack of targeted mechanistic delivery, reduced drug

blood circulation, and the use of dual routes.32,36,37 The HA-

terminated outer layer of the LbL NPs enables CD44 receptor

targeting on HGSOC tumors, while the pH-responsive poly(L-lysine)

(PLL) layer facilitates tunable intracellular release of the therapeutic

cargo in tumor cells.36,38

We report the novel packaging of cisplatin with AZD2281 or

BMN 673 in LbL NPs for orthotopic HGSOC therapy. We also perform

a head-to-head comparison of the therapeutic efficacy of both free

and nano-encapsulated delivery of AZD2281 and BMN 673 in vivo as

a single maintenance agent in orthotopic HGSOC tumor-bearing

mice. In summary, we observed an overall increase in survival and

improved treatment outcomes in mice treated with the LbL-

encapsulated drug combination compared with free drug combina-

tion therapy.39,40

2 | RESULTS

2.1 | LbL polymeric liposomal NPs exhibit controlled
drug release and inhibit HR

We designed single modular NPs for the efficient encapsulation of cis-

platin and PARPi for synergistic dual-drug delivery (Figure 1a). Two

PARPis were used: AZD2281 (olaparib), which is FDA approved for

germline BRCA-mutated (gBRCAm) advanced ovarian cancer,15 and

BMN 673, which is currently in clinical trials for BRCA-deficient ovar-

ian cancer patients.28 Both AZD2281 and BMN 673 are very hydro-

phobic, with poor solubility of 0.1 mg/mL in water.14

We successfully formulated liposomal NPs by self-assembly of the

lipids DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine, POPG (1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phospho-(10-rac-glycerol)) (sodium salt),

and cholesterol in a mass ratio of 56:39:5. The PARPis were introduced

F IGURE 1 Physiochemical characterization of the polymeric liposomal nanoparticles. (a) Illustration of the polymeric liposomal nanoparticle
formulated by lipid self-assembly and layered with a polycation, poly(L-lysine) (PLL), and a terminal hyaluronic acid (HA) layer for CD44 targeting.
The PARPi AZD2281 or BMN 673 was loaded into the liposomes lipid bilayer, and cisplatin was loaded into the core. (b) Electron micrographs of
the nanoparticles. Left panel, liposomes alone. Middle panel, liposomes layered with PLL and HA. Right panel, magnification of layers ×4. (c) The
hydrodynamic size of the nanoparticles increased by approximately 10 nm per layer. (d) The zeta potential confirms the transformation of the
negatively charged (−41 ± 8 mV) liposomes surface to positive (31 ± 6 mV) upon layering of the polycation PLL, followed by net charge reversal
to (−27 ± 8 mV) upon deposition of the polyanion HA. (e) The polydispersity index (PDI) revealed that the overall size of the nanoparticles
remained homogeneous, with no second-degree aggregation formation during formulation. Combination release of (f) AZD2281 and cisplatin,
(g) BMN 673 and cisplatin from the polymeric nanoparticles at 37�C in an excess volume of buffered citrate PBS in a time-dependent manner at
pH 5.0 (**p < .001, ***p < .0001) than at pH 5.0. (h) release of cisplatin from polymeric nanoparticles at 37�C in an excess volume of PBS at pH
5.0 and pH 7.4 (***p < 0.0001)
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in a chloroform–ethanol mixture during liposome preparation. Due to

their hydrophobicity, the PARPis partitioned into the liposomal bilayer

(Figure 1a). Cholesterol was added to stabilize and compact the lipo-

somes. The liposome film was hydrated under sonication with 300 mM

citric acid solution (pH 4). Cisplatin was dissolved in 0.9% sodium chlo-

ride solution (1 mg/mL; pH 7.4) under sonication at 65�C for 10 min to

ensure complete drug dissolution prior to addition to the liposomal sus-

pension under sonication for 15–30 min. The encapsulated NPs were

washed with tangential flow filtration (TFF), and the amount of loaded

cisplatin was determined using inductively coupled plasma mass spec-

trometry (ICP-MS). The encapsulation efficiency of cisplatin was 64%,

with a drug/lipid ratio of 9.7% (w/w). The net encapsulation efficiency

was 26% for AZD2281, corresponding to a drug/lipid ratio of 2.5%

(w/w), and 21% for BMN 673, corresponding to a drug/lipid ratio of

2.4% (w/w), as determined by high performance liquid chromatograph

mass spectrometry (HPLC/MS). The free drugs were initially purified by

filtration through a sterile 0.2-μm filter membrane, followed by TFF. Final

liposome purification and concentration were performed using TFF.41

To enhance the structural stability, cell-targeting capability, and

dual-drug release mechanism of the NP platform, we employed an LbL

polyelectrolyte deposition approach.32,36 Polycation PLL (15–30 kDa)

was deposited on the negatively charged liposomes to provide stability

and pH sensitivity, followed by deposition of the polyanion, hyaluronic

acid (HA, 40 kDa), to form the terminal layer. HA is a ligand for the

receptor CD44, which is highly over-expressed on most ovarian cancer

cells,42,43 and hence functions as a targeting layer on the NPs

(Figure 1a). Cryo-transmission electron microscopy (TEM) (TEM;

Figure 1b) revealed that the diameters of the NPs were consistent with

the average liposome hydrodynamic size (z-average) of 90 ± 12 nm

measured by dynamic light scattering (DLS) (Figure 1c). The liposome

diameter increased by ~10 nm upon sequential deposition of polyelec-

trolyte layers of PLL and HA (Figure 1b,c). The successful sequential

deposition of these polyelectrolytes was further confirmed by the

charge reversal of the initial zeta (ζ) potential of the surface charge of

the liposomes from −43 ± 5 to 26 ± 5 mV upon PLL addition, followed

by reversal to a final net surface charge of −31 ± 6 upon deposition of

the polyanion HA (Figure 1d). The final particles exhibited a polydisper-

sity index (PDI) of 0.12 ± 0.02 (Figure 1e).

The dual-drug release kinetics of the LbL NPs were investigated at

37�C in 300 mM citrate buffer with PBS at pH 5.5 to mimic physiological

conditions in the endosomal compartment and tumor microenviron-

ment.44 As expected, AZD2281 (Figure 1f) and BMN 673 (Figure 1g),

small hydrophobic molecules entrapped by the phospholipid bilayer of

the liposomes, were released first, followed by cisplatin. We hypothe-

sized that this release profile would allow the PARPis to sensitize

HGSOC cells by downregulating PARP protein activity and induce

SSBs12,45 prior to cisplatin release to potently induce DSBs.40,46

2.2 | Encapsulated PARPi and cisplatin NPs inhibit
DNA repair via HR

After evaluating BRCA1/2 and p53 mutation status and CD44 expres-

sion levels in HGSOC and other ovarian cancer cell lines by western

blot (Figure 2a,b), we elected to further study OVCAR8 and COV362,

which carry due to promoter hyper methylation and BRCA1 muta-

tions47 and have high and moderate CD44 expression levels, respec-

tively. These cell lines are of interest to us because of the

CD44-targeting ability of our HA-coated LbL NPs. Cell viability assays

were performed to assess the efficacy of the free and encapsulated

drugs in OVCAR8 cells (Figure 2c,d) and COV362 cells (Figure 2e,f) and

to determine their apparent IC50s (Figure 2g). Previous preclinical stud-

ies have shown that BMN 673 is significantly more potent than other

PARPis,28,48 and in our cell viability assay (Figure 2g) we observed a sig-

nificant difference (p < .05) in potency between BMN 673 and

AZD2281. Interestingly, BMN 673 was also significantly more potent

than cisplatin (p < .05) based on IC50 values, consistent with the litera-

ture.28,48 Notably, OVCAR8 cells were more sensitive than COV362

cells to PARPi treatment, and similar dose-dependent cytotoxicity was

observed in OVCAR4, Kuramochi, and OVISE cells (Figure S1a–c). We

believe that the effectiveness of the BMN 673-containing liposomes is

due to its broad targeting and tight inhibition of PARP1 catalytic activ-

ity, as reported by Shen et al.28 and Murai et al.48

To determine if the cytotoxicity observed in the cell viability

assays was due to induction of apoptosis as a result of inhibition of

DNA repair, OVCAR8 and COV362 cells were plated and incubated

with ~10 μM free or NP-encapsulated AZD2281, BMN 673, or cis-

platin for 24 hr. The cells were then stained for RAD51, an indicator

of HR during DNA break and phosphorylated γH2AX(Ser139), a surro-

gate marker of induction of the DNA damage response49 (Figure 2h).

γH2AX foci formation was significantly increased in drug-treated cells

compared to cells treated with dimethyl sulfoxide (DMSO) or blank

liposomes (p > .001), confirming induction of DNA damage and inhibi-

tion of double-strand DNA repair.50 Significant differences were

observed between the various drug treatment groups. Interestingly,

RAD51 and γH2AX(ser139) foci formation levels were higher in

OVCAR8 cells than in COV362 cells (p < .001), indicating greater sen-

sitivity of OVCAR8 due to BRCA1 promoter hypermethylation

(Figure 2h and Figure S1d). This observation is consistent with the sta-

tus of BRCA1 in these cell lines. OVCAR8 cells carry residual BRCA1

expression, whereas COV362 carry BRCA1 mutation.47,51 Overall, in

both cell lines, the free drugs showed greater potency than the encap-

sulated drugs, most likely due to the faster delivery of the free drugs

to cells; the encapsulated drugs require an initial step of CD44

receptor-mediated endocytosis of the LbL NPs as well as controlled

release from the carrier. Finally, these findings are also consistent with

the significant elevation of γH2AX(Ser139) expression compared to

RAD51 in BRCA-mutated cell lines after exposure to DNA-damaging

agents.49,52

In addition to their role in DNA repair, PARPs are also substrates

for Caspase 3 cleavage to initiate apoptosis. During apoptosis, PARP

proteins undergo proteolytic cleavage, which can be monitored by

western blot. The main PARP protein cleavage site is Asp214/Gly215,

and the two resulting protein fragments can be used as markers of

cleaved Caspase 3-mediated apoptosis activation.53 We therefore

investigated the presence of apoptosis in OVCAR8 cells by incubating

the cells with ~10 μM encapsulated AZD2281, BMN 673, or cisplatin
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F IGURE 2 PARPi and cisplatin induce apoptosis via DNA damage and inhibition of homologous recombination. Western blot showing (a) p53
and BRCA mutation and (b) CD44 expression status in A431 cells and a cohort of ovarian cancer cell lines. Dose–response curves for OVCAR8
cells treated with (c) free drug (FD) and (d) encapsulated nanoparticles (NPs) AZD2281, BMN 673, and cisplatin. Dose–response curves for
COV362 cells treated with (e) free and (f) encapsulated AZD2281, BMN 673, and cisplatin. (g) IC50 of the OVCAR8 and COV362 dose–response
curves. (h) Detection (top panel) and quantification (bottom panel) of RAD51, γH2AX foci formation, and 40 ,6-diamidino-2-phenylindole (DAPI) by
immunostaining in OVCAR8 cells after 24 hr of treatment with AZD2281, cisplatin, and BMN 673. I, Western blot showing relative expression
(top panel) and quantification (bottom panel) of cleaved PARP (cPARP), RAD51, and γH2AX in OVCAR8 cells after 24 hr of treatment with 1 μM
of AZD2281, cisplatin, and BMN 673. The data represent at least three independent experiments and are presented as the mean ± SEM.
Statistical analysis was performed by one-way ANOVA; *p < .05, **p < .01, ***p < .001. PARPi, poly(ADP-ribose) polymerase inhibitors
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for 24 hr. Compared to untreated cells, we observed elevated levels

of cleaved PARP (Asp214) proteins by western blot. These results are

consistent with the increased expression of γH2AX(Ser139) and

RAD51. Cleaved PARP levels were highest in BMN 673-treated cells,

consistent with the higher potency of BMN 673 compared to other

PARPis in our cell viability assays and other reports29,48 (Figure 2i).

2.3 | LbL polymeric liposomal NPs exhibit a
prolonged circulation half-life and selective in vivo
targeting of serous ovarian cancer cells

Successful in vivo therapeutic delivery and tumor targeting require a

nanoscale carrier with robust architectural stability and stealth-like

capability to avoid degradation, rapid systemic clearance, and seques-

tration of NPs in vital organs.33,54,55 We investigated the pharmacoki-

netics and biodistribution profile of our new LbL NPs by intravenous

(IV) or intraperitoneal (IP) administration of 100 μL (2.5 mg/kg) of

blank PLL-Cy5.5/HA-labeled liposomal NPs to two cohorts of 4- to

6-week-old healthy immunocompetent BALB/c female mice. Blood

samples were drawn at pre-injection and at 30 min, 4 hr, 12 hr, 24 hr,

48 hr, and 72 hr. Whole-body bioluminescence imaging signals and

microplate readings of the Cy5.5 absorbance of the blood samples

were used to calculate the percentage remaining of the NP dose from

the time points pre- and post-NP injection. Compared to IP adminis-

tration, IV administration produced a significantly lower nonspecific

tissue/organ NP biodistribution. At 30 min, 4 hr, 24 hr, and 72 hr after

IV administration, 48, 51, 38, and 9% of the Cy5.5 fluorescence signal

of the NPs remained (Figure 3a), compared to 42, 47, 39, and 13%,

respectively, for IP administration (Figure 3b). Similar time-dependent

decreases in organ NP accumulation were observed in the liver, kid-

ney, and spleen (Figure 3a,b). These observations support the favor-

able clearance and biodistribution profile of the NPs. According to the

F IGURE 3 Polymeric liposomal nanoparticles with a terminal HA layer exhibit prolonged blood circulation and selective targeting of CD44 on
COV362 cells. Biodistribution of blank Cy5.5-labeled polymeric liposomal nanoparticles in immunocompetent BALB/c female mice and vital organs
after (a) intravenous (IV) and (b) intraperitoneal (IP) injection. (c) The Cy5.5 fluorescence signal was quantified in retro-orbital blood samples taken at
specific time intervals, and the percentage remaining dose was calculated based on the initial injection dose. The nanoparticle half-life decay was
calculated using the two-compartmental model. Data are presented as the mean ± SEM, n = 3 mice per time point. (d) Modeling of orthotopic high-
grade serous ovarian cancer (HGSOC) in NCR nude female mice with luciferase- and CD44-expressing OVCAR8 xenografts. The disease phenotype
was acquired with an International Veterinary Information Service (IVIS) bioluminescence imager (left panel), tumor metastasis is presented as 3D
tomography in the sagittal, coronal, and transverse planes (middle panel), and whole body (right panel). HA, hyaluronic acid
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two-compartment model,56 the systemic blood circulation half-life of

the NPs following IV injection was 0.29 hr for fast decay and 19.1 hr

for slow decay (Figure 3c). These data indicate that the NP-mediated

drug delivery provided prolonged bioavailability in mice, with a half-

life of 19.1 hr. This observation is consistent with bioavailability of

PARPi in vivo when delivered by the conventional approach, as shown

by data from Rothenberg et al. on rapid plasma clearance of AZD2281

in tumor-bearing mice.

Hyaluronic acid-terminated NP particles have previously been show

both in vitro and in vivo to successfully colocalize with CD44 expression

on ovarian cancer cells.57-59 These studies demonstrate that HA-

terminated NPs will successfully target and bind CD44 receptors on

ovarian cancer cells such as OVCAR8, which expresses high levels of the

receptor. OVCAR8 cells have previously been shown to form uniform

tumor size and proliferate linearly in vivo.60 To validate work done by

Mitra et al. 2015 in our laboratory setting, we performed preliminary

studies to investigate the tumor formation and growth kinetics of

COV362, OVCAR8, OVCAR4, and Kuramochi HGSOC cells in NCR

female nude mice. The OVCAR8 cells tumor growth observed were con-

sistent with work done by Mitra et al. 2015. We therefore selected

OVCAR8-luciferase expressing cells to model orthotopic HGSOC pathol-

ogy in female nude mice. This disease model was established by IP

implantation of OVCAR8 cells adjacent to rather than in the ovaries. The

characteristics of HGSOC include the presence of aggressive tumor nod-

ules and disseminated micrometastases, particularly in the peritoneal

cavity and often near vital organs such as the liver, lungs, and spleen.

Injection of firefly luciferin followed by bioluminescence imaging and

whole-body 3D reconstruction revealed an orthotopic xenograft ovarian

cancer tumor phenotype in vivo recapitulating that of HGSOC pathology

(Figure 3d).

2.4 | Evaluation of the hematological toxicity of NPs
versus free drug delivery in vivo

Overall, in vivo preclinical testing and clinical trials have shown that

the significant treatment response of cisplatin and PARPI combination

therapy is accompanied by intolerable overlapping systemic toxicity,

which requires a significant reduction of the dosing of either cisplatin

or PARPI or their combination. Here, we administered escalating

doses of cisplatin, AZD2281, and BMN 673 as monotherapies or com-

bination therapies.61 Two different dose studies were performed.

In the first dose study, the mice received the selected dose of each

drug or the combination for three consecutive days, followed by

thrice-daily monitoring for 2 weeks.61,62 In the second dose study, the

mice received only a single dose and were again monitored for a

2-week period. In both studies, 6- to 8-week-old healthy immunocom-

petent BALB/c female mice were dosed with cisplatin, AZD2281, or

BMN 673 individually or in combination as free drugs or encapsulated

in NPs using the dosages previously described with moderate adjust-

ment.28 The standard procedure used is to determine the core NP

drug dosing based on the cisplatin concentration.

In the first high-dose study (Figure S2a), mice administered only

cisplatin, AZD2281, or BMN 673 in free form exhibited severe body

weight loss (>10% of original body weight) (Figure S2a; p < .0002),

anemia (Figure S2b), and pancytopenia (Figure S2d; p < .00081). In

addition, severe loss of body weight and pancytopenia were observed

in mice treated with free cisplatin in combination with AZD2281 or

BMN 673 on day 6 postdrug administration. In the cohorts of mice

treated with free cisplatin combined with AZD2281 or BMN 673, two

and three of the five mice in each group, respectively, died 8–10 days

postdrug injection. Among the mice treated with the encapsulated

drugs, no mortality was observed, and mice treated with only cisplatin,

AZD2281, or BMN 673 or cisplatin combined with AZD2281 or BMN

673 also exhibited appreciable body weight loss or pancytopenia

(Figure S2a), which could be an indication of dose limitation in the NP

drug combination. In the second (single dose) study, moderate

(5–10% of body weight) body weight loss and myelosuppression were

observed in mice injected with free cisplatin, AZD2281, or BMN

673 only, with moderate to severe effects in mice injected with cis-

platin in combination with AZD2281 or BMN 673. By contrast, mice

injected with the encapsulated drugs exhibited only mild (<5% of orig-

inal count) pancytopenia (AZD2281, p < .00065; cisplatin, p < .0067;

BMN 673, p < .00023; Figure 4d) and mild body weight loss (<5% of

original body weight) over the course of the 2-week study period

(Figure 4a). The findings for the free drug groups are consistent with

published preclinical data. Interestingly, the mice treated with LbL

NPs exhibited significantly reduced hematological toxicity, indicating

the increased safety of LbL NP drug delivery for combination therapy

compared to the conventional approach.

2.5 | Codelivery of encapsulated cisplatin and PARPi
significantly regresses tumor growth in vivo in
orthotopic HGSOC xenografts

Six- to eight-week-old female Crl:Nu (NCR) nude mice bearing tumors

after orthotopic implantation with luciferase-expressing OVCAR8 cells

were used to assess therapeutic efficacy in tumor regression. The mice

were randomly allocated to treatment groups and dosed weekly with

free or encapsulated AZD2281, BMN 673, or cisplatin or cisplatin

combined with AZD2281 or BMN 673. Tumor regression was moni-

tored weekly by whole-body bioluminescence imaging after injection

with firefly luciferin. The treatment response was evaluated based on

the tumor bioluminescence signal, Kaplan–Meier survival plots and

body weight and compared between the different treatment groups.

There was a significant improvement in therapeutic response for

monotherapy compared with PBS in the cohort of mice treated with free

cisplatin (p < .0026), AZD2281 (p < .0016), or BMN 673 (p < .0039) and

for encapsulated monotherapy compared with liposome vehicle alone in

the cohorts of mice treated with cisplatin (p < .0001), AZD2281

(p < .0014), or BMN 673 (p < .0008). Similarly, a significant improvement

in the treatment response was observed in mice treated with free or

encapsulated cisplatin monotherapy versus combination therapy with

BMN 673 (p < .0038). Similar levels of effectiveness were observed for

free cisplatin monotherapy compared with cisplatin combined with either

AZD2281 or BMN 673 (p < .0002), for encapsulated AZD2281 com-

pared with encapsulated cisplatin combined with AZD2281 (p < .0198),
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and for encapsulated BMN 673 compared with encapsulated cisplatin

combined with BMN 673 (p < .0056). Notably, the combination of cis-

platin with BMN 673 or AZD2281 was more effective in encapsulated

form than in free form (p < .0111). Among all treatment groups, encapsu-

lated cisplatin combined with BMN 673 produced the greatest improve-

ment in the treatment response (Figure 5a,b and Figure S4a,b). In

conclusion, the encapsulated single- and dual-drug therapies reduced

tumor burden and metastasis more effectively over time than the

corresponding free drug versions. The greater therapeutic efficacy of the

encapsulated drugs is presumably attributable to the selective targeting

of CD44 on OVCAR8 cells by HA (Figure 5f and Figure S4f). The pro-

posed mechanism of HA-terminated interaction with HGSOC is illus-

trated in Figure 5g.

The Kaplan–Meier plots of the survival fractions as a function of

treatment response were consistent with the bioluminescence treat-

ment response data. We observed statistically significant differences

(p < .0002) between all untreated and treated survival times. Treat-

ment with encapsulated cisplatin combined with BMN 673 increased

survival to 79 days, compared to 70 days for treatment with the free

drugs. Similarly, treatment with encapsulated cisplatin or AZD2281

F IGURE 4 Maximum-tolerated drug dose (MTD) studies revealed that encapsulated delivery was better tolerated than the free drugs.
(a) Body weight, (b) hemoglobin (Hb), (c) platelets, and (d) total white blood cells (WBC) were measured 2 weeks after IV injection of NCR nude
female mice with single monotherapy of AZD2281, BMN 673, or cisplatin or cisplatin combined with AZD2881 or BMN 673 in free drug (FD, left

panel) or nanoparticle-encapsulated form (NP, right panel). The data were normalized to untreated mice, analyzed as the area under the curve
(AUC) and plotted as histograms. Data are presented as the mean ± SEM, n = 3. Statistical analysis was performed by one-way ANOVA; *p < 0.05,
**p < 0.01, ***p < 0.001. IV, intravenous
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F IGURE 5 HA terminal-layered polymeric liposomal nanoparticles produce a superior in vivo therapeutic response in HGSOC xenografts.
NCR nude female mice bearing luciferase- and CD44-expressing OVCAR8 xenografts were treated weekly via IV administration of vehicle,
AZD2281, BMN 673, or cisplatin monotherapies or cisplatin combined with AZD2281 or BMN 673 (n = 8). (a and b) Plots of the bioluminescent
signal flux of the tumors from the start of treatment. Statistical significance was determined by one-way ANOVA with Turkey's multiple
comparison tests. (c and d) Kaplan–Meier plots of survival fractions. Statistical significance was determined using the log-rank (Mantel–Cox) test.
(e and f) The body weight distribution of the treatment groups was measured and graphed as scatter plots. Statistical significance was determined
by one-way ANOVA with Bonferroni's multiple comparison tests. Data are presented as the mean ± SEM; *p < .05, **p < .01, ***p < .001.
(g) Schematic illustration of the design of the polymeric liposomal nanoparticle assembly with loaded therapeutic cargo and the treatment
mechanism. FD, denote free and NP-encapsulated nanoparticles. HGSOC, high-grade serous ovarian cancer; IV, intravenous
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increased survival to 71 days, compared to 63 days for the corresponding

free drug treatments (p < .0002). Treatment with encapsulated BMN

673 increased survival to 64 days, compared to 58 days for the free

drug treatment (p < .0002) (Figure 5c,d and Figure S4c,d). Overall,

compared with free drugs, treatment with encapsulated drugs

improved survival by 10.34–12.85% among the various treatment

groups.

In untreated mice, tumors grew rapidly, and the mice were

sacrificed at 35 days post-tumor implantation (Figure 5e,f and

Figure S3e,f). The body weights of the mice treated with vehicle alone

increased rapidly, consistent with the overall increase in tumor burden

and the increased volume of ascites. By contrast, the body weights of

mice treated with free or encapsulated monotherapies were relatively

stable, and the differences in body weight between the untreated

controls and the mice receiving the free or encapsulated drug combi-

nations were statistically significant (p < .001). The difference in body

weight between the mice treated with liposome vehicle alone and

with the encapsulated combination therapies was also significant

(p < .0001; Figure 5e and Figure S3e).

The variation in body weight of mice can pose a challenge to its

use as the sole indicator of toxicity in in vivo studies. We therefore

performed H&E staining to analyze the vital organs of the cohort of

mice that received the dual-combination treatment. Tissue histology

revealed that the mice treated with free cisplatin and AZD2281

exhibited high numbers of white pulp cells of lymphoid origin in the

spleen and significant numbers of nucleated red blood cells in the

bone marrow. In mice treated with free cisplatin and BMN 673, large,

immature, and enlarged hepatocytes were observed; in the kidney,

there were enlarged tubules with necrotic cells and fewer nephrons,

possibly due to tubular damage. These observations are suggestive of

liver and kidney atrophy with accompanying myelodysplastic features

in the bone marrow of these mice. By contrast, mice treated with

encapsulated cisplatin and AZD2281 and BMN 673 displayed less

liver and kidney toxicity compared to mice treated with the drugs in

free form. Close microscopic examination and scoring revealed the

presence of 1.15 and 1.0 nephrotoxic cells per field in encapsulated

cisplatin-AZD2281 and cisplatin-BMN 673 treated animals, respec-

tively, compared to 4.2 and 5 nephrotoxic cells per field in

cisplatin-AZD2281 and cisplatin-BMN 673 free-drug treated

groups, respectively (Figure 6a), which was statistically significant

(p < .0139). Similarly, severe to mild hepatic degeneration was

observed in mice treated with free cisplatin and BMN 673 which con-

tains 6.5 nephrotoxic cells per field compared to 2.5 nephrotoxic cells in

mice treated with the encapsulated cisplatin and BMN 673 drugs

(p < .0217; Figure 6a). Nucleated red blood cells and immature myeloid

cells in the bone marrow were also markedly increased 30% in both cis-

platin combinations with either AZD2281 or BMN 673 free drug-treated

mice compared to the NP-treated group tissues (Figure 6a). Thus, the

nanocarriers significantly reduced or eliminated the systemic toxicity

associated with the delivery of these drugs via the conventional free

drug approach.

Ovarian cancer is thought to originate from mesenchymal stem

cells of the ovaries63 and fallopian tubes,64 and the mesentery and its

surrounding blood vessels and lymph nodes are favorable metastatic

sites during ovarian cancer cell proliferation. Assessment of the level

of metastasis within the peritoneum in the treated mice revealed a

correlation between the treatment response and the level of OVCAR8

cell tumor burden within the mesentery and surrounding organs

(Figure 6b). Furthermore, there were significant reductions in tumor

burden at various metastatic sites in the cohort of mice treated with

encapsulated cisplatin and BMN 673 compared with those treated

with encapsulated cisplatin and AZD2281, the corresponding mono-

therapies, and the no treatment group (Figure 6b,c). We also

performed immunohistochemical staining of tumor cells for the

Paired-box gene 8 (PAX8) protein, which is used as a differential

marker of EOC.65 H&E staining was performed to examine and con-

firm tumor infiltration into key organs such as the intestine, spleen,

and liver (Figure 6d). The increase in volume of peritoneal ascites also

correlated with the mesenteric tumor burden across most of the treat-

ment groups. Mice treated with PBS were used as a positive control,

and tumor-free mice were used as a negative control without ascites

(Figure 6e).

2.6 | Correlation of apoptotic markers and
biochemical metabolites with treatment response

The treatment of tumor xenografts with PARPis and cisplatin resulted

in tumor regression mediated by apoptotic events induced by the

inability of tumor cells to efficiently repair massive DNA damage due

to chemotherapy. The induction of apoptosis is marked by increased

expression of several proteases that cleave PARPs in response to

DNA damage. For example, PI3-kinases such as ataxia telangiectasia

mutated (ATM) rapidly phosphorylate γH2AX(Ser139) at sites of DNA

damage to facilitate HR DNA repair. Failure of DNA damage repair ini-

tiates Caspase 3-mediated programed cell death via cleavage of PARP

proteins at the site of DSBs. To correlate the level of the therapeutic

response with the induction of apoptosis, we stained tumor slices

from treated mice for the presence of phosphorylated γH2A.X

(Ser139) foci, a surrogate marker of DSBs, cleaved phosphorylated

PARP (Asp214) foci, and cleaved Caspase 3 protein expression levels.

As anticipated, high levels of γH2AX(Ser139) foci were observed in

both encapsulated and free dual drug-treated tumor tissues compared

with single drug-treated tumors and control untreated tumors. For

example, a median of 38.4 and 47 γH2A.X(Ser139) foci were observed

cisplatin-AZD2881 and cisplatin-BMN 673 free drug-treated tumor

tissues, respectively, compared to 45.2 and 54.2 γH2A.X(Ser139) foci

in NP-treated cisplatin-AZD2881 and cisplatin-BMN 673 tissues.

While 23. 8 and 29.2 foci were observed in free drug AZD2281 and

BMN673 alone treated tissues, respectively (Figure 7a,b). Consistent

γH2AX(Ser139) foci elevation in treated tumor tissues, cleaved PARP

foci were also markedly increased in tumors treated with dual drugs

compared with the single therapies, whether encapsulated or in free

drug form, and compared with untreated control tumors (Figure 7a,b).

Similarly, high levels of cleaved Caspase 3 staining were observed in

the combination treatments compared with the single treatments,

again indicating the induction of apoptosis and tumor shrinkage
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(Figure 7a,b). Various tissues were also used as controls to validate

the quality of staining (Figure S3).

We further investigated the association of systemic toxicity with

treatment response in mice that showed a significant loss of body

weight during treatment. As previously noted, body weight analysis

alone is not sufficient for inferring the level of systemic toxicity of

chemotherapy. We therefore employed both histochemical and bio-

chemical analyses to evaluate the level of toxicity, particularly in mice

treated with drug combinations. A panel of liver and kidney function

tests was performed on blood serum samples taken at the time of

euthanasia. The serum blood panel includes aminotransferase (aspar-

tate aminotransferase [AST] and alanine aminotransferase [ALT])

levels which are useful biochemical indicators of liver pathology. The

AST/ALT ratio revealed mild liver toxicity in mice treated with free

cisplatin and moderate to severe liver toxicity in mice treated with

free cisplatin combined with either AZD2281 (p < .021) or BMN

673 (p < .0021) compared to control mice (Figure 7c). By contrast,

only mild systemic toxicity was observed in the samples from the

cohorts of mice treated with encapsulated cisplatin combined with

AZD2281 or BMN 673, consistent with the H&E histology analysis

(Figure 7c–f). The AST/ALT ratio in cisplatin and BMN 673 free drug-

treated animals were as high as 6.3 compared to 3.21 in cisplatin and

BMN 673 encapsulated treated cohort. Similarly, AST/ALT ratio was

4.37 in cisplatin and AZD2881 free drug-treated animals versus 2.47

in cisplatin and AZD2881 encapsulated treated group. Similarly, neph-

rotoxicity was observed in mice treated with free cisplatin combined

F IGURE 6 Nanoparticle-
treated xenograft mice exhibit
reduced organ toxicity and
diminished tumor burden. (a),
Histological analysis by
hematoxylin and eosin (H&E)
staining of the organs of groups
receiving cisplatin combined with
AZD2281 and/or BMN
673 compared with untreated
mice and quantification of hepatic
degeneration and nephrotoxic
cells. (b) Light micrographs of
freshly excised mice mesentery
showing OVCAR8 tumor burden
and other vital organs in mice
treated with free or encapsulated
BMN 673 alone or combined
with cisplatin. (c) Bar plots of
OVCAR8-tumor metastases at
different anatomic sites of
peritoneal organs, including the
mesentery/omentum, spleen,
liver, pancreas, kidney, ovary,
diaphragm, and lungs in the

nanoparticle-treated groups.
(d) Immunohistochemical analysis
of OVCAR8 tumor tissue by
PAX8 and H&E staining showing
OVCAR8 tumor cell infiltrations
into the liver, spleen, and
intestinal tissues. (e) Control and
OVCAR8 xenograft-bearing NCR
nude female mice and extracted
peritoneal fluids showing ascites
in the untreated mice. FD, free
drug; NP, nanoparticle
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F IGURE 7 Encapsulated dual delivery of PARPi and cisplatin significantly inhibits homologous recombination, elevates apoptotic markers,
and decreases systemic toxicity in xenograft-bearing mice. Top panel, H&E; remaining panels, immunohistochemical analysis and quantification of
cleaved PARP (cPARP), γH2AX(pSer139) foci formation, and cleaved Caspase 3(CC3) expression in tumors treated with (a), free drug (FD) or
(B) nanoparticle (NP)-encapsulated AZD2281, cisplatin, BMN 673, dual cisplatin-AZD2281, or dual cisplatin-BMN 673. PBS or blank NPs were
used as controls, respectively. The graphs present the mean ± SEM of the number of positive cells in at least two mouse tumor samples. Statistical
significance was determined by one-way ANOVA with Bonferroni's multiple comparison tests; *p < .05, **p < .01, ***p < .001. Serum blood

samples were analyzed for liver function tests, (c) AST/ALT, (d) alkaline phosphatase, and (e) total bilirubin. (f) Serum albumin, (g) serum creatinine
(Cr), and (h) serum blood urea and nitrogen (BUN) kidney function tests to assess the levels of organ and systemic toxicity in the treatment
groups. The graphs present the mean ± SEM of at least two mouse tumor samples. Scale bar: 500 μm for H&E and 200 μm for
Immunohistochemistry (IHC). ALT, alanine aminotransferase; AST, aspartate aminotransferase; poly(ADP-ribose) polymerase inhibitor
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with either AZD2281 (p < .0031) or BMN 673 (p < .00219) compared

to control mice, as indicated by serum blood urea and nitrogen (BUN)

levels (Figure 7g,h). For example, serum BUN level were as high as

114 mg/mL in cisplatin and BMN 673 free drug-treated animals com-

pared to only 34.5 mg/mL their encapsulated treated cohort. These

results suggest a strong therapeutic benefit of LbL NPs as a safe plat-

form for the codelivery of these drug combinations with a limited dos-

ing window due to inherent systemic toxicity.

3 | DISCUSSION

Extensive preclinical and clinical trial testing of conventionally admin-

istered cisplatin and PARPi combination therapies have shown that

PARPis are particularly sensitive and effective against ovarian and

breast cancers deficient in BRCA1, BRCA2, and PTEN DNA repair

genes.18,62 The coadministration of PARPis with DNA-damaging che-

motherapies has been extensively shown in clinical trials to prolong

tumor-free survival, improve therapeutic response, and avert the

development of resistance due to synergistic effects. However, these

clinical benefits are associated with overlapping hematological Grade

3 side effects, and thus full doses of these drug combinations are not

tolerated by patients. Development of resistance to cisplatin has been

one of the challenges in platinum therapy in clinical settings. Recently

several strategies including platinum in combination with anti-

angiogenic agents such as PARPi have been deployed to achieve suc-

cess in reversing platinum-based chemo-resistant is in many

malignancies.25,26 These have had more successful in breast and ovar-

ian cancers which lend themselves very well to cisplatin and PARPi

combination therapy due to the BRACness of these diseases. The

advent of targeted nanotherapy also allows for a high dose of cisplatin

to be delivered more effectively to cancer cells over healthy cells.

Taken together, these findings suggest that the application of targeted

delivery of cisplatin and other therapeutics may be sufficient to miti-

gate platinum resistance particularly in BRCA-deficient cancers.

In this report, we describe the packaging of cisplatin, AZD2281, or

BMN 673 monotherapies and cisplatin in combination with AZD2281

or BMN 673 in an LbL NP drug delivery platform for administration to

orthotopic OVCAR8 HGSOC-xenograft tumor-bearing mice. This

nano-delivery platform employs liposomes modified with polyelectro-

lyte nano-layers to provide improved biodistribution and a terminal

functionality that enhances NP trafficking for drug delivery and

colocalization into tumors.36,37,66,67 The liposomal NPs are layered by

electrostatic deposition of a polycation, PLL, to provide structural sta-

bility and pH-responsiveness in the tumor microenvironment, whereas

the terminal polyanion layer of the NPs, HA, is critical for selective

CD44 targeting of HGSOC tumor cells.68 The extravasation of LbL

NPs from the blood circulation into the tumor microenvironment

(~pH 6.8) facilitates intracellular uptake and trafficking of NPs into the

endosomal compartment. The prevailing low endosomal pH of 5.5

enhances the swelling and disassembly of the LbL architecture,

resulting in mechanistic release of the PARPi, followed by cisplatin.

This LbL NP drug delivery platform enables ratiometric, synergis-

tic, and modular delivery of combinations of hydrophilic drugs, such as

cisplatin, and highly hydrophobic drugs, such as PARPis, that conven-

tional approaches cannot codeliver simultaneously. The mechanistic

release of the PARPi followed by cisplatin ensures complete blockade

of DNA repair by HR and effective induction of apoptosis, leading to

synthetic lethality and a level of effectiveness not achievable by con-

ventional anticancer drug delivery approaches.

A critical attribute of any therapeutic agent is appropriately

sustained bioavailability. The LbL NP platform prolongs drug half-life

in the blood circulation and enables tumor cell type-specific killing

while sparing healthy cells, thus avoiding systemic toxicity. Increasing

the circulation half-life of cisplatin simply by increasing the amount of

drug is not possible due to the severe side effects associated with its

cumulative systemic toxicity, such as myelosuppression, nephrotoxicity,

renal dysfunction, and ototoxicity.25,26 Myelosuppression, heartburn,

abdominal pain, upper respiratory tract infection, and musculoskeletal

pain are also associated with conventional delivery of AZD2281 and

BMN 673.69 These side effects are exacerbated when free cisplatin and

PARPi are administered as combination therapy, as observed in our

first escalated dose studies. Three mice treated with free mon-

otherapy or cisplatin combined with either BMN 673 or AZD2281

became very moribund, with severe loss of body weight, and were

euthanized within 6 days of the study. Hematological analyses at the

time of euthanasia revealed pronounced pancytopenia, although we

did not perform histological H&E staining for confirmation. By con-

trast, mice treated with LbL NP-encapsulated single or dual drugs

exhibited only moderate loss of body weight and reduced hemoglo-

bin concentrations compared with untreated mice; the latter

exhibited no significant decline in body weight or changes in hema-

tological parameters. Moreover, only mild systemic toxicity was

observed in the mice receiving encapsulated dual-drug therapies, in

contrast to the moderate to severe liver toxicity observed in mice

receiving the corresponding free forms.

Tumor regression was most significant in mice treated with LbL

NP-encapsulated cisplatin combined with BMN 673, followed by mice

treated with encapsulated cisplatin combined with AZD2281, with

moderate loss of body weight and overall survival of 80 and 71 days,

respectively. By comparison, the level of tumor regression, although

significant, was lower in the groups treated with free cisplatin com-

bined with BMN 673 or AZD2281, with overall survival times of

72 and 61 days, respectively. Moreover, in the free drug-treated

groups, there was a significant loss of normalized body weight, most

likely due to systemic toxicity. This weight loss was actually countered

by an increase in tumor burden and ascitic fluids in the peritoneum.

The apoptotic markers phosphorylated (Asp214) cleaved PARP,

pH2AX (p139), and cleaved Caspase 3 (Asp175) were significantly

increased in tumors treated with free or encapsulated single- or dual-

drug therapies compared with untreated tissues.

In summary, we have developed a new, safer nanomedicine LbL

NP platform for the effective delivery of ratiometric, synergistic com-

binations of hydrophilic, and hydrophobic anticancer drugs. These LbL

NPs circumvent some of the challenges of conventional drug delivery
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approaches and provide greater tumor remediation, prolonged blood

half-life, targeted delivery, and colocalization of multiple anticancer

agents within tumor tissue while avoiding nonspecific release of

cytotoxic compounds in healthy tissues at pH 7.4. In addition to

overcoming drug-resistance mechanisms, LbL NPs reduce systemic

toxicity. Although not investigated here, LbL NPs are also an ideal

platform for the codelivery of cytotoxic agents in combination with

nucleic acids, such as siRNA or microRNA, that can modulate specific

genetic pathways in tumors to elicit strong cytotoxic and immuno-

modulatory responses.32,70,71 The translational potential of these

systems in clinical settings will be enhanced by the use of known

liposomal formulations and nonimmunogenic biomacromolecules,

such as polysaccharides and polypeptide backbones, as well as

recent advances in the scale-up and potential manufacture of these

systems.41,72,73 Targeted genetic testing and an expanded under-

standing of pathophysiological variations among individual patients

will further guide the design of this modular nanomedicine platform

toward personalized cancer therapy, particularly for the critical chal-

lenge of ovarian cancer.

4 | METHODS

4.1 | Cell culture

All ovarian cancer cell lines were gifts from Dr. Ronny Drapkin

(Perelman School of Medicine, University of Pennsylvania, Philadel-

phia, PA), and luciferized74 except A431, which was obtained from

ATCC (Manassas, VA). All cell lines were cultured in RPMI1640

(Cellgro, Manassas, VA), except COV362 and COV318, which were

cultured in DMEM, JHOS2, and Kuramochi, which were cultured in

DMEM/Ham's F-12 50/50. BMN 673 and AZD2281 were purchased

from MedChem Express (Princeton, NJ), dissolved in DMSO, and

stored in aliquots at −20�C. Cisplatin was purchased from Sigma-

Aldrich (St. Louis, MO).

4.2 | LbL polymeric liposomal NP assembly

Liposomes were formulated at a mass ratio of 56:39:5 using 1,2-distearoyl-

sn-glycero-3-phosphocholine (DSPC), 1-palmitoyl-2-oleoyl-sn-glycero-

3-phospho-(10-rac-glycerol) sodium salt (POPG; both from Avanti Polar

Lipids), in a final concentration of 25 mg/mL and cholesterol (Sigma-

Aldrich), thus 14.24 mg of DSCP; 9.5 mg of cholesterol and 1.25 mg of

POPG dissolved in chloroform and methanol in a 3.33:1.67 mL volume

ratio together with the hydrophobic drug BMN 673 or AZD2281 at 12 wt

% of each. The ratio of lipid to drug was 3 mg for BMN 673 and 3 mg for

AZD2281. A thin film was formed under rotary evaporation at 40�C and

145 mbar, desiccated overnight, and then hydrated with 5 mL 300 mM of

citric acid buffer (pH 4.0) for 1 hr in a water bath at 65�C under sonication

of 5 mL of liposomes preperation. The warm liposomes were passed

through 0.45- and 0.2-μm polyethersulfone (PES)-syringe filters, and the

pH of the liposomes was adjusted to 6.5 by 300 mM sodium carbonate

buffer. The final liposome concentration after pH adjustment was

20 mg/mL. Cisplatin was loaded into the liposomes core at 10 mg/mL

in 0.9% sodium chloride solution. The final preparation was filtered

via a 0.2-μm PES syringe filter. The PARPi accumulated within the

liposomes, from an equal mass supply (3 mg of each drug per 50 mg

of lipid used) during fabrication, and the encapsulation efficiency

was higher for AZD2281 than for BMN 673.

Salt buffers and excess unloaded drug were removed using a TFF

(mPES MidiKros filter module #DO2-E750-05-N) system,41 followed

by LbL assembly of liposomal NPs with poly-L-lysine (PLL) and

HA. PLL HBr (15–30 kDa, Sigma-Aldrich) and HA (200 kDa, Lifecore)

were used as received from the vendor. All solutions were sterile fil-

tered with a 0.2-μM filter prior to use. The liposomes suspension was

diluted to 1 mg/mL and added dropwise to 45 mL of 500 μM PLL with

rapid stirring, followed by TFF purification. The concentrated PLL-

layered liposomes were diluted to 1 mg/mL and added dropwise to a

rapidly stirring 45-mL solution of HA (10 μM), followed by stirring for

30 min at 4�C. The HA-layered liposomes were recovered by TFF

wash as described previously.41

4.3 | Physicochemical characterization

The hydrodynamic size and PDI were determined using DLS (Malvern

ZS90 particle analyzer, λ = 633 nm, material/dispersant RI 1.590/1.330).

The zeta potential was determined using laser Doppler electrophoresis

(Malvern ZS90). All samples were diluted in MilliQ water. Quantification

of BMN 673 and AZD2281 in the NPs was determined by high perfor-

mance liquid chromatography-mass spectrometry (HPLC-MS) (1,100

series triple quadruple LC/MS, Agilent Technologies, Lexington, MA)

equipped with UV–VIS detector. An aliquot of 10 μL of each sample was

injected in a mobile phase of 1:1 acetonitrile/water (pH 5.0) 0.1% formic

acid and separated with C16, 3 μL 2.1 × 150, 120A separation column

between absorbance of 180–240 nm. BMN 673 and AZD2281 were

detected at 210 and 220 nm, respectively. The cisplatin concentration

was determined by ICP-MS 7900 (Agilent Technologies, Lexington, MA).

Samples were initially prepared in 1:1 acetonitrile/water solution to

release cisplatin from NPs and further diluted (1:200) MilliQ water and

5 μL of each sample analyzed on ICP-MS and compared to known cis-

platin standard. Cryogenic TEM was performed on a JEOL 2100 FEG

instrument to image a frozen dilute sample of the liposomal suspension

at 120 kV.

4.4 | Drug release study, extraction, and
quantification

Dual drug-loaded LbL NPs were incubated under sink conditions (1-L

sink for 1 mL of liposome suspension) in 1× PBS pH 7.4 or in citrate

buffer pH 5.0 under agitation in 1 mL of 3500 MWCO Float-A-Lyzer

(Spectrum) at 37�C. PBS or citrated buffer was replenished with the

equivalent of sample taken each day of the experiment. Samples were

taken of the liposomes to quantify remaining drug concentrations by for

quantification. For quantification of cumulative release of AZD2281 and

BMN 673 samples were vortex in 50:50 mixture of mobile phase of ace-

tonitrile:water with 0.1% formic acid (pH 5). Samples were first sepa-

rated by HPLC and analyzed by mass spectrometry. The separation was

14 of 18 MENSAH ET AL.



between absorbance of 180 and 240 nm for BMN 673 and 210 and

220 nm for AZD2281. For cumulative release cisplatin samples quantifi-

cation, samples were diluted 200-fold in MilliQ water and platinum con-

tent measured on ICP-MS (Agilent Technologies). All samples were

analyzed in triplicate.

4.5 | Cell viability and immunofluorescence

Cells were cultured at 5,000 cells/well in a 96-well plate in triplicate for

24 hr, followed by treatment with varying doses of free or encapsulated

drugs alone or in combination. Cell viability was determined at 96 hr

using the CellTitre Glo assay (Promega) on a Tecan microplate reader.

Immunofluorescence was performed as previously described.75 Briefly,

to detect HR, COV362, OVCAR4, and OVCAR8 cells were plated at

6.0 × 104 cells on 18-mm PLL-coated glass cover sides in 12-well plates

for 24 hr and then treated with 10 μM free or encapsulated drugs for

24 hr. The cells were costained with anti-rabbit RAD51 (H-92, sc-8349,

Santa Cruz Biotechnology, TX) and anti-mouse phosphorylated γH2AX

(Ser139), (#JBW301, Millipore, CA) primary antibodies overnight at 4�C.

Protein expression was detected with anti-rabbit IgG Alexa Fluor

647 and anti-mouse IgG Alexa Fluor 488 (A-21121, Invitrogen) second-

ary antibodies with DAPI (0.1 mg/mL) nuclear counterstaining for 2 hr

at ambient temperature. Images were acquired on an Applied Precision

Delta Vision Microscope (Olympus).

4.6 | Western blotting

Western blotting was performed using a standard protocol.76 The fol-

lowing primary antibodies were used at a dilution of 1:1,000: BRCA1

(D54A8, #9025), BRCA2 rabbit (H-300, sc-8326, #9012), CD44

mouse (8E2, #5640), PTEN (D4.3, #9188), EGFR rabbit, ß-actin

mouse, and ß-actin rabbit (13E5, #4979; all Cell Signaling Technology,

Danvers, MA). Anti-rabbit IgG horseradish peroxidase (HRP)-

conjugated secondary antibody (#7074; Cell Signaling Technology)

was used. Protein expression was visualized with ECL prime western

blotting detection reagent substrate on an Image Quant LAS4000

imager.

4.7 | Pharmacokinetics and targeting of ovarian
tumor cells

Four- to six-week-old female immunocompetent BALB/c mice

(Taconic) were IV and IP injected with 100 μL of blank Cy5.5-PLL-

conjugated and HA terminal-layered liposomal NPs (2.5 mg/mL). Fluo-

rescence signals were obtained for the whole body and for harvested

organs on a Xenogen IVIS imaging system (Caliper) at various time

points (n = 3). For blood half-life determination, retro-orbital bleeds

were performed on a set of animals (n = 3). All signals were normalized

to the Cy5.5 autofluorescence signal, and the fluorescence signal from

the NP content in the blood circulation was used to calculate and fit a

two-compartmental pharmacokinetics model in the PRISM GraphPad

software v5. To target ovarian tumors in vivo, COV362-mCherry cells

(3 × 106 cells) were IP implanted in female NCR nude mice. Three

weeks after tumor induction, xenograft tumor- and nontumor-bearing

mice were injected with Cy5.5-PLL-conjugated and HA terminal-layered

NPs. D-luciferin (100uL of 15mg/mL) was IP administered, and IVIS was

used to simultaneously image the Cy5.5-NP biodistribution and lucifer-

ase signal at various time points (excitation at 675 nm for Cy5.5 and

720 nm for luciferase).

4.8 | Maximum tolerated dose

To determine the therapeutic dose for in vivo treatment, we per-

formed high and medium maximum tolerated dose studies with free

or encapsulated cisplatin and BMN 673 or AZD2281 alone or in com-

bination. Animals were doses with free and nano-formulated drugs

were administrated weekly by IV injections of the following agents: PBS

or blank liposomal NP control (5.0 mg/kg once weekly), free cisplatin

(7.00 mg/kg in 0.9% NaCl solution, free AZD2281 (50 mg/kg), free

BMN 673 (0.33 mg/kg), free cisplatin and AZD2281 (5.00/50 mg/kg),

free cisplatin and BMN 673 (5.0/0.33 mg/kg), and nano-formulated

drugs at: cisplatin (5.00 mg/kg), free AZD2281 (50 mg/kg), free BMN

673 (0.33 mg/kg), free cisplatin and AZD2281 (5.00/50 mg/kg), and free

cisplatin and BMN 673 (5.00/0.33 mg/kg). Four- to six-week-old female

NCR nude mice (nu/nu, Taconic) were weighed and randomized to

12 treatment arms (n = 3 per group) in both the free and encapsulated

dosing cohorts. The therapeutic agents were IV administered via the tail

vein. Weight loss and lethargy or morbidity were assessed daily for

15 days. Body weight was measured daily, and an approximately 60-μL

retro-orbital blood sample was taken weekly in a 0.2-mL K3E K3EDTA

minicollect tube (VWR) for complete blood count (cbc) on a Vetscan

HM5 hematology analyzer (Abaxis) to assess treatment efficacy and

bone marrow toxicity.

4.9 | Mouse xenograft studies

The number of mice required in each treatment group to achieve sta-

tistical significance was determined by a power calculation.77 Female

NCR (nu/nu, Taconic, NY) mice were intraperitoneally injected with

luciferase-expressing OVCAR8 cells (2 × 106 cells/200 μL) suspended

in sterile Hank balanced salt solution. After 2–3 weeks, tumor-bearing

mice were randomized into 12 groups (n = 8–10 mice for the free and

encapsulated drug treatment groups, n = 15 for the PBS and lipo-

somes alone control). Free and encapsulated drugs were administered

weekly by IV injection of the following agents: PBS, drug carriers, 10%

2-hydroxyl-propyl-beta-cyclodextrine, 6% solutol, and 84% PBS for

free olaparib and BMN 67328 or blank liposomal NP control

(5.0 mg/kg) once weekly); free cisplatin (6 mg/kg); free AZD2281

(50 mg/kg); free BMN 673 (0.35 mg/kg); free cisplatin and AZD2281

(5/50 mg/kg); free cisplatin and BMN 673 (5/0.35 mg/kg); encapsu-

lated cisplatin (5 mg/kg); encapsulated AZD2281 (50 mg/kg); encap-

sulated BMN 673 (0.33 mg/kg); encapsulated cisplatin and AZD2281

(5/46.8 mg/kg); and encapsulated cisplatin and BMN 673 (5/

0.32 mg/kg). Once weekly, the mice were weighed, and biolumines-

cence signals of tumor growth kinetics were obtained by IP injection

of 0.1 mL of D-luciferin (30 mg/kg for 10 min) followed by animal
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imaging on a Xenogen IVIS Imaging system (Caliper). All animal experi-

mentations adhere to the National Institute of Health (NIH) guide for

the care and use of laboratory animals and procedures were also con-

ducted with the approval of the MIT Committee on Animal

Care (CAC).

4.10 | Necropsy and immunohistochemistry

Animals were monitored daily and euthanized when they became

moribund, when their body weight decreased by more than 15%, or

when lethargy, ruffled fur, or severe ascites were observed. Upon

euthanasia, an arterial blood sample was withdrawn, and the body

weight and volume of ascites were recorded. Complete liver and kid-

ney biochemistry tests were performed using serum by Charles River

Laboratories (Shrewsbury, MA) to assess organ toxicity. Tissue speci-

mens were immediately fixed in formalin for paraffin embedding or

snap frozen in optimal cutting medium (Miles, Inc., Elkhart, IN) for fro-

zen slide preparation. All immunohistochemistry and H&E staining

and sample processing were performed by the Swanson Technology

histology core (MIT, Cambridge, MA). All samples were cut into

5-mm-thick sections and stained with H&E for gross organ histological

analysis. For immunohistochemistry, tissue sections were stained with

the following primary anti-human antibodies: cleaved Caspase 3 rabbit

(Asp175 #96640), anti-Ki67 mouse (8D5, #9449), anti-cleaved PARP

rabbit (#56625), anti-phospho-histone H2A.X rabbit (Ser139, #9718),

and PAX8 mouse monoclonal antibody. The secondary antibody was

a mouse-on-mouse HRP-polymer antibody (MM620L, BIOCARE

Medical, Pacheco, CA). All staining was quantified by two investiga-

tors in a blinded fashion. The histology slides were independently

reviewed and scored by Dr. Roderick Bronson (faculty at Tufts Veteri-

nary School, Jackson Laboratory and Harvard Medical School) and a

member of the MIT Swanson histology core.

4.11 | Statistical analysis

Cell analysis was based upon triplicate experiments, and the results

are presented as the mean ± SEM of at least three independent exper-

iments. Student's t test was used for comparisons between two

groups, and one-way ANOVA was used for comparisons among three

or more groups of in vitro and in vivo data. Differences between sam-

ples were considered statistically significant at p < .05. Two-way

ANOVA was used to compare histoscore for foci after treatments.

Survival data were analyzed using the Kaplan–Meier method, and log-

rank statistics was used to analyze the survival distribution. All statisti-

cal analyses were performed using the GraphPad Prism6 software

(GraphPad Prism 5.0, GraphPad Software, La Jolla, CA).
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