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ABSTRACT: Single-nanoparticle (NP) combination chemotherapeutics are
quickly emerging as attractive alternatives to traditional chemotherapy due to
their ability to increase drug solubility, reduce off-target toxicity, enhance blood
circulation lifetime, and increase the amount of drug delivered to tumors. In the
case of NP-bound drugs, that is, NP-prodrugs, the current standard of practice is
to assume that the subcellular mechanism of action for each drug released from
the NP mirrors that of the unbound, free-drug. Here, we use an RNAi signature
assay for the first time to examine the mechanism of action of multidrug-
conjugated NP prodrugs relative to their small molecule prodrugs and native
drug mechanisms of action. Additionally, the effective additive contribution of
three different drugs in a single-NP platform is characterized. The results indicate that some platinum(IV) cisplatin prodrugs,
although cytotoxic, may not have the expected mechanism of action for cisplatin. This insight was utilized to develop a novel
platinum(IV) oxaliplatin prodrug and incorporate it into a three-drug-conjugated NP, where each drug’s mechanism of action is
preserved, to treat tumor-bearing mice with otherwise lethal levels of chemotherapy.

■ INTRODUCTION

Traditional cancer chemotherapy is often complicated by the
emergence of resistance and/or significant toxicity that can
have adverse health ramifications even decades after exposure.1

These side effects are often the limiting factor in how much
chemotherapy an individual patient can receive, and thus they
directly affect patient outcome. Although there are established
clinical protocols to ameliorate side effects from specific drug
regimens,2 new treatment modalities, such as NP-based drug
carriers, can increase the quantity of drug a patient receives
while reducing negative side effects.3 To date, approximately a
dozen single-drug-carrying NPs have been approved by the
FDA;3 however, given that clinical chemotherapy often involves
administration of multiple drugs in combination, it stands to
reason that the simultaneous delivery of multiple drugs from a
single NP platform would allow for better anticipation of drug−
drug interactions, and potentially take advantage of synthetic
lethal combinations or time-dependent drug synergy.2,4 The
recent clinical success5 of CPX-351, a two-drug carrying
liposomal formulation for treatment of acute myeloid
lymphoma, provides evidence that multidrug carrying NPs
can indeed provide improved patient outcomes, and motivates
new studies focused on the design of multidrug-containing
NPs. Indeed, there has been an explosion of interest in the
design of multidrug containing NPs for cancer therapy.6

Our group has developed7 the brush-first ring-opening
metathesis polymerization (ROMP) strategy, which has

enabled the efficient synthesis of brush-arm star polymer
(BASP) NPs of well-defined size that can carry precise ratios of
two, three, or potentially more drugs with differing mechanisms
of release and action.8 In our report on three-drug-conjugated
BASPs,8a we designed a bis-norbornene cisplatin(IV) diester
prodrug that served as the BASP core, a design that was
inspired by analogous Pt(IV)-esters and diesters that are widely
used as prodrugs and in NP-based Pt drug delivery.9 With this
system, we demonstrated that NPs with three drugs: Pt(IV)-
diester cores and doxorubicin (DOX) and camptothecin
(CPT) components, were significantly more cytotoxic in vitro
than any combination of two- and one-drug NPs.
Following these studies, we sought a deeper understanding of

the subcellular mechanism of action of our BASP NPs.
Typically, new drug-carrying NPs are tested on their ability
to induce apoptosis or inhibit cell growth in vitro or in vivo,
and these observations of cytotoxicity and/or efficacy are
assumed to arise from drug release from the NP and then
binding of the released drug to the same subcellular target(s) as
the corresponding free drug. Herein, in an effort to prove that
our three-drug-conjugated BASP NPs released their three
drugs, and that these drugs displayed the expected additive
combination of mechanisms, we applied a simple yet powerful
in vitro RNAi signature assay.10 Although such assays have been
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employed to characterize nearly all classes of clinically used
anticancer drugs, novel heavy metal-based agents, and
combinations of chemotherapeutics,10,11 they have not been
used to elucidate the mechanism of action of drugs in a NP
scaffold.
We were surprised to find that although our drug-conjugated

BASP NPs are indeed cytotoxic, and that two of the three NP-
bound drugs, DOX and CPT, displayed their expected
mechanisms of action as topoisomerase inhibitors, the
mechanism of action of the cisplatin prodrug component was
quite different from that of free cisplatin. The insight gained
from this discovery allowed us to design a new Pt(IV)-prodrug
based on oxaliplatin, and a corresponding three-drug-containing
BASP NP with validated mechanisms for all three drugs. These
particles displayed in vivo efficacy and much lower toxicity as
compared to the same three free drugs. We believe that our
findings should motivate wide adoption of the RNAi signature
assay in NP drug delivery research and design, as it is preferable
to translate NP-prodrugs with validated subcellular mechanisms
of action to preclinical and clinical studies.

■ RESULTS AND DISCUSSION

Nanoparticle Design, Synthesis, and Characterization.
Our NP synthesis is achieved through the design (Figure 1a) of
drug-conjugated branched macromonomer12 (MM) prodrugs
of doxorubicin (DOX) (DOX-MM and its photocleavable
(PC) analogue DOX-PC-MM), camptothecin (CPT) (CPT-
MM), and platinum(IV) diester cross-linker (XL) prodrugs of
cisplatin and oxaliplatin (CisPtXL and OxPtXL, respectively).
CisPtXL is the same cross-linker we used previously,8a whereas
OxPtXL was designed on the basis of insights obtained from
the RNAi signature assay (vide infra). See the Supporting
Information for the synthesis and characterization of all
compounds. Additionally, nondrug-conjugated MMs and XLs
were prepared: a 3 kDa poly(ethylene glycol) (PEG)-MM
(PEG-MM)7a and an acid-sensitive acetal-based cross-linker
(AcetalXL),8b respectively. Each of these MMs and XLs
(Figure 1a, Figure S1, and Scheme S1) is functionalized with
norbornene units to enable brush-first ROMP,7a where the
desired MMs are polymerized by exposure to bispyridyl-
modified third generation Grubbs initiator7b,13 (G3) (Figure 1b

Figure 1. Chemical structures of free drugs, prodrug branched macromonomers (MMs), and cross-linkers (XLs); a general nanoparticle synthesis;
and nanoparticle composition and size distribution data. (a) Chemical structures are provided for the free drugs, MMs, and XLs reported in this
investigation. (b) A general reaction scheme illustrates the process of synthesizing drug-conjugated BASP NPs using “brush-first” ROMP. The TEM
image (scale bar = 200 nm) to the right of the BASP graphic shows one batch of three-drug-conjugated NPs comprised of CPT, DOX, OxPt
prodrugs (i.e., MMs and XLs), and 1% Cy5.5 fluorophore. (c) Data table that lists each BASP NP reported in this work, as well as the prodrug
composition and size distribution characterization data. Note: The XL for the first three entries is the AcetalXL. Also, the NP-3D-CisPt size
distribution was reported previously;8a it should be noted that the particles in this work are generally smaller than those in our previous work as we
optimized conditions to avoid aggregation during DLS and TEM analysis.
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and Scheme S2), which generates bottlebrush polymers
comprised of defined ratios of the branched MM drug
conjugates and PEG-MM. These living bottlebrush polymers
are then cross-linked by addition of AcetalXL, CisPtXL, or
OxPtXL, which creates BASP NPs. A key advantage of this
brush-first ROMP approach is the ability to swap MMs and/or
XLs, which allows for the synthesis of BASPs from any single
drug or drug combination that suits a particular treatment
regimen with excellent control (>95% conversion, Figure S6)
over relative drug loading ratios and high reproducibility and
yield. Using this methodology, we synthesized the series of
zero-, one-, and three-drug-conjugated BASPs listed in Figure
1c. Note: We refer to BASPs as “NP” with the corresponding
drug MMs and XLs used listed in the name. For example, NP-
DOX is a BASP that only carries DOX, which is incorporated
via the use of DOX-MM. The name “3D” means that the BASP
has three drugs. For example, NP-3D-CisPt is prepared from
DOX-MM, CPT-MM, and CisPtXL. NP-3D-DD-OxPt is a
BASP with three drugs from DOX-MM, CPT-MM, and
OxPtXL. “DD” in this case stands for “diluted DOX”, and
refers to the amount of DOX-MM used in this BASP. NP-3D-
PC-OxPt also has three drugs, but uses photocleavable (PC)
MM DOX-PC-MM instead of DOX-MM. The relative drug
equivalents used in the synthesis and size distributions as
determined by dynamic light scattering (DLS) and transmission
electron microscopy (TEM) for each BASP are listed in Figure
1c and Table S1. The total theoretical mass fractions of each
drug in each BASP are listed in Table S1. For a full description

of the synthetic protocols and basic characterization of each
BASP reported in this work, see the Supporting Information.
The prodrugs (Figure 1a) reported herein are designed to

release their respective native drug in response to various
internal or external triggers. Degradation of the core of BASPs
derived from platinum XLs is achieved by the reduction of the
Pt(IV) diester XL prodrug (i.e., CisPtXL or OxPtXL) to yield,
putatively, the cisplatin(II) or oxaliplatin(II) free drugs.14 This
process leads to release of the BASP’s constituent drug-
conjugated bottlebrush polymers. Release of DOX and CPT
from the nonphotocleavable BASPs (NP-CPT, NP-DOX, NP-
3D-CisPt, and NP-3D-OxPt) occurs via enzymatic hydro-
lysis,8b,15 whereas release of DOX from the photocleavable
BASPs (such as NP-3D-PC-OxPt) occurs rapidly upon
exposure of the nitrobenzene-functionalized tether to long-
wavelength ultraviolet (UV) light.12a,16 This particle was
designed to explicitly test the impact of externally triggered
release of DOX on the expected cell killing mechanism; the use
of light alone has a negligible adverse effect on cell viability (see
the Supporting Information).

RNAi Signature Assay for Studying the Mechanism of
Action of Prodrugs and Single-Drug NPs. As described
above, the goal of this investigation is to study the mechanism
of action of our BASP NP combination therapies in vitro using
an RNAi signature assay. The RNAi signature approach uses
murine lymphoma cells that are partially infected with eight
different GFP-tagged shRNAs targeting genes related to p53
activation and cell death.10 Partial populations of shRNA-
bearing cells are dosed (Table S2) with drug such that 80−90%

Figure 2. RNAi signatures and classification of individual free drugs, prodrugs, and nanoparticles. (a) Heat maps and classification of native DOX,
prodrug DOX-MM, and BASP NP-DOX. (b) Heat maps and classification of native CPT, prodrug CPT-MM, and BASP NP-CPT. (c) Heat maps
and classification of native CisPt, prodrug CisPtXL, and BASP NP-CisPt. (d) Heat maps and classification of native OxPt, prodrug OxPtXL, and
BASP NP-OxPt. (e) Principal component analysis of RNAi signatures from native, prodrug, and nanoparticles of DOX, CPT, CisPt, and OxPt, as
well as representative drugs from transcription/translation (Txn/Tln) inhibitor, Topoisomerase II (Top2) poison, Topoisomerase I (Top1) poison,
and DNA cross-linker reference set categories. (f) Heat map depicting response of Top1 and Top2A shRNA-bearing cells to treatment with DOX or
CPT free drug or nanoparticles (NP-DOX and NP-CPT, respectively).
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of the cells are killed (LD80−90) at 48 h to eliminate potential
artifacts due to drug metabolism, efflux, etc. Thus, the method
involves detailed cytotoxicity studies, but goes further by
allowing us to compare the mechanism of cell death to those of
classes of known drugs. Together, the relative enrichment or
depletion of the eight individual shRNAs in response to drug at
LD80−90 is referred to as our “signature”. Because the hairpins
are targeting genes involved in cell proliferation and survival,
this signature is unique for each distinct drug mechanism of
action. Thus, we have been able to create a reference set with
signatures of drugs with known mechanism of action
representing nearly all classes of clinically used cytotoxic
drugs, as well as newer, targeted agents.10,11 We are then able to
compare the signature of a new drug against this reference set
using a modified K-nearest neighbors (K-NN) algorithm. First,
K-NN determines which category in the reference set most
closely resembles the new drug in question. The new drug is
assigned a linkage ratio (LR), which is the pairwise distance of
the category member drugs with the new drug included divided
by the pairwise distance of the category member drugs without
the new drug. Thus, a LR > 1 means the new drug would
expand the closest category, and a LR < 1 means the new drug
makes the category smaller. However, if the new drug does not
contract the category pairwise distances, a determination must
be made of how much expansion is acceptable. To do this, LRs
are generated for each drug in the reference set not belonging
to the closest category generating a negative control
distribution. The linkage ratio of the new drug is compared
to the negative control distribution to obtain a p-value. If p <
0.05, then one can confidently classify the new drug as
belonging to the closest category. If p > 0.05, then the drug is
determined to exhibit a mechanism of action not represented in
the reference set.
Using the RNAi signature assay, we characterized the free

drug, prodrug, and, for the first time in NP characterization, the
single- and multidrug conjugated BASPs that are illustrated in
Figure 1a. It should be noted that all of the drugs, small
molecule prodrugs, and BASPs displayed similar levels of
cytotoxicity. Thus, on the basis of cytotoxicity alone, we might
assume that all of the compounds display their expected
mechanism of action. Indeed, the signature assay of native
DOX and prodrugs DOX-MM and NP-DOX classified (Figure
2a,e) each species as a Topoisomerase II (Top2) poison.
Furthermore, CPT, CPT-MM, and NP-CPT were all classified
(Figure 2b,e) as Topoisomerase I (Top1) poisons. As an
additional validation of the RNAi signature results, DOX and
CPT free drug, as well as NP-DOX and NP-CPT, were also
tested with validated Top1 and Top2A shRNAs via GFP
competition assays (see Supporting Information). Knockdown
of Top1 elicited resistance to the Top1 poison CPT and
sensitivity to the Top2 poison DOX. The inverse was true for
knockdown of Top2A; cells harboring the Top2A shRNA were
resistant to free DOX and exhibited sensitivity to free CPT.17

These results were recapitulated for the respective BASPs,
specifically NP-CPT and NP-DOX, where each BASP
produced (Figure 2f) responses similar to those of their
corresponding free drugs CPT and DOX, respectively.
Although our DOX and CPT prodrug NPs displayed the

expected mechanisms of action, the prodrugs CisPtXL and NP-
CisPt classified (Figure 2c,e) as new categories not represented
in the reference set, and not as DNA cross-linkers, the
anticipated mechanism of action of free cisplatin. Thus, our
cisplatin prodrug has an unexpected subcellular mechanism of

action despite its cytotoxicity. To investigate the mechanisms of
these compounds more deeply, the RNAi signatures for each of
the free drugs and their corresponding prodrug monomers and
BASPs were plotted (Figure 2e) using principal component
analysis (PCA). PCA is a means of representing the variance in
a multidimensional data set in fewer dimensions. These data
indicate that the CisPtXL and NP-CisPt are both more similar
to the transcription/translation inhibitors than to the DNA
cross-linkers. To support this observation, we used a CisPt-
DNA adduct specific antibody18 to analyze genomic DNA
isolated from murine lymphoma cells after 8 h of free cisplatin
versus CisPtXL treatment. Cisplatin-DNA adducts were only
detected (Figure S7) as a result of cisplatin (CisPt) treatment,
and not CisPtXL, further confirming that the latter is not acting
as a DNA cross-linker.
One hypothesis that may explain this unexpected mechanism

is that our cisplatin prodrugs are not forming free cisplatin
upon intracellular reduction, and that they are forming an
alternative, yet still cytotoxic platinum species. Indeed, the
reduction of Pt(IV) prodrugs has been observed to yield
various Pt(II) products based on the reaction conditions and
the reducing agent used.14c,19 On the basis of analogy to these
studies, it is possible that an axial norbornene-carboxylate
ligand in our cisplatin prodrugs shifts to an equatorial position
of the platinum center, thus forming a carboxylate-Pt(II)
complex rather than cisplatin. On the basis of our data, this new
complex is still cytotoxic, but it displays a significantly different
pattern of DNA binding than cisplatin, potentially forming a
majority of monofunctional DNA adducts.
With this hypothesis in mind, we designed oxaliplatin (OxPt)

prodrug OxPtXL (Figure 1a). Oxaliplatin is a clinically used
agent for colorectal cancer, and although it is also a Pt(II)
agent, its spectrum of activity is quite distinct from that of
cisplatin, and it tends to be effective even against cisplatin-
resistant cell lines.20 Notably, oxaliplatin classifies as a
transcription/translation inhibitor and not a DNA cross-linker
in our RNAi signatures assay. Thus, even if the less labile
oxalate ligands of OxPtXL were displaced by norbornene
carboxylate ligands, the expected mechanism of action would
not be changed. Indeed, both the free drug OxPt and the NP-
OxPt classified as transcription/translation inhibitors (Figure
2d). Interestingly, the prodrug crossinker OxPtXL did not
significantly classify as a transcription/translation inhibitor, but
transcription/translation inhibition was the most similar
category. Furthermore, our molecular rationale for the
mechanistic differences between NP-CisPt and NP-OxPt,
which is based on binding of a norbornene carboxylate ligand
to an equatorial position of the Pt center, is supported by a
comparison of the corresponding Pt(II) release profiles (Figure
S8) associated with each NP in the presence of glutathione
(GSH) reducing agent. Whereas release of Pt from NP-OxPt
plateaus at approximately 75 days, release of platinum from
NP-CisPt never plateaus within the scope of a 270-day
investigation, suggesting that platinum remains bound to the
polymeric carrier. Given these observations, we selected
OxPtXL rather than CisPtXL for use in all of the subsequent
studies. These results show how our simple RNAi signature
assay can help guide the design of NPs with validated
subcellular mechanisms of action.

Using RNAi Signatures and Constrained Linear
Regression To Determine the Effective Contributions
of Drugs in a Three-Drug-Conjugated BASP. To use RNAi
signatures to determine the relative effective contribution of
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multiple drugs with additive toxicities within a single NP, we
first conducted a Bliss Independence21 analysis (Figure S9) to
confirm that the three drugs used in this investigation display
additive toxicity rather than synergistic or antagonistic toxicity.
Given an additive drug combination, it should be possible to
extract the contribution of each drug to the cell killing
mechanism using constrained linear regression methods (if a
synergistic drug combination were used, the RNAi signature
assay would be dominated by the signature of a single drug in
the combination).11b

A BASP capable of externally triggered drug release was
designed wherein we could easily validate the presence or
absence of the triggered drug in a combination of other drugs
without having to change the BASP composition. For this,
CPT-MM and photocleavable DOX-PC-MM were cross-linked
with OxPtXL via brush-first ROMP to yield three-drug-
conjugated BASP NP-3D-PC-OxPt. The incorporation of the
UV-triggered DOX-PC-MM allows for rapid release of free
DOX upon exposure to 365 nm light.16b NP-3D-PC-OxPt was
used to treat cells either with or without long wavelength light
irradiation (≤2 min; this dose of light has a negligible impact
on cell viability; Figure S10), and RNAi signatures were
obtained. Constrained linear regression was then performed
(Figure 3a and Figure S10a,b) on the RNAi signatures to
ascertain the relative effective contributions of each drug’s
mechanism of action between the UV-irradiated and non-
irradiated BASP treatments. As anticipated, the signatures
obtained in the absence of light irradiation showed (Figure 3a,
“no UV”) that free DOX was not predicted to have contributed
to the mechanism of action of the NP, as determined by
constrained linear regression. Conversely, constrained linear
regression predicted (Figure 3a, “UV”) that free DOX
contributed to the UV-irradiated NP mechanism of action at
approximately 55%. We then analyzed the mechanism of action
of two novel BASPs that either contained DOX-PC-MM
diluted down to ∼0.2% of the amount used in NP-3D-PC-
OxPt (the so-called NP-3D-DD-OxPt, where DD = diluted
DOX), or possessed the non-photocleavable DOX-MM (thus,
NP-3D-OxPt). In both of these cases, regardless of treatment
with UV light, constrained linear regression was able to identify
(Figure 3b,c and Figure S10a,b) the contribution, or lack
thereof in the case of the diluted DOX NP, of free DOX to the
combined mechanism of action.
With the ability to discern individual drug contributions via

constrained linear regression, NP-3D-OxPt was analyzed in
more detail in terms of the quantitative percent contribution
that the CPT, DOX, and OxPt components, all drugs whose
individual NPs were determined to recapitulate their
corresponding native behavior, exhibit toward the overall
mechanism of action. Upon testing the combination via
RNAi signature and constrained linear regression, it was
determined (Figure 3c and Figure S10a,b) that free CPT, DOX,
and OxPt contributed approximately 38%, 26%, and 36%,
respectively, toward the killing of cancer cells.
The studies described above demonstrate that with our

simple RNAi signature assay it is possible to validate the
subcellular mechanisms of action and contributions to cell
killing of multiple drugs in a single nanoparticle for the first
time. With this assay as a guiding tool, we identified NP-3D-
OxPt as an ideal particle for translation to in vivo studies. It
should be noted that because the subcellular mechanism of a
chemotherapeutic agent is usually indifferent to the cell type,
for example, DOX is a Topo II inhibitor regardless of the cell

type, the mechanism of action as determined by our RNAi
signature assay in lymphoma cells can be reasonably expected
to translate to other cells. In fact, we view this translatability
across cell types as a major advantage of the assay, which has
been demonstrated in non-NP systems.11b Furthermore, in
vitro RNAi signature results have been recapitulated precisely
in vivo.22 The CPT, DOX, OxPt combination in NP-3D-OxPt
is relevant for potential applications in ovarian cancer therapy
where platinum agents and topoisomerase inhibitors are current
first- and second-line therapies; thus, in the studies described
below, we focus on in vivo efficacy of this particle in an ovarian
cancer tumor model.

In Vivo Efficacy Studies of Three-Drug-Conjugated
BASP with Validated Subcellular Mechanism of Action.
To investigate the therapeutic efficacy of the three-drug-
conjugated NP-3D-OxPt in vivo, NCR-NU mice were injected
subcutaneously in each hind flank with 1.25 × 106 ovarian

Figure 3. Contribution of different drugs to overall mechanism of
action of three-drug-conjugated nanoparticles as predicted by
constrained linear regression. (a) Constrained linear regression
prediction of contribution to mechanism of action of a three-drug-
conjugated BASP NP (i.e., NP-3D-PC-OxPt) that has photocleavable
(PC) DOX MM with or without UV irradiation at 365 nm. (b)
Constrained linear regression prediction of contribution of mechanism
of action (with or without UV irradiation) of a related, three-drug-
conjugated NP that has a very diluted (∼0.2%) amount of DOX-PC-
MM. (c) Constrained linear regression prediction of contribution to
mechanism of action (with or without UV irradiation) of a three-drug-
conjugated NP (i.e., NP-3D-OxPt) that has a non-photocleavable (i.e.,
ester linker) DOX-MM. The reported values represent the mean and
standard error of the mean.
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carcinoma cells (SKOV-3, ATCC) mixed (1:1) with Matrigel
and PBS buffer. Tumor growth was monitored for 2−4 wks
until the tumor reached approximately 0.5 cm in diameter, at
which point three treatment groups were established: those
treated with sterile-filtered 5% aqueous glucose solutions
containing either (i) NP-3D-OxPt, (ii) a free drug formulation
at the same DOX, CPT, and OxPt concentrations as NP-3D-
OxPt, or (iii) the blank vehicle. The BASP treatment schedule
consisted of four tail-vein injections over 22 d (∼1 inj./wk),
where each injection consisted of 5 mg of BASP in 200 μL of
5% glucose solution, a dose that is close to the maximum
solubility limit (∼6 mg/200 μL) of the three-drug-conjugated
BASP. Because ∼10% of each NP-3D-OxPt is made up of the
three anticancer drugs, each dose is equal to ∼20 mg total
drug/kg mouse (Table S1). Simultaneous delivery of all three
drugs within one BASP entity ensures that the three drugs will
arrive at the tumor in a ratio defined by the BASP, which
precludes differences in pharmacokinetics and biodistribution
that could be observed for mixtures of single-drug-conjugated
NPs. Therefore, subcellular mechanistic results obtained in cell
culture can be expected to translate to the tumor.
As a consequence of the branched MM design, the BASP

possesses a PEG shell that may provide for enhanced in vivo

circulation time.23 Indeed, we observed a blood circulation half-
life (t1/2) of 3.2 h for NP-3D-OxPt with 1% Cy5.5-MM24 in
NCR-NU mice (Figure S11a), which allows sufficient time for
passive accumulation of the BASPs in subcutaneous tumors
(Figure S12a,b for NP-OxPt conjugated with 1% Cy5.5-MM,
and Figure 4a for NP-3D-OxPt conjugated with 1% Cy5.5-
MM) within 20−24 h postinjection via the enhanced
permeability and retention (EPR) effect.25 A qualitative
biodistribution analysis of NP-3D-OxPt with 1% Cy5.5-MM
in BALB/c mice (Figure S11b) and NP-OxPt conjugated with
1% Cy5.5-MM in tumor-laden NCR-NU mice (Figure S12b,c)
reveals liver and tumor accumulation after 24 h, respectively,
followed by excretion of the residual NP in the mouse feces
after 48 h.
The mice treated with the free drug formulation lost

significant total body mass after only two treatments (Figure
4b, blue trace, >10% average reduction) and therefore had to be
euthanized, with their blood serum and tissues harvested for
post-therapeutic analysis. The BASP treatment group, however,
displayed (Figure 4b; black trace, BASP; red trace, vehicle)
excellent therapeutic tolerance, as evidenced by a consistent
total body mass and no noticeable adverse effects throughout
the course of the study. These results validate the ability of the

Figure 4. Therapeutic tolerance and efficacy of a three-drug-conjugated BASP NP in comparison to its analogous free drug formulation. (a)
Nanoparticle (NP) localization is observed (via epi-fluorescence) 20 h postinjection (5 mg of NP-3D-OxPt-Cy5.5)/200 μL of 5% aqueous glucose
solution) in a NCR-NU mouse bearing two subcutaneous SKOV-3 xenograft tumors. Fluorescence emission (720 nm) was achieved through
excitation (675 nm) of the Cy5.5 fluorophore (∼1% of NP). (b) The average body mass of the NP, control, and free drug treated groups was
monitored over the course of 60 d. Mice treated with the free drug formulation show significant (>10%) weight loss, whereas the NP treated and
vehicle control mice demonstrate consistent body masses. (c) Average tumor volume progression of the NP, control, and free drug treated groups
was monitored over the course of 60 days. The treatment schedule (injections on days 0, 5, 11, and 22) is marked by blue arrows just above the x-
axis. (d) The survival (i.e., Kaplan−Meier survival curve) of the NP, control, and free drug treated groups was monitored over the course of 60 days.
As a consequence of significant weight loss, the free drug treated group was euthanized before the third dose. The NP treatment group, however,
finished the 60-day study with >60% probability of survival, while that of the vehicle control group was greatly diminished.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b06321
J. Am. Chem. Soc. 2016, 138, 12494−12501

12499

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06321/suppl_file/ja6b06321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06321/suppl_file/ja6b06321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06321/suppl_file/ja6b06321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06321/suppl_file/ja6b06321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06321/suppl_file/ja6b06321_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b06321


BASP NP to deliver each drug at or above its MTD in
comparison to the corresponding free drug cocktail. The tumor
volume progression plot illustrates (Figure 4c) a clear
regression in tumor growth associated with the BASP treatment
group, whereas the mice in the vehicle control group showed
no signs of tumor regression. After the fourth and final BASP
treatment, both the BASP treatment and the vehicle groups
showed a continued increase of tumor volumes, although the
tumors in the former case grew at a slower rate. The survival
rate of each treatment group reflects (Figure 4d) the overall
therapeutic tolerance and efficacy associated with the BASP
combination therapy, whereas the mice from the vehicle control
group were removed as deemed necessary, according to the
criteria established in the MIT Committee on Animal Care
protocol. After completion of the 60 d therapeutic efficacy
study, the surviving mice (referred to as “chronic mice”) from
the BASP treatment group were sacrificed, and their blood
serum and organs were harvested to perform a blood panel
analysis (Figure S13). This study allowed for comparison of
toxicity between the poststudy chronically treated mice, the
midstudy acutely treated mice, and vehicle mice. As anticipated,
the acutely and chronically treated mice associated with the
BASP treatment group demonstrated little to no kidney
damage as evidenced by the low blood urea nitrogen to
creatinine ratio (B/C; Figure S13), as well as very low amounts
of liver damage-related biomarkers, such as alanine and
aspartate aminotransferases (ALT and AST, respectively, Figure
S13). Pathology of the paraffin-embedded, H&E-stained cross
sections (∼5 μm thick) of the livers (Figure S14) from the
BASP-treated and vehicle mice supports this biomarker
quantification analysis. Cross sections of the paraffin-
embedded, H&E-stained tumors harvested from acute/chronic
BASP-treated mice show (Figure S15) strong evidence of
cancer cell death in direct contrast to the healthy vehicle
control tumor tissue. To assess the degree to which our NP-
3D-OxPt dose could demonstrate efficacy in larger tumors
from the same cancer cell line, we carried out another in vivo
therapeutic efficacy study (Figure S16) starting with tumors
∼1.0 cm in diameter and observed comparable therapeutic
tolerance and efficacy relative to the results from the first study.

■ CONCLUSIONS
We have demonstrated for the first time that RNAi signature
assays can be used to design and validate the subcellular
mechanisms of NP combination therapies for cancer. With this
tool, we prepared a novel BASP NP comprised of three drugs
that displayed the expected mechanisms of action and nearly
equal contributions to cell killing for all three drugs. We then
showed that this ROMP-based BASP NP is an effective
construct for delivering a precise ratio of an otherwise toxic
combination of three drugs to a subcutaneous xenograft tumor
in mice. To our knowledge, this study is the first report of using
ROMP-based NPs for in vivo combination cancer therapy. This
work highlights the fact that the observation of cytotoxicity
from a NP-bound drug does not necessarily mean that the drug
is operating via its expected mechanism of action, as we
observed for our cisplatin constructs. Instead, the mechanism of
action should be validated regardless of observed efficacy or
cytotoxicity. The RNAi signature assay described here allows
for a fast and accurate in vitro combinatorial screening that is
capable of predicting a prodrug NP’s mechanism of action.
Although our Pt(IV)-diester XL, intended to be a precursor to
cisplatin, did not behave as anticipated in vitro, the RNAi

signatures led us to develop a novel Pt(IV)-diester XL that
functions as a faithful precursor to OxPt. Moreover, constrained
linear regression analysis, paired with RNAi signatures, revealed
the relative effective contributions of each drug toward the
mechanism of action in our three-drug-conjugated BASPs. The
ability to assess the contribution in vitro of each drug adds
another layer of quality control to NP-based drug delivery,
which should translate to in vivo applications because
subcellular mechanisms of action are not expected to change.
The initial stoichiometric ratios can be tuned to achieve BASPs
where all drugs contribute equally, or BASPs that possess
disparate drug contributions that may potentially maximize
each drug’s MTD, all the while taking into account the kinetics
associated with the release of each drug from the combination
NP platform. Looking ahead, this modular platform and the
RNAi-based mechanism of action predictive assay can be
further utilized to assess different combinations of drugs in
BASPs in an effort to treat other types of cancer. We expect
that the RNAi signature assay can be widely employed to
characterize other types of nanoparticles different from BASPs
that also carry one, two, three, or potentially more drugs.
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