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Combination drug therapy is the
co-administration of two or more
drugs to a patient and is standard

clinical practice in the treatment of many
classes of cancer and infectious disease.1

These multidrug regimens are usually de-
signed to achieve therapeutic synergy,
or a medicinal effect that is greater than
the sum of each drug treatment alone.
Small-molecule drugs have been the main-
stay of such strategies, but nanoparticle-
formulated drugs have now come of age
in the clinic and are inspiring innovative
investigations in multidrug delivery. Nano-
particle therapies provide improved drug
solubility, reduced systemic toxicity, longer
circulation times in the blood, controllable
release profiles, and the potential to target
specific cells and tissues.2 The first clinical
treatments were approved in the 1990s as
liposome-based therapies (e.g., Doxil) for
cancer, and >25 nanotherapies have since
been clinically tested, with many more in
industrial preclinical development.2 The
first multidrug nanotherapies are now un-
dergoing phase II/III clinical trials for cancer.
This convergence of nanomaterials and

combination therapy is compelling in the
context of personalized medicine practices
that aim to prescribe a drug treatment regi-
men optimized for each patient.3 Aided by
technological breakthroughs in affordable,
high-throughput gene sequencing as well

as computational and systems biology, ge-
netic profiles of patients, diseased tissues,
and pathogens are now being factored into
the diagnosis and treatment process to
selectively interfere with cellular pathways
that cause harm and to spare healthy cells.
This significant step forward in diseaseman-
agement is only at the early stages of im-
plementation, but it is tempting to think
that nanomedicine will offer clinicians the
ability to fine-tune the pharmacological
properties of multidrug cocktails with cell-
specific targeting in the near future. Clinical
nanomedicines still need substantial opti-
mization, but rapidly developing combina-
torial drug screening tools and advanced
animal models may help to maximize their
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ABSTRACT Nanoparticles have recently emerged as a promising class of

carriers for the co-delivery of multiple drugs. Combination therapies of small-

molecule drugs are common in clinical practice, and it is anticipated that

packaging into single macromolecular carriers will enable drug release in precisely

balanced ratios and rates and in selectively targeted tissues and cells. This vast

level of pharmacological control is intriguing, especially from the perspective of

tailoring personalized treatments with maximized therapeutic synergy for

individual patients. Here, we discuss promising formulations and opportunities to employ advanced screening tools and new animal models of disease

that can improve chances for successful clinical translation.
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clinical potency in ways that were
not previously possible.

Nanoparticle Designs for Co-Delivery
of Drugs. Nanoparticle formulations
offer several advantages for multi-
drug delivery compared with com-
binations of free drugs. Controlled
release from nanocarriers can
normalize the pharmacokinetics,
biodistribution, and stability of
chemically dissimilar drugs that
independently have disparate
pharmacological behaviors. Thus,
long-circulating formulationscancon-
tinuously release drugs at controlled
ratios or allow independent tuning of
release rates of eachdrug inways that
would simply not be feasible with
rapidly clearing freedrugs. In addition,
stimulus-responsive, targeted carriers
in development can co-release drugs
in the same organ, tissue, or cell, to
increase efficacy and to reduce toxi-
city from off-target exposure.

Nanoparticle formulations in clin-
ical use include polymers, liposomes,
micelles, and proteins, in which a

drug is either encapsulated or con-
jugated to internal domains of the
carrier. For co-formulation of two
drugs, chemical and physical differ-
ences must be considered, as drugs
span a wide range of characteristics
from hydrophobic small molecules
(e.g., most inhibitors and chemo-
therapies) to large hydrophilic
macromolecules (e.g., antibodies
and nucleic acids). Hydrophobic
drugs like paclitaxel naturally parti-
tion to hydrophobic domains of
nanoparticles, whereas hydrophilic
drugs typically require physical en-
trapment or chemical conjugation
to prevent rapid release. To expe-
dite clinical implementation, it is
also necessary to use carriers com-
posed of FDA-approved materials,
which often include lipids and a
variety of biodegradable polymers
like hydrophilic polyethylene glycol
(PEG) and polyvinyl alcohol (PVA) as
well as hydrophobic polylactic acid
(PLA), polyglycolic acid (PGA), and
PLA-PGA copolymers (PLGA). Within

these constraints, scientists have de-
vised unique formulations that allow
both high drug-loading capacity and
co-delivery of diverse combinations
of drugs (see Figure 1).

Liposomes have been designed
to encapsulate hydrophilic and
hydrophobic chemotherapy pairs,
including irinotecan/floxuridine
(CPX-1, Celator), cytarabine/daunor-
ubicin (CPX-351), and paclitaxel/
tanespimycin.4�6 These drug com-
binations have been used clinically
as small molecules but have limited
efficacy due to mismatched clear-
ance rates and/or poor solubility
that requires co-administration with
toxic solvents. Drug ratios can be
readily tuned in these 100�300 nm
nanoparticles, and sustained release
maintains specific synergistic ratios in
the blood over 24 h after injection
(Figure 2a).5 The drug combina-
tion CPX-351 is now in phase III
clinical trials after showing mark-
edly lower toxicity than the free
drug combination aswell as improved

Figure 1. Nanoparticle designs for co-delivery of multiple drugs.
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efficacy for acute myeloid leukemia
in preclinical and clinical studies
(Figure 2b), and CPX-1 showed pro-
mising results in phase II trials for
colorectal cancer.4

Compared with liposomes and
micelles composedof lipids,micelles
prepared from synthetic polymers
have more tunable sizes, drug-
loading capacities, and release rates.
Widely utilized copolymers of am-
phiphilic PLGA-PEG spontaneously
assemble into micelles and have
been screened across a large param-
eter spacebyFarokhzad, Langer, and
co-workers; the lead candidate is an
aptamer-targeted 100 nm nano-
particle containing the hydrophobic
chemotherapeutic docetaxel (BIND-
014) that has shown promising re-
sults in phase I clinical trials for a
variety of cancers.7 The same group
has now co-encapsulated docetaxel
with chemotherapeutic Pt(IV) coor-
dination complexes.8 ThePt(IV) com-
plexes are hydrophilic and thus do
notmatch the chemical properties of
docetaxel for which the system was
developed, so it was first conjugated
to a hydrophobic PLA polymer prior
to co-assembly in micelles, and the
combination drug showed substan-
tially higher toxicity toward cultured
cancer cells compared with single-
drug nanoparticles. Fahmy and co-
workers used a different approach
to co-formulate two very dissimilar

drugs, a hydrophobic inhibitor of
transforming growth factor β (TGF-β)
and the hydrophilic protein inter-
leukin-2, in the core of a 120 nm
liposomal nanoparticle.9 Unlike a
conventional liposomewith an aqu-
eous core, the core was a hydrophi-
lic PEG gel. To equalize their
association in the same matrix,
the hydrophobic drug was com-
plexed with the cyclic carbohydrate
cyclodextrin prior to co-encapsula-
tion. These particles showed signif-
icantly improved efficacy as tumor
immunomodulators compared with
free drug combinations.

Nanoparticle formulations inwhich
drugs themselves serve as carriers pro-
vide a number of interesting opportu-
nities; when compounded through
top-down fabrication or solvent-
mediated self-assembly, insoluble
drugs can form homogeneous col-
loids with tunable sizes and shapes
that simply are not possible with
standard FDA-approved carriers. In
this issue of ACS Nano, Mitragotri
and co-workers show the ability to
combine three chemically disparate
drugs into the same formulation in a
self-assembled carrier-free system:
the core is a rod-shaped 500 nm �
50 nm nanoparticle composed of
the hydrophobic drug camptothe-
cin, to which the therapeutic anti-
body trastuzumab (anti-HER2) is ad-
sorbed, along with the hydrophilic

drug doxil.10 The combined treat-
ment synergistically inhibited the
growth of cultured breast cancer
cells, and all of the components
exhibited fluorescence in distinct
spectral bands, allowing indepen-
dent visualization of target binding.

In the near term, there is a drive to
create more compact formulations
than the current typical size near
100 nm in order to enhance biodis-
tribution and targeting for solid tu-
mors. Compact particles penetrate
into tumor tissue more effectively,
can enhance total tumor accumula-
tion, and allow possible excretion
through renal filtration rather than
slower hepatobiliary clearance, which
can reduce the chance of liver
toxicity.11,12 However, engineering
on this size range is difficult because

Figure 2. Combination drug therapy with cytarabine/daunorubicin (CPX-351). (a) Plasma drug concentration of cytarabine
and daunorubicin after IV co-injection as CPX-351 nanoparticles or as free drugs tomice. Inset: circulating plasma cytarabine:
daunorubicin molar ratios for CPX-351 calculated from absolute plasma concentrations. (b) Survival of BDF-1 mice bearing
P388 leukemia tumors at day 55 following IV treatmentondays 1, 4, and 7with saline or liposome co-encapsulated cytarabine
and daunorubicin at different drug molar ratios. Formulations were dosed at their maximum tolerated dose (MTD) with the
exception of CPX-351 (5:1molar drug ratio), whichwas dosed at 0.8 of itsMTD. Adaptedwith permission from ref 5. Copyright
2009 Elsevier.
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of the lower drug-carrying capacity
per particle and the difficulty in
maintaining a homogeneous size
distribution. In addition, surface
fouling plays a bigger role: adsorp-
tion by serum proteins alters the
total size and charge more than for
larger particles, drastically altering
distribution and circulation times.
Cheng and co-workers have re-
cently produced silica nanoparticles
in this range with much improved
tumor penetration and accumula-
tion.12 While not yet FDA-approved,
silica particles are intriguing be-
cause of the expectation of biocom-
patibility and their capacity to bind
and deliver both hydrophobic and
hydrophilic small molecules as well
as macromolecules.13,14

Balancing Synergy and Toxicity. For
combination drug therapy, it is
hoped that the net effect of two
drugs is synergistic, or greater than
the sum of effects of each drug
alone. There are many formalisms
to describe synergy; one of the sim-
plest is the combination index (CI),15

defined for the pair of drugs A and
B as

CI ¼ IC50(A)pair
IC50(A)

þ IC50(B)pair
IC50(B)

where IC50 is the drug concentra-
tion that inhibits a cellular function
or behavior (e.g., cell growth) by
50%, for each individual drug or
for the drug given as an A�B pair.
Thus, if A and B act synergistically,
smaller doses of both A and B
are required to lead to the same

cellular effect, so IC50(A or B)pair <
IC50(A or B) and CI < 1. For drugs that
act additively (independently), CI is
near 1, and for those that act antag-
onistically, CI > 1. This only de-
scribes a specific drug pair ratio; a
half-inhibitory dose can be theore-
tically reached with any ratio be-
tween A and B, and synergy can
be complexlymanifested across this
continuum; thus a full combina-
torial analysis is needed to deter-
mine the optimum combination
(see Figure 3).

Combination therapies may also
show equally diverse modes of in-
teraction in yielding toxic side ef-
fects. For cancer and other diseases
ofhost tissue (asopposed to infectious
diseases from foreign pathogens), this
is a major concern because drugs
interfere with healthy tissues that
share the same physiological ma-
chinery as the diseased tissue. Thus,
the therapeutic window, the range
of drug concentrations separating
therapeutic effects from toxic ef-
fects, can be small and variable
between individuals. However, it
has been predicted and empirically
verified that selectivity and synergy
are intrinsically correlated in drug
combinations.17 That is, if two drugs
work together synergistically to dis-
rupt a process in diseased cells, this
drug ratio will often have just an
additive or antagonistic interaction
in normal cells, widening the ther-
apeutic window (see Figure 4). This
is a consequence of biological com-
plexity in organisms: all cells in a

human share the same set of avail-
able proteins, but their differential
levels of expression and diverse im-
plementation is what distinguishes
each cell type. Thus, as more drugs
interfere with more targets, greater
cell selectivity can emerge. This
selectivity is expected to be further
enhanced through targeted nano-
particle delivery due to a narrower
range of cell types exposed, a key
reason why clinical toxicity rates are
lower for nanoparticle-formulated
drugs.18 In addition, slow release
and prolonged circulation allow
synergistic dosing within the ther-
apeutic window over a longer dura-
tion of treatment in comparison
with free drugs, which often rapidly
clear from circulation.

Drug Synergy Assessment and Discov-
ery: Systems Biology and In Vitro Screen-
ing. Synergistic drug pairs are rare
(4�10%)19 and are most effectively
discovered through mechanistic in-
sight and high-throughput screen-
ing. Systems biology has provided
much of the theory for how
we understand combination treat-
ments and how to predict combina-
tion protein targets de novo for
disease intervention. We now view
these targets as components of net-
works in cells that channel signals
toward an emergent property regu-
lated at the gene or protein level.
Because of network interconnectiv-
ity and redundancy, simply shutting
off a single protein nodewith a drug
inhibitor is not sufficient to have
a sustained effect, as the cell can

Figure 3. Interactions between drugs A and B in the inhibition of a cellular effect, demonstrating synergy, additivity, or
antagonism. Concentrations are defined relative to theminimum inhibitory concentration (MIC) at which the cellular effect is
100% inhibited. If A and B are similar drugs, their combined effect at equal concentrations is the same effect of one of the
drugs in double the dose. For example, 0.5 MIC of drug A combined with 0.5 MIC of drug B (þ in the figure) is equivalent to
1 MIC of drug A or 1 MIC of drug B in an additive drug pair. Examples of different patterns of antagonism are depicted.
Adapted with permission from ref 16. Copyright 2009 Nature Publishing Group.
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compensate by rerouting the signal
through altered protein expression
or through mutations, resulting in
resistance. Drug combinations are
thusmuchmore effective (synergistic
and less disposed to resistance) if
they block parallel pathways that
feed into the same cellular behavior.
In addition, drugs can act synergis-
tically by enhancing the uptake
or reducing the elimination or de-
gradation of another drug (e.g., by
blocking drug efflux pumps).20

In vitro screening on cultured cells is
the standard empirical test for drug
synergy and also helps establish
dosing. Cells are typically grown in
multiwell plates andexposed to apair
of drugs across a wide range of con-
centrations and ratios (Figure 4a).
While automated liquid-handling in-
struments, microfluidic cell systems,21

and cell microarrays22 have made
drug pair screening manageable,

costs grow rapidly as more drugs
and more cell types are added.
Screening for synergy of combina-
tions of three or more drugs is ex-
pected to improve cellular selec-
tivity but is very expensive. How-
ever, a surprising finding is that,
at least in bacteria, three or more
drugs in combination appear to act
only through pairwise interactions,
no matter their mechanism.23 That
is, drugs A, B, and C may show
complicated pairwise synergy or an-
tagonism in the two-drug combina-
tions A�B, B�C, or A�C, but when
all three are combined (A�B�C), no
higher order interactions arise such
that the pairwise interactions are
entirely sufficient to predict cell re-
sponse. This counterintuitive find-
ing of biological simplicity has only
been verified for bacterial systems,
and it is not clear how this will
translate to more complex eukaryo-
tic cells or multicellular organisms,
but it greatly simplifies drug sy-
nergy studies in bacteria.

Screening nanoparticle-based
therapeutics presents a unique chal-
lenge because of limited similarity
between mechanisms of nanoparti-
cle drug delivery in vitro and in vivo.
Unlike small-molecule drugs, nano-
particles tend to remain compart-
mentalized in the bloodstream for
long periods of time and eventually
accumulate in the liver, spleen, and
lymphatics, and there are two distin-
guishable but convolved mechan-
isms by which they deliver drugs:
slow release during systemic circula-
tion and local release after target

binding or uptake. Controlled sys-
temic release is likely the dominant
mechanism in human subjects, but
modeling this as an isolated effect
in cultured cells is difficult due to
uptake through endocytosis or pha-
gocytosis and because of effects
like particle sedimentation that are
not expected to be relevant in vivo.
Delivery after target binding is sim-
ple to study in cultured cells; how-
ever, wehavepoor understandingof
its mechanisms in vivo for diseases
such as cancer. Culture systems that
mimic the vasculature and micro-
environments of tissues have been
developed but are not yet sufficient
for wide screening of drug combina-
tion formulations.24

Screening is also performed to
assay toxic effects in “healthy” cells,
using a panel of cells thought to
represent the most susceptible tis-
sues (Figure 4b,c). Here, targeted
nanotherapies may have a distinct
advantage: whereas the susceptible
targets for small-molecule drugs are
vast in number, resulting in diverse
toxicological outcomes in vivo (e.g.,
cardiotoxicity, hepatotoxicity) for
which in vitro screening is not yet
possible, only a select number of
tissues and microenvironments will
be directly exposed to nanoparticle
drugs through uptake mechanisms.
Thus, it may be possible to recapi-
tulate these environments with just
a handful of culture systems to pre-
dict clinical toxicity.

Microenvironment Considerations.
In vitro screening is typically per-
formed on cell monolayers, but
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Figure 4. In vitro screening to measure interactions between drugs A and B and to predict therapeutic windows. (a) Cell
function is measured across a two-dimensional range of drug dosages in a multiwell plate. This can be performed for target
cells (b, Test assay) and cells that are off target (c, Control assay). By determining the differences between the Test and Control
(Ctrl), the therapeutic window can be evaluated (d) over which only target cells will be strongly impacted by the treatment.
Adapted with permission from ref 17. Copyright 2009 Nature Publishing Group.
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cells in human tissue exist in three-
dimensional microenvironments
where cell�cell interactions, cell�
matrix interactions, and gradients
of soluble factors play important
roles in dictating responses to
drugs.24 This is particularly relevant
for tumor tissue, for which protein
expression patterns are widely dis-
tributed across tumor cells, leading
to heterogeneous drug responses.
For example, hypoxic (low oxygen)
microenvironments in tumors are
thought to harbor quiescent tumor
cell populations that survive drug
treatmentandrepopulate the tumor.25

Heath and co-workers screened the
response of glioblastoma tumor cells
toward promising drug inhibitors of
the proteinmTOR and observed that
hypoxia-induced alterations in pro-
tein expression resulted in cells that
do not respond to this therapy and
thus may require specialized thera-
peutic interventions.26

It is not known if nanoparticles
can be effective treatments for hy-
poxic tumor microenvironments, as
hypoxia increases with distance
from blood vessels, inversely with
the penetration depth of macromo-
lecular drugs, yet vascular perme-
ability has been found to correlate
with hypoxia in certain tumors.25

However, it may be possible to
modulate the microenvironments
available to nanotherapies; drugs
that inhibit vascular dysfunction
such as the antibody bevacizumab
(an inhibitor of vascular endothelial
growth factor, VEGF) can increase
tumor penetration of small nano-
particles (12 nm) through vascular
normalization and improve out-
comes for certain cancer patients
treated with chemotherapeutics.25

Microenvironments that are more
directly relevant for nanoparticles
are proximal to blood vessels and
include the “microenvironment of
metastasis” in breast tumors, which
involves a cell�cell interaction loop
between tumor cells and macro-
phages.27 However, recapitulating
such a complex microenvironment
in vitro for ratiometric screening of
candidate nanoparticle drugs that

knock down this loop is a major
challenge.

Preclinical Animal Models. In vitro

tests allow the determination of
ideal drug ratios, but animal models
of disease are the most critical tools
to facilitate clinical translation. Un-
fortunately, a widely cited reason
for the failure of a large fraction of
drugs in the clinic is the disparity
between human disease and mod-
els of disease in small animals,
particularly mice.28 Indeed, nano-
therapy efficacy in the clinic has
been modest, and the major advan-
tage has been reduced toxicity
rates, despite outstanding efficacy
in preclinical studies. Targeting effi-
ciency may be a central problem;
whereas some tissues such as tu-
mors in mice typically accumulate
1% of a systemic dose of a targeted
macromolecule (and even up to
20% in some cases), it is estimated
that <0.01% of antibodies reach
their targets in human tumors.29�31

A major problem is that we have a
limited understanding of targeting
in humans and do not know how to
evaluate and to employ animal
models that reflect appropriate hu-
man characteristics. This is espe-
cially true for tumors, for which
intratumoral delivery is mediated
by the enhanced permeability and
retention (EPR) effect resulting from
hyperpermeable vasculatures and
insufficient lymphatic drainage. Evi-
dence of the EPR effect in human
patients is surprisingly sparse,32,33

and outcomes of targeted delivery
mediated by the EPR effect are
often conflicting in mouse tumor
models.34

Common animal models lack a vari-
ety of significant characteristics that
are known to be critical in human
disease. For example, mouse tu-
mors are typically grown through
subcutaneous injection of highly
passaged cell lines in inbred immune-
compromised mice, models that do
not mirror important microenviron-
ment or immunological compo-
nents of human disease, its slow
development, or the genetic het-
erogeneity between patients and
within tumors.28 Nanoparticle tar-
geting studies need to take advan-
tageof awealthof newandpromising
disease models. A recently emerging
practice is the use of patient-derived
cells and tissues for drug screening:
tumor specimens isolated from pa-
tients and grown in mice retain
components of the human micro-
environment and the hetero-
geneous, patient-specific biology
and,most importantly, reproducibly
respond to drug treatments in the
same way as the original patient.35

However, even thesemodels do not
retain a native immunesystem. Spon-
taneous or induced tumor models in
immunocompetent mice (e.g., PyMT-
MMTV36) can fill this void, but these
still do not express human antigens.
While there is no ideal system, these
models should be appropriately
implemented to avoid the com-
mon pitfalls that have precluded
the clinical success of somany other
therapies in previous studies.

CLINICAL OUTLOOK

As combination drug nanoparti-
cles advance in precision during
the age of personalized medicine,
it is reasonable to expect the emer-
gence of effective multidrug treat-
ments that were previously limited
by both lack of efficacy and con-
cern for toxicity. A clinician could
prescribe individually formulated
combination treatments based on
tumor tissue expression of action-
able and druggable genes with me-
chanistic knowledge from patient-
derived tumor xenograft models.
Single-formulation cocktails could be
designed to provide long-duration
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exposure to synergistic drug com-
binations, allow staged release to
“prime” cells toward potent drugs
or to inhibit side effects, and allow
high efficiency local delivery to spe-
cific disease microenvironments.
Critical insights are needed to pro-
ceed toward these goals: we need
to understandmechanisms bywhich
systemically administered nanoparti-
cles function in humans, to under-
stand the contexts in which in vitro

screens and animal studies are clini-
cally relevant, and to define key
attributes of current nanoformula-
tions that limit cellular and tissue
selectivity. To increase the rele-
vance of ongoing studies, it is im-
portant for the nanotechnology
community to make use of un-
ique resources that are becoming
available in screening technologies,
animal models, genomic data, and
bioinformatics and systems maps of
drug targets, both for validating new
nanoparticle combination therapies
and for ensuring that the mechan-
istic rationale behind these new
treatment paradigms are patient-
centric to improve both quality and
longevity of life.
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