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The implementation of nanomedicine in cellular, preclinical, and clinical studies has led to exciting advances ranging
from fundamental to translational, particularly in the field of cancer. Many of the current barriers in cancer treat-
ment are being successfully addressed using nanotechnology-modified compounds. These barriers include drug
resistance leading to suboptimal intratumoral retention, poor circulation times resulting in decreased efficacy,
and off-target toxicity, among others. The first clinical nanomedicine advances to overcome these issues were based
on monotherapy, where small-molecule and nucleic acid delivery demonstrated substantial improvements over
unmodified drug administration. Recent preclinical studies have shown that combination nanotherapies, composed
of either multiple classes of nanomaterials or a single nanoplatform functionalized with several therapeutic agents,
can image and treat tumors with improved efficacy over single-compound delivery. Among the many promising
nanomaterials that are being developed, nanodiamonds have received increasing attention because of the unique
chemical-mechanical properties on their faceted surfaces. More recently, nanodiamond-based drug delivery has
been included in the rational and systematic design of optimal therapeutic combinations using an implicitly de-risked
drug development platform technology, termed Phenotypic Personalized Medicine–Drug Development (PPM-DD).
The application of PPM-DD to rapidly identify globally optimized drug combinations successfully addressed a per-
vasive challenge confronting all aspects of drug development, both nano and non-nano. This review will examine
various nanomaterials and the use of PPM-DD to optimize the efficacy and safety of current and future cancer
treatment. How this platform can accelerate combinatorial nanomedicine and the broader pharmaceutical industry
toward unprecedented clinical impact will also be discussed.

INTRODUCTION

Over the past several decades, substantial progress toward improving
cancer treatment outcomes has been made because of advances in drug
compounds that can improve tumor-targeting efficacy and safety. A
broad spectrum of nanomaterials has been used for pioneering cancer
treatment studies that have been validated from in vitro to in vivo to
clinical trials. These include poly(lactic-co-glycolic acid) (PLGA), metal-
lic nanoparticles, carbon nanotubes (CNTs), polymer-based materials,
and lipid-based materials, among many others (1–12). Clinical trials using
PLGA-docetaxel nanoparticles have demonstrated efficacy in tonsillar
cancer therapy, first-in-human trials using small interfering RNA (siRNA)–
cyclodextrin compounds resulted in clinically validated RNA interfer-
ence, and a clinical trial for gold nanoshell–based photothermal ablation
therapy against head and neck cancer has recently been completed (3, 13).

Among the nanomaterials that are being developed for clinical ther-
apeutic applications, carbon-based nanomaterials are being increasingly
studied as drug delivery and bioimaging agents. Carbon-based nano-
materials evaluated for biomedical applications include CNTs, graphene,

fullerenes, carbon nanospheres, and carbon dots, among others. Studies
have shown that these carbon-based nanomaterials can be easily func-
tionalized to deliver a wide range of therapeutics and are well tolerated
in acute toxicity studies (14–18). Additionally, a number of these carbon-
based nanomaterials have intrinsic properties that can be harnessed in
imaging applications (19–21). Detonation nanodiamonds (DND) and
fluorescent nanodiamonds (FNDs), in particular, have piqued interest
in the biomedical community because of their several favorable prop-
erties (22–35). For example, NDs have unique faceted surfaces, and their
importance in biological and medical applications was initially eluci-
dated on the basis of the seminal work by Barnard and colleagues
(22, 36–39). Additionally, facet-specific electrostatics have played a role
in coordinating water molecules around the ND surface. This led to re-
markably high relaxivity values being observed after the conjugation of
gadolinium(III) to ND particles (40). At values approaching 60 mM−1 s−1,
which are one order of magnitude greater than clinical standards,
ND-gadolinium(III) complexes produced the highest ever reported per-
gadolinium values. These relaxivity measurements, attributed to water
coordination around the ND facets, imply that a marked decrease in
gadolinium dosing can be used in the clinic. In addition to this particularly
unique approach to magnetic resonance imaging using NDs, other bio-
medical applications of NDs that have been previously explored include
orthopedic engineering (41), the synthesis of contact lenses (42), single-cell
magnetometry (43), toxicity studies in worms and rodents (44), cancer
stem cell targeting (45), and targeted preclinical breast cancer therapy (46).

Given the significant costs associated with new drug development,
it is becoming increasingly important to engineer nanomedicine thera-
pies where the therapeutic and nanomaterial carriers are optimally
suited for the intended indication. More specifically, stable drug loading,
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sustained drug elution, reduced off-target toxicity, enhanced efficacy
over the clinical standard and other nanoparticle-drug formulations,
scalable drug-nanomaterial integration, and confirmation of material
safety are among the many criteria for continued development toward
clinical implementation. More recently, multifunctional drug delivery
using single nanoparticle platforms has been demonstrated. Examples
include aptamer-based targeting coupled with small-molecule delivery
as well as co-delivery of siRNA and small molecules to simultaneously
down-regulate drug transporters that mediate resistance and mediate
cell death (1, 47, 48). Layer-by-layer deposition of multiple drugs onto
a single nanoparticle for breast cancer therapy has also been demon-
strated (49). Adenosine triphosphate (ATP)–triggered therapeutic re-
lease and other hybrid delivery approaches have also been shown to be
more effective in improving cancer therapy over conventional approaches
(50, 51). These and other breakthroughs in nanomedicine have made
the need for combination therapy, or the ability to concurrently ad-
dress multiple tumor proliferation mechanisms, clearly evident (52).
Combination therapy represents a powerful standard of care, and if
nanomedicine can markedly improve monotherapy over the adminis-
tration of drugs alone, it is apparent that combination nanotherapy can
further improve on what is currently being used in the clinic.

As the utility of nanomedicine in the clinical setting is becoming
more apparent, new challenges pertaining to globally optimizing treat-
ment have arisen. Conventional approaches to formulating unmodi-
fied drug combinations are based on additive design. This concept uses
the initial combination of maximum tolerated doses (MTDs) for each
drug and then adjusting each dose using a scaling factor to minimize
toxicity while mediating an expected high level of efficacy. Given the
nearly infinite number of combinations that are possible when a three-
drug combination is being designed, additive design precludes combi-
nation therapy optimization. This is a long-standing challenge that has
confronted the pharmaceutical industry and will undoubtedly need to be
addressed by the nanomedicine community as well. As powerful
genomics-based precision medicine approaches are being developed
to potentially enable the design of tailored therapies, nanotechnology-
modified drug development may be able to take advantage of patient ge-
netics to improve treatment outcomes. In addition to genomics-based
precision medicine, a recent example of mechanism-independent phe-
notypic optimization of combination therapy has been demonstrated.
This approach systematically created ND-modified and unmodified drug
combinations. The lead combinations developed using this novel approach
mediated marked enhancements in efficacy and safety compared to ran-
domly formulated combinations in multiple breast cancer models (53).
Moreover, because this process was based on experimental data and not
modeling, the optimized drug combinations were implicitly validated.

This review will first examine some of the promising advances that
have been made with respect to ND-based applications in biology and
medicine. In highlighting the potential of NDs as translationally rele-
vant platforms for drug delivery and imaging, this review will also ex-
amine new multidisciplinary opportunities to systematically optimize
combinatorial therapy. This will collectively have an impact on both
nano and non-nano drug development to ensure that the most effec-
tive medicines possible are being translated into the clinic.

UNIQUE SURFACES OF NDs

NDs have several unique properties that make them a promising na-
nomaterial for biomedical applications. These include unique electro-

static properties, a chemically inert core, and a tunable surface. The
ND surface can be modified with a wide variety of functional groups
to control interaction with water molecules as well as biologically rel-
evant conjugates. In particular, the unique truncated octahedral shape
of DNDs influences facet-specific surface electrostatic potentials (Fig. 1)
and the anisotropic distribution of functional groups, such as carboxyl
groups. These properties mediate the formation of favorable DND
aggregate sizes and drug adsorption capacity (36, 38). Depending on
the shape and structure of DNDs, the frequency of (111) and (100)
surfaces will vary and along with it the overall surface electrostatic po-
tentials. For a typical truncated octahedral DND used for drug deliv-
ery and imaging applications, the (100) and (100)/(111) edges exhibit
strong positive potential. The graphitized (111) surfaces exhibit either
strong negative potentials or a more neutral potential because of a slight
asymmetry of the truncated octahedral DNDs. These unique facet- and
shape-dependent electrostatic properties result in favorable DND
aggregate sizes through the interaction of negatively charged (111)−

facets with neutral (111)0 or neutral (110)0 facets. In initial preclinical
studies, this unique property of ordered ND self-aggregation was shown
to contribute substantially to the improved efficacy of drug-resistant
tumor therapy (37). This served as a vital foundation for the experimental

Fig. 1. Unique electrostatic properties of NDs. Analysis of the surface
electrostatic potential of truncated octahedral NDs reveals that there is
a strong relationship between the shape of the ND facet surfaces and
electrostatic potential. (100) surfaces, as well as the (100)/(111) edges, ex-
hibit strong positive potential, whereas graphitized (111) surfaces exhibit
strong negative potentials. Reproduced from A. S. Barnard, M. Sternberg,
Crystallinity and surface electrostatics of diamond nanocrystals. J. Mater.
Chem. 17, 4811 (2007), with permission from The Royal Society of
Chemistry.
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observation of DND aggregates, particularly the DND-anthracycline
complexes for cancer therapy. Of note, the aggregate sizes (~80 nm
in diameter) were shown to be critically important for improved tu-
mor therapy. Specifically, the limited clearance effects of the reticulo-
endothelial system on the DND clusters resulted in a 10-fold increase
in circulatory half-life and markedly improved intratumoral drug re-
tention because of this aggregation (54, 55). Therefore, favorable DND
aggregate sizes combined with high adsorption capacity allow for ef-
ficient drug loading while maintaining a suitable ND-drug complex
size for effective passive targeted therapy. This ultimately results in in-
creased efficacy and safety of ND-based cancer therapy approaches (55).

ND-BASED IMAGING

NDs, both DND and FND, are also being widely used for imaging
applications. Each class of diamond has unique surface or structural
features that markedly improve their performance as imaging agents
compared to clinical and nanoparticle standards (Fig. 2) (56–59). In
addition to the improvements in magnetic resonance imaging mentioned
in the introduction, a recent breakthrough using FNDs pertained to

the sustained labeling of lung stem cells (LSCs) to track their engraft-
ment and regenerative potential after lung tissue injury in a murine mod-
el (60). LSCs are important mediators of epithelial tissue regeneration
in vivo as well as regulators of lung tissue homeostasis. Tracking LSCs,
however, has been difficult because of the photobleaching and toxicity
observed with conventional agents, which can impede the differentia-
tion capabilities or viability of the LSCs. A recent study by Wu et al.
has demonstrated stable tracking of LSC with fluorescent NDs, confirm-
ing LSC localization to the terminal bronchioles after transplantation
(Fig. 2B). The NDs were excited by green-yellow light, and the inte-
gration of negatively charged nitrogen-vacancy centers resulted in stable
far-red emission at a 15-ns lifetime. Because conventional agents have
fluorescent lifetimes in the range of 1 to 4 ns, ND fluorescence could
be easily differentiated from tissue autofluorescence using fluorescence
lifetime imaging microscopy (FLIM). LSCs were screened for the CD54
and CD157 markers to ensure their capacity for differentiation, and
further studies confirmed that the cells were from a hematopoietic lin-
eage. Fluorescent NDs incubated with CD45−CD54+CD157+ cells
were readily endocytosed with no apparent exocytosis. After tail-vein
injection of the ND-containing LSCs, their engraftment and differen-
tiation capabilities were unimpaired, resulting in improved localization
and epithelial regeneration at the sites of lung injury compared to saline
control. This was an important advance because of the sustained LSC
monitoring enabled by the photostability and biocompatibility of the
fluorescent NDs.

ND-BASED DRUG DELIVERY

ND drug delivery has received significant attention because of the fac-
ile nature of functionalizing their surfaces with drug compounds, par-
ticularly anthracyclines. The anthracycline class of compounds, which
include doxorubicin, epirubicin, and daunorubicin, among others, are
potent DNA intercalating agents that are used in most chemotherapy
regimens. Although anthracyclines have effective anticancer activity,
they are also extremely toxic. They induce myelosuppression (which
is the dose-limiting side effect of chemotherapy), mediate cardiotox-
icity that can result in heart failure, can lead to superinfections, and
may markedly increase the risk of developing acute myelogenous leu-
kemia (61). Early studies successfully formulated ND-doxorubicin
compounds (NDX) through physisorption, enabling potent drug bind-
ing and subsequent release without the need to chemically modify the
drug itself (62, 63). The NDX compound was subsequently validated in
a broad array of cancer models that ranged from in vitro through pre-
clinical in vivo models. Most notably, given that the problem of drug
resistance accounts for greater than 90% of tumor treatment failure in
metastatic cancer, NDX was tested against two highly drug-resistant
cancer models: the 4T1 breast cancer model and the LT2-M liver can-
cer model (54). These tumors are known to express ABC (ATP-binding
casette) transporter proteins that mediate drug efflux, markedly reducing
the efficacy of chemotherapy with unmodified drugs. This lack of drug
retention also results in elevated levels of toxicity. The initial stages of
NDX preclinical validation involved the administration of NDs alone
to confirm that they were well tolerated in murine models. High ND
levels (20 mg) resulted in no apparent increase in serum alanine amino-
transferase (ALT) levels, an indicator that the NDs do not cause liver
toxicity. In addition, these same dosages did not cause an increase in serum
interleukin-6 levels, demonstrating an absence of systemic toxicity as

Fig. 2. Imaging applications of FND fluorescent NDs. (A) C. elegans fed
with dextran-coated fluorescent NDs. Reprinted (adapted) with permission
from N. Mohan, C.-S. Chen, H.-H. Hsieh, Y.-C. Wu, H.-C. Chang, In vivo imaging
and toxicity assessments of fluorescent nanodiamonds in Caenorhabditis
elegans. Nano-Lett. 10, 3692 (2010/09/08, 2010). Copyright 2010 American
Chemical Society. (B) Engraftment of fluorescent ND-labeled LSCs in a lung
injury mouse model. Adapted with permission from Macmillan Publishers
Ltd.: T.-J. Wu et al., Tracking the engraftment and regenerative capabil-
ities of transplanted LSCs using fluorescent NDs. Nat. Nanotechnol. 8, 682
(09//print, 2013), copyright 2013.
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well. After the initial validation of ND biocompatibility and intra-
cellular retention, verapamil blocking assays were performed, which con-
firmed that the NDX, compared to unmodified doxorubicin (Dox),
was retained longer in 4T1, LT2-M, Huh7, and MDA-MB-231 breast
cancer cells. Pharmacokinetic analysis of NDX revealed an observed
first phase half-life of 8.43 hours for NDX compared to 0.83 hours for
Dox alone. Drug efficacy studies demonstrated a clear decrease in tu-
mor size with NDX administration compared to free Dox administra-
tion. In 4T1 tumors, NDX administration (100 mg equivalence) again
resulted in markedly reduced tumor sizes compared to the adminis-
tration of Dox alone. Of note, the administration of Dox alone at 100 mg
showed virtually no efficacy, with tumor sizes on the order of those
observed with saline control treatment. When the Dox dosage was
increased to 200 mg, all of the mice experienced early mortality. When
NDX at 200-mg Dox equivalence was administered, all of the mice sur-
vived the entire duration of the study, with the tumors being the smallest
among all of the test conditions observed. This confirmed that the NDX
platform improved therapeutic efficacy against highly drug-resistant
tumors and also markedly enhanced drug tolerance, all without the
need to chemically modify Dox. Furthermore, the intravenous admin-
istration of NDX resulted in no apparent myelosuppression, whereas
Dox alone resulted in a substantial decrease in white blood cell count.
This finding confirmed the existence of a potent ND-Dox interaction
such that premature drug elution did not take place even after systemic
injection.

Whereas the NDX compound represented a passive form of Dox
delivery, actively targeted ND drug delivery has also been demonstrated.
Antibodies against the epidermal growth factor receptor (EGFR) were
conjugated to fluorescently labeled NDs with bifunctional cross-linkers
for subsequent targeting. Introducing epidermal growth factor (EGF)
as a control to block targeting confirmed the improved specificity of deliv-
ery in the EGFR-overexpressing MDA-MB-231 breast cancer cell line
compared to the MCF7 breast cancer cell line, which does not over-
express EGFR (64). Preclinical validation of EGFR targeting was dem-
onstrated with a liposome-encapsulated ND-epirubicin complex. In
this iteration of a targeted ND drug delivery complex, the EGFR anti-
bodies were conjugated onto the surface of the liposome, which in turn
was used to encapsulate the ND-epirubicin compounds. In mice with
MDA-MB-231 tumors, the targeted ND complexes mediated complete
tumor regression to the point where they were no longer detectable.
The administration of epirubicin alone at 150 mg resulted in early
mortality, whereas EGFR-targeted ND delivery of epirubicin at the
same dosage resulted in complete animal survival and tumor regres-
sion (Fig. 3A) (46).

The properties of ND delivery of anthracyclines that allow ND-
anthracycline complexes to overcome ABC transporter–mediated drug
resistance also lend NDs as a suitable drug delivery platform for ef-
fectively treating cancer stem cells (CSCs) (45, 65). Chemoresistance,
including ABC transporter–mediated resistance, is often linked to CSCs
and is a major mechanism by which these tumor-initiating cells escape
traditional therapy and contribute to recurrence (66–68). This is par-
ticularly true for hepatic cancers where chemoresistant and metastatic
CSCs have been identified and isolated by expression of these ABC trans-
porter proteins (69–71). Overexpression of ABC transporter proteins
is clinically linked to poorer drug response, including to epirubicin, in
hepatic cancers (72, 73). Delivery of epirubicin by NDs was demon-
strated to overcome this mechanism of resistance in CSCs and more ef-
fectively kill CSCs compared to epirubicin alone (Fig. 3, B and C) (45).

Treatment with epirubicin alone resulted in a positive selection of he-
patic CSCs and in respectively 8.13- and 3.88-fold increases in vitro
and in vivo in the frequency of tumor-initiating CSCs among tumor
cells that survived drug treatment. In contrast, similar treatment with
ND-epirubicin resulted in respectively 3.4- and 5.46-fold decreases in
vitro and in vivo in the frequency of tumor-initiating CSCs among
remaining tumor cells after ND-drug treatment. This translated into
decreased tumor colony formations in vitro as well as a lack of sec-
ondary tumor formation in vivo, demonstrating effective elimination
of key tumor-initiating CSCs after ND-epirubicin treatment.

Although ND-based drug delivery against cancer remains one of
the most developed biomedical applications, tissue engineering and
antimicrobial applications are also promising fields in which NDs may
also have a therapeutic role (74–85). Thin-film nanocrystalline diamond
(NCD) surfaces were functionalized with growth factors, such as bone
morphogenetic protein-2 (BMP-2), through physisorption to promote
localized bone formation (86). BMP-2–functionalized hydrophilic NCD
surfaces were able to promote osteogenic induction in human stromal
cells in vitro. In vivo studies with BMP-2–functionalized NCD-coated
implants in sheep revealed long-term retention of BMP-2 at the site of
implantation compared to control implants. This translated into greater
bone formation around the BMP-2–functionalized NCD-coated im-
plant by 4 weeks after implantation. The addition of NDs to copolymer
scaffolds can also increase the hydrophilicity of the scaffold to pro-
mote the attachment, proliferation, and differentiation of bone marrow
stromal cells in vitro and new bone formation in vivo (87). Further
functionalization with physisorption of BMP-2 to NDs in copolymer
scaffolds promoted de novo bone formation in models of mandibular
defects in vivo, demonstrating the potential of integrating NDs into
tissue-engineering disease applications (41).

The versatility of ND surface functionalization and the anisotropic
distribution of charges on the ND surface also lend the ND platform
to antimicrobial applications. NDs can be functionalized with saccharides
to detect and capture bacteria to effectively diagnose and treat infec-
tions (88). Additionally, NDs can be partially oxidized to mediate potent
antimicrobial activity against both Gram-negative and Gram-positive
bacteria (89). The antimicrobial activity is likely mediated by both
the delivery of reactive oxygen species to bacteria cellular components
and the alteration of bacterial surfaces by anisotropic distribution of
charges of bacteria-interacting NDs. These studies, in addition to those
addressing ND drug delivery in cancer, demonstrate that NDs are a
promising nanomaterial for a wide array of biomedical applications.

ND BIODISTRIBUTION AND TOXICITY

As NDs progress toward clinical translation, an increasing body of
work has explored their biodistribution and biocompatibility proper-
ties in vitro and in vivo (90, 91). Dextran- and bovine serum albumin–
functionalized FND tracking in the Caenorhabditis elegans model has
been used to characterize their safety and excretion mechanisms in
living organisms (Fig. 2A) (44). Observation of ND consumption or
microinjection and resulting stress response and reproductive function
assessed acute and long-term tolerance in these C. elegans preclinical
models. The nuclear translocation of the DAF-16 transcription factor
served as a stress readout. No apparent toxicity was observed after ND
consumption, and gonadal injection resulted in FND presence in worm
offspring.
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Biodistribution studies in mice intravenously injected with fluores-
cent dye–labeled NDs revealed initial accumulation of NDs in the lung,
spleen, liver, and kidneys. Rapid clearance was observed from the lung
followed by more gradual clearance of NDs from the spleen, liver, and
kidney over a 10-day period. A strong fluorescently labeled ND signal
visible from the bladder suggested efficient excretion of NDs (54). Bio-
distribution studies with DNDs radiolabeled with 18F radionuclide and
analyzed in mice and rats by positron emission tomography (PET)
confirm these results. Radiolabeled NDs were detected primarily in the
lung and urine and, to a lesser degree, in the liver and spleen 2 hours
after administration (92). Biodistribution studies with other carbon-
based nanoparticles reveal similarities as well as differences in organ
accumulation and excretion of these nanoparticles. Similar to fluores-
cently labeled NDs, fluorescent carbon dots accumulated mostly in the

mouse bladder, kidney, and liver 4 hours after intravenous injection
(21). Radiolabeled graphene oxide also primarily accumulated in the
mouse liver and spleen after intraperitoneal injections but was unable
to be excreted from the body, as evidenced by minimal signal in the kid-
ney. Graphene oxide particles were also detected in mouse livers 30 days
after intraperitoneal injection (93). Whereas CNTs have been observed
to be capable of being excreted and even observed by electron micros-
copy in the urine of treated mice, a comparison study of radiolabeled
NDs and CNTs revealed biodistribution differences. CNTs were pri-
marily observed in the lung, whereas NDs were quickly cleared from
the lung and found in the liver and spleen (94, 95). Further studies are
being conducted to address this observation and to determine the im-
pact of this long-term retention of nanocarbons in the lungs on gran-
uloma formation and chronic pulmonary toxicity (96).

Fig. 3. ND-anthracycline drug delivery in cancer. (A) EGFR-targeted delivery of ND-epirubicin (anti-EGFR-NDLP-Epi) against breast cancer cells
demonstrated increased efficacy compared to untargeted ND-epirubicin (NDLP-Epi) and unmodified epirubicin (Epi) while retaining the increased
safety that results from ND conjugation of epirubicin. Reprinted with permission from WILEY. (B) Treatment of hepatic tumor–bearing mice with ND-
epirubicin (EPND) efficiently killed hepatic CSCs and prevented secondary tumor formation seen after treatment with unmodified epiruibicin (Epi).
(C) A schematic model of ND-epirubicin complex formation and aggregation. Reprinted (adapted) with permission from X. Wang et al., Epirubicin-
adsorbed nanodiamonds kill chemoresistant hepatic cancer stem cells. ACS Nano 8, 12151 (2014/12/23, 2014). Copyright 2014 American Chemical
Society.
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Additional studies have sought to examine the cellular mechanisms
that are activated after ND exposure to provide deeper insight into the
dose-dependent tolerance of NDs at the cellular and preclinical levels.
Several of these studies have demonstrated that the NDs are well
tolerated even at high dosages. Although prior work has been con-
ducted to monitor potential hematotoxicity, comprehensive in vivo ser-
um toxicity panels in another study resulted in no apparent changes in
serum markers (46, 97, 98). This study and others serve as important
indicators that the NDs are well tolerated at multiple dosages in a wide
variety of cell lines and a diverse range of animal models.

More recently, a study has been conducted on the cellular compat-
ibility of DNDs, FND NDs, NDs with surface amine groups, and NDs
physisorbed with daunorubicin, an anthracycline chemotherapy (99).
HeLa cervical cancer cells and HepG2 liver cancer cells were selected
because of their prevalence as toxicity and drug efficacy testing plat-
forms. After their incubation with the ND subtypes, the cells were ex-
amined for indications of cell death, including onset of apoptosis, metabolic
states, reduction in drug toxicity from ND sequestering effects, and
gene expression profiles.

To assess the biocompatibility of the ND subtypes being investi-
gated, a broad range of assays was conducted. The caspase-3/7 assay
was used to measure the potential onset of apoptosis. Cell metabolism
was examined using an XTT (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-
2H-tetrazolium-5-carboxanilide inner salt) assay, indications of cellular
toxicity were assessed using a lactate dehydrogenase assay, and gene ex-
pression profiles were evaluated through quantitative real-time poly-
merase chain reaction. Key findings from this study showed that high
doses (250 mg/ml) of all ND subtypes did not have a negative impact
on viability in either cell line. Transcriptional regulation studies dem-
onstrated that incubation of HepG2 cells with NDs at a dose of 25 mg/ml
did not result in significant changes in gene expression levels of Ki-67,
Bax, and c-Myc genes. This indicates the absence of apoptotic and anti-
proliferative effects or a cellular stress response. Overall, this repre-
sented among the most comprehensive studies of ND safety to date.

Recently, comparative in vitro studies have also been conducted
with graphene, CNTs, and NDs to understand the similarities and dif-
ferences in nanocarbon toxicity (100). Whereas CNTs and graphene
exhibited similar rates of toxicity with increasing carbon concentra-
tion, ND administration appeared to show less toxicity. To further un-
derstand the mechanism of nanocarbon toxicity, liposomal leakage
studies and toxicogenomic analysis were conducted. The effect of dif-
ferent nanocarbons on liposomal leakage was explored to determine if
membrane damage was a possible explanation for any nanocarbon-
related toxicity. NDs, CNTs, and graphene could all adsorb onto the
surface of liposomes without disrupting the lipid bilayer, suggesting
that membrane disruption is not a contributing mechanism to the
limited toxicity observed with nanocarbons. Toxicogenomic analysis
of nanotitanium dioxide, carbon black, CNTs, and fullerenes in bacte-
ria, yeast, and human cells revealed structure-specific mechanisms of
toxicity among nanomaterials, as well as other nanocarbons (101). Al-
though both CNTs and fullerenes failed to induce oxidative damage as
observed in nanomaterials such as nanotitanium dioxide, they were
both capable of inducing DNA double-stranded breaks (DSBs) in eu-
karyotes. However, the specific mechanisms of DSBs remain unclear
because differences in activation of pathway-specific DSB repair genes
were found between the two nanocarbons. These studies give an initial
understanding of ND and nanocarbon toxicity to continue on a path-
way toward clinical implementation and first-in-human use, and com-

prehensive nonhuman primate studies of ND toxicity are currently
under way.

TRANSLATION OF NANOMEDICINE THROUGH
COMBINATION THERAPY

For all therapeutics moving from bench to bedside, including NDs
and nanomedicine, additional development beyond cellular and ani-
mal models of efficacy and toxicity is needed. As these therapeutics are
absorbed into drug development pipelines, they will invariably be in-
tegrated into combination therapies. This strategy of combinatorial med-
icine has been recognized by the industry as being essential in various
disease areas (for example, pulmonary artery hypertension, cardiovas-
cular disease, diabetes, arthritis, chronic obstructive pulmonary disease,
HIV, tuberculosis) and especially oncology (102–110). How these com-
binations can be rationally designed so that safety and efficacy are
maximized is still a major challenge, and current strategies have only
contributed to the increasing cost of new drug development. The in-
efficiencies in developing and validating suitable combinations lie not
only in the empirical clinical testing of these combinations in the clinic
but also in the time and resources spent in the clinic. Examples of the
way these trials are conducted provide important insight into how op-
timization of combination therapy can be improved.

For clinical trials conducted and listed on ClinicalTrials.gov from
2008 to 2013, 25.6% of oncology trials contained combinations, com-
pared to only 6.9% of non-oncology trials (110). Within each disease
area, viral diseases had the next highest percentage of combination trials
conducted after oncology at 22.3%, followed by digestive diseases (18.6%),
cardiovascular diseases (8.5%), pathological conditions (5.7%), and
neurological diseases (5.4%). Because most of the combination trials were
performed in oncology, the following clinical examples will display
how empirical testing of therapeutic combinations is conducted in this
disease area. In many instances, including the following clinical exam-
ples, the MTD of the drugs as single agents is often directly used in
combinations. This is done without using other methods to determine
the best dosing of each drug before use in a particular combination.
This empirical approach can lead to poor results due to compounded
toxic side effects of the individual therapeutics, unpredictability of other
complications, and/or less than optimal efficacies due to the combina-
tion of the drugs.

A recent phase 1 study (NCT01400451) looked at the combination
of ipilimumab, a monoclonal antibody targeted against CTLA-4, and
vemurafanib, a BRAF inhibitor targeting the V600E mutation (111).
Both therapeutics are approved for single use in melanoma. Because
their inhibition pathways are different, the use of both in combination
was a natural progression. In this study, both therapeutics were used at
the MTD, which resulted in dose-limiting toxicities (DLTs) that un-
fortunately led to early termination of the study. In another immuno-
therapy study, a phase 1 study of ipilimumab combined with another
V600E BRAF inhibitor, dabrafenib, and mitogen-activated or extra-
cellular signal–regulated protein kinase kinase inhibitor, trametinib,
was also terminated early because of grade 4 intestinal perforation in
two of the seven patients and grade 3 dose-limiting colitis (112). The
doublet combination of ipilimumab with the BRAF inhibitor dabrafenib
did not show any DLTs, and an expansion cohort was in the process of
being enrolled. These first two examples show that direct combina-
tion of therapeutics at their MTD without any initial studies looking
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at appropriate dosing for the combination may result in toxicity, ulti-
mately preventing the use of the combination. In addition, the second
example shows that combinations using molecules that may target the
same mutation and pathway may not have the same types of toxic side
effects, demonstrating that the differences in combinations using similar
classes of therapeutics need to be monitored. In an infectious disease
and oncology example using a traditional oncology phase 1 3 + 3 dose es-
calation design, non–ritonavir-based HAART (highly active antiretroviral
therapy) with standard sunitinib therapy (50 mg/day) (treatment arm 1)
was compared with the combination of sunitinib in HIV-positive patients
receiving ritonavir-based HAART (treatment arm 2) (NCT00890747)
(111). Patients in treatment arm 1 tolerated treatment without any ob-
served DLT. Treatment arm 2 had DLT at a sunitinib dose of 37.5 mg,
with three of five patients having grade 3 neutropenia. This showed that
patients on ritonavir could combine the use of sunitinib with ritonavair-
based HAART, but that it should be given at a lower dose of sunitinib
when used in combination.

These three examples, and many more, demonstrate how clinical
trials for combination therapy are often conducted either at the MTD
for each therapeutic or with patients being dosed empirically without
clear guidelines. Although nanomedicines have yet to be used in many
combination therapy trials, they will inevitably join the other types of
therapeutic classes in use for combination. Therefore, whereas the cur-
rent strategy of determining combinatorial drug use has resulted in many
combination therapies used to date, it is clearly not the most efficient
method and can still be significantly optimized. On the basis of the
trend of increasing use of combination therapy in nanomedicine and
in broader drug development, as well as the challenges that are faced
in determining optimized combination therapies to use, a new paradigm
using systematically designed drug combinations needs to be identified.
This would be a much needed tool that the pharmaceutical industry is
ready to embrace in their efforts to define new combinations that may
help their product lifecycle management, or “evergreening,” an impor-
tant part of many companies.

The concept of evergreening is a widely used approach in the phar-
maceutical industry to retain patent protection and rent-earning rights
on protected compounds with imminent expiry dates (113–115). This
concept includes formulating new drug combinations containing
soon-to-be generic compounds to create new patents that may extend
the financial lifetime of the drug. Whereas this process may result in
intended or unexpected improvements to the safety and/or efficacy of
treatment, there is debate about whether these are measures that the drug
manufacturers are purposefully taking to prevent generic drug makers
from producing these compounds. If so, this may ultimately lead to
restricted competition and limitations in the availability of lower-
priced medicines to the general population, causing controversy over
the concept of suboptimal evergreening.

The application of nanotechnology to novel formulation and deliv-
ery has become a highly active area of evergreening strategies. The capa-
city for nanotechnology to modify properties such as pharmacokinetics,
oral bioavailability, drug toxicity and efficacy, and others may result in
substantial growth in nanomedicine development. This is particularly
true as patent cliffs approach for some of the most profitable medicines
in the world. Challenges from both patent-holding and generics
companies have been raised in an effort to either promote competition
in the pharmaceutical industry, on the one hand, or potentially suppress
generic entry on the other. Regardless of the continued controversy sur-
rounding the practice of evergreening, a new challenge that has arisen

concerning both sides of the debate involves the need to truly optimize
new combinations, both nano and non-nano. This will be necessary to
successfully address the issues of maximizing efficacy and safety for
the good of public health, as well as meeting the increasing thresholds
of patentability. To address this challenge, a key advance at the inter-
section of nanotechnology and engineering optimization has opened
doors to simultaneously optimizing and de-risking the drug develop-
ment pipeline using phenotype to drive the rational design of combi-
nation therapy.

PERSONALIZING AND OPTIMIZING NANOMEDICINE
DRUG DEVELOPMENT

Innovative advances in functionalizing nanoparticles combined with
multiple classes of therapeutic agents have improved efficacy over mono-
therapy with nanomedicine. However, the process of globally optimizing
combination therapies has thus far been challenging, if not impossible.
Dosing levels of the drugs in combination are a major factor in deter-
mining the efficacy and toxicity of therapy. Hence, there is a nearly
infinite number of possible drug dose combinations that can be designed
when conventional screening or predictive approaches are used. Emerg-
ing strategies are continually being explored with regard to integrating
several therapies with a single class of nanoparticle carriers or the use
of several different classes of nanoparticle carriers to mediate combi-
natorial nanomedicine (49, 50, 52). These strategies have shown that
the delivery of multiple compounds using nanoparticles has resulted
in early indications of improved efficacy and toxicity. Therefore, a
platform technology that is applicable to all types of nanoparticles and
is capable of rationally and systematically optimizing these approaches
toward globally optimized safety and efficacy across the in vitro, in vivo,
and translational stages of drug development would represent a major
advance.

High-throughput screening is a valuable in vitro approach that can
use brute force to identify drug combinations that enable the most
favorable outcome from those that have been tested. Limitations arise,
however, when attempts to simultaneously optimize multiple outcomes,
including several safety and efficacy parameters, are made. Aside from
a limitless number of combinations that would need to be tested, pri-
mary sample testing is likely to be ruled out because of inadequate
sample availability. Other efforts to develop optimal drug administra-
tion conditions have included the use of pharmacokinetic modeling,
median-effect methods to assess drug synergism and antagonism,
prediction-based genomic modeling, and mechanism-based systems
biology approaches (116–118). However, the use of these approaches
to design drug combinations can result in limitations on the maximum
number of drugs that can be used within the combination, mixtures
that are rendered ineffective because of resistance, and the inability
to optimize on the basis of undruggable mechanistic data. All of these
approaches are also subject to significant risks during the development
of both nanotechnology-modified and unmodified drugs. The inability
to definitively determine optimal drug dose ratios during each stage of
testing and development coupled with the confounding aspects of the
mechanisms used for drug design commonly result in clinical trial
failure.

Recently, Phenotypic Personalized Medicine–Drug Development
(PPM-DD) has been developed as a mechanism-independent and model-
less platform that uses experimental data to formulate phenotype-based
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drug response landscapes (119–122). As such, mechanistic properties
such as signaling pathway behavior, drug-drug interactions, pharmaco-
kinetics, and heterogeneity are innately accounted for using the PPM-DD
approach. It is important to note that PPM-DD does not require the
use of feedback control, predictive algorithms and modeling, or a phar-
macogenetics platform. Instead, it uses experimental data to formulate
phenotypic maps to systematically and rapidly identify optimal drug
combinations during each stage of the drug development roadmap
that ranges from in vitro through in vivo and to translational stages.
More specifically, the in vitro stage is used to broadly explore the sys-
tematic formulation of novel and optimized initial drug combinations
and to narrow down the drugs and lead combinations of initial interest.
Subsequent in vivo validation is conducted to reoptimize the drug dose
ratios at the preclinical level. Lead combinations can then be further
optimized in the translational setting. The ability to properly determine
optimal drug dose ratios from discovery and preclinical validation
through translation can provide a definitive pathway toward achieving
population response rates that will far supersede those that are currently
observed with conventionally designed drug combinations.

The first version of PPM-DD was termed Feedback System Control.I
(FSC.I). This system used an iterative search process that previously
used a search/feedback algorithm to guide experimental validation of
combinations to rapidly find a combination that performed optimally
both in vitro and in vivo, even from prohibitively large pools of pos-
sible combinations (119, 123). The term Feedback System Control is a
remnant of the first version of the platform, and subsequent iterations
were no longer based on feedback. Therefore, the recent development
of PPM-DD [previously referred to as Feedback System Control.II
(FSC.II)] resulted in an experimentally driven optimization platform
that inherently accounts for all mechanistic components of disease (for
example, cellular signaling networks, patient heterogeneity, genomic
aberrations) to formulate drug combinations that culminate in an op-
timal phenotypic output (53, 124).

With regard to optimizing nanomedicine drug combinations,
PPM-DD was first applied to ND-based combination therapy to pro-
duce four-drug combinations composed of NDX, ND-mitoxantrone,
ND-bleomycin, and unmodified paclitaxel to maximize the thera-
peutic window of breast cancer therapy (Fig. 4). In this study, ND-
drug combinations were administered to three breast cancer cell lines
(MDA-MB-231, BT20, and MCF-7) and three control cell lines (H9C2
cardiomyocytes, MCF10A breast fibroblasts, and IMR-90 lung fibro-
blasts). PPM-DD was capable of creating phenotypic maps based on a
limited number of therapeutic window assays to immediately identify
the combination that simultaneously resulted in optimal cancer cell
apoptosis and control cell viability. Because these mechanism-free
maps are based on phenotypic experimental data, the optimized com-
binations were innately validated. Key findings from this study showed
that phenotypically optimized ND-drug combinations outperformed
single ND-drug and unmodified drug administration, optimized unmodi-
fied drug combinations, and randomly selected ND-drug combinations.
This study showed that PPM-DD uses a parallel experimentation-
optimization process that requires only a small number of test sub-
jects, making preclinical optimization possible. In addition, PPM-DD
uniquely identified the global optimum drug dose ratio for efficacy
and safety in this study, a key achievement that would not have been
possible using conventional dose escalation and additive design. There-
fore, PPM-DD effectively provides a pathway toward implicitly de-
risked drug development for population-optimized response rates.

Another recent study has demonstrated the capacity to use pheno-
typic data to pinpoint optimal drug combinations that maximize ther-
apeutic efficacy while minimizing adverse effects. The phenotype-based
experiments were performed for hepatic cancers and normal hepato-
cytes, and they revealed novel combinations of glucose metabolism
inhibitors through phenotypic-based experiments without the need
for previous mechanistic information (Fig. 5) (124). Increased glucose
uptake and reprogramming of cellular energy metabolism, the Warburg
effect, are hallmarks of many cancers, including hepatic cancers, and
linked to tumor progression and poorer outcome (125–127). The key
mechanisms that are required for enhanced glucose metabolism–
mediated tumor progression are often complex and thus difficult to
target therapeutically by traditional drug development methods (128).
After a multiparameter high-content screen to identify glucose metab-
olism inhibitors that also specifically inhibit hepatic cancer cell prolif-
eration but have minimal effects on normal hepatocytes, PPM-DD was
implemented to identify optimal therapeutic combinations. Using a
minimal number of experimental combinations, this study was able to
identify both synergistic and antagonistic drug interactions in two-
drug and three-drug combinations that effectively killed hepatic cancer
cells through inhibition of glucose metabolism. Optimal drug combi-
nations involved phenotypically identified synergistic drugs that inhibit
distinct signaling pathways, such as the Janus kinase 3 (JAK3) and cyclic
adenosine monophosphate–dependent protein kinase (PKA)/ cyclic gua-
nosine monophosphate–dependent protein kinase (PKG) pathways,
which were not previously known to be involved in hepatic cancer glucose
metabolism. As such, this platform not only optimized drug combinations
in a mechanism-independent manner but also identified previously un-
reported druggable molecular mechanisms that synergistically contribute
to tumor progression.

The core concept of PPM-DD represents a major paradigm shift
for the optimization of nanomedicine or unmodified drug combina-
tion optimization because of its mechanism-independent foundation.
Therefore, genotypic and other potentially confounding mechanisms
are considered a function of the resulting phenotype, which serves as
the endpoint readout used for optimization. To further illustrate the
foundation of this powerful platform, the phenotype of a biological
complex system can be classified as resulting tumor size, viral loads, cell
viability, apoptotic state, a therapeutic window representing a differ-
ence between viable healthy cells and viable cancer cells, a desired range
of serum markers that indicate that a drug is well tolerated, or a broad
range of other physical traits. In fact, phenotype can be classified as
the simultaneous observation of several phenotypic traits at the same
time to result in a multiobjective endpoint. For the purpose of optimiz-
ing drug combinations in drug development, we have discovered that
efficacy can be represented by the following expression and can be
optimized independent of knowledge associated with the mechanisms
that drive disease onset and progression (53):

V ðs; xÞ ¼ V ðs; 0Þ þ ∑
k
akxkþ

∑
l
blx

2
l þ∑

m
∑
n
cmnxmxn þ high order elements

The elements of this expression represent disease mechanisms that
can be prohibitively complex and as such are unknown, particularly
when mutation, heterogeneity, and other elements are considered, in-
cluding completely differentiated behavior between individuals and sub-
populations even when genetic variations are shared. Therefore, the
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overall treatment outcome can be represented by the difference in efficacy
before and after treatment. It is important to note that the resulting
quadratic algebraic sequence is a function of the doses only and is hence
mechanism-free. Unprecedented capabilities in optimizing combi-
natorial drug development can then be achieved through facile sam-
pling of various dose combinations to rapidly identify the algebraic
series coefficients, resulting in the most potent drug dose combination
according to phenotype only. Figures 4C and 5D harness this quadrat-
ic algebraic equation to provide a global analysis of the drug-drug in-
teraction map in a wide dose range. This map visually demonstrates

that dose dependence in drug design can have a profound impact on
drug synergism and antagonism. A systematic combination therapy
development platform such as the PPM-DD approach can rationally
pinpoint the specific drug dose ratios that result in globally optimal
treatment outcomes, not just the best outcome for a specific sample
set. The number or types of drugs within the combination do not limit
this approach. Therefore, PPM-DD can develop combinations con-
taining multiple nanoformulated therapies and unmodified therapies
and is not confined to conventional triplet or doublet therapy formu-
lation (53, 55, 119, 120, 123, 124, 129–131).

Fig. 4. PPM-DD–optimized ND-drug combinations. (A) A schematic model of the PPM experimental framework. Dox, doxorubicin; Bleo, bleomycin;
Mtx, mitoxantrone; Pac, paclitaxel. (B) PPM-derived optimal ND-drug combinations (NDC) outperform a random sampling of NDCs in effective therapeutic
windows of treatment of cancer cells compared to control cells. Reprinted (adapted) with permission from H. Wang et al., Mechanism-independent
optimization of combinatorial nanodiamond and unmodified drug delivery using a phenotypically driven platform technology. ACS Nano (2015/02/17, 2015).
Copyright 2014 American Chemical Society.
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The PPM-DD platform can effectively achieve multiobjective and opti-
maloutcomeswithout theneed formechanistic information.However, given
the ability to identify these optimal phenotypic outcomes, this platform can
be pairedwith other discovery platforms to then pinpoint the specificmech-
anisms responsible for thesephenotypes.ThismakesPPM-DDanextremely
powerful platform that can transform the drug development process.

CONCLUDING REMARKS

On the basis of important studies that comprehensively characterized
the uniquely faceted electrostatic surface properties of DNDs, as well
as the nitrogen-vacancy center properties of FNDs, rapid progress has
been made in the areas of ND-based imaging and therapy. In the area

Fig. 5. PPM-DD–optimized drug combinations against hepatic cancers. (A) Hepatic cancer cells, such as Hep3B, exhibit enhanced uptake of glucose
and glucose analogs (2-NBDG) compared to normal hepatocytes (THLE-2) and other hepatic cancer cells (Bel-7402). (B) Inhibition of hepatic cancer cell
proliferation by PPM-DD–optimized two-drug (D1) and three-drug (D2) combinations were compared to PPM-DD–derived nonsignificant combinations
(D3 and D4) in vitro. (C) Response surface plots of predicted outputs after ZM 449829 and HA-1004·2HCl reveal a synergistic relationship between the two
drugs. Figures reprinted with permission from SAGE Publications.
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of cancer therapy, passive and actively targeted ND-anthracycline
complexes have proven to be scalable platforms for hard-to-treat
cancers that increase the efficacy and safety of chemotherapy. ND-based
imaging agents enabling preclinical tracking of LSC engraftment and
markedly increasing per-gadolinium relaxivity provide a strong foun-
dation for continued development for both basic and translational ap-
plications. As more delivery platforms within the nanomedicine field
are clinically validated, their role in transforming the pharmaceutical
industry will become more defined. Monotherapy mediated by nano-
medicine vehicles has already resulted in improved efficacy and safety
over clinical standards in recent human trials. Combination therapy is
another area where nanotechnology is poised to have an impact on pa-
tient care in an important way. However, this also raises challenges of
how these combinations can be rationally designed, given the enormous
limitations associated with identifying proper drug dose parameters
from an infinite parameter space.

To circumvent the limitations of conventional combinatorial de-
sign approaches, a paradigm-shifting platform that uses phenotype to
systematically identify globally optimized drug combinations was uti-
lized to formulate ND-based and unmodified drug combinations. These
rationally developed therapies substantially outperformed randomly
sampled drug combinations with respect to efficacy and safety. Further-
more, the use of experimental data to formulate phenotypic response
maps innately validated the lead combinations. Combining nanoma-
terials with specific drug compounds using engineering optimization
platforms can truly optimize drug dose combinations for defined in-
dications. This will lead to unprecedented advances in patient treat-
ment outcomes against the most serious diseases of our time.

OUTLINE OF UNRESOLVED QUESTIONS

The field of nanomedicine has given rise to a collection of promising
nanomaterial platforms. As nanomedicine-modified monotherapies
continue to move into the clinic following important initial findings
from first-in-human studies, the next frontier will involve the clinical
implementation of combination nanotherapies. The inefficiency of dose
escalation– or additive design–based formulation of combination ther-
apies is a challenge that has persistently confronted the broader phar-
maceutical industry. It is evident that the nanomedicine field will need
to address this barrier, particularly as nanotechnology drug delivery
and imaging agents increase in complexity. Nanomedicines are now
being designed to simultaneously carry several classes of payloads, or
different classes of nanomaterials are being co-delivered as a combina-
tion. This review used the ND platform to illustrate specific examples,
such as magnetic resonance imaging and cancer therapy, where NDs
immensely outperform conventional modalities. A recent advance at
the multidisciplinary interface of engineering systems identification
and ND drug delivery resulted in the demonstration that ND-drug
combinations could be effectively optimized for multiple parameters
in a mechanism-independent fashion. This work simultaneously ad-
dressed the challenges of optimal drug discovery and the use of nano-
medicine to even further boost efficacy and safety. This review
addressed the following pervasive challenges and breakthroughs
in drug development:
• Nano-based monotherapy implementation in the clinic has made im-

portant advances in improving treatment outcomes. Nanotechnology-
based modification of drugs is also becoming increasingly prevalent

as the pharmaceutical industry looks for ways to innovate existing
drugs. Combination therapy represents the next stage of nanomedi-
cine implementation.

• As the costs of drug development continue to climb, a strategy to
pinpoint which nanomaterial platforms are best suited for specific
drug and imaging compounds and indications must be developed.

• NDs have emerged as promising materials for imaging and therapy.
Their specific clinical role will depend on continued toxicity and ef-
ficacy studies, but initial studies in magnetic resonance imaging and
anthracycline delivery are promising.

• Combination therapy is currently designed using additive formula-
tion. This makes it virtually impossible to optimize therapy, which
has a negative impact on public health. When simultaneously ad-
dressing the prohibitively large number of possible drug combina-
tions using current methods and requiring that the efficacy and safety
are both optimal, the parameter space is simply too large.

• The emergence of PPM-DD, previously referred to as the FSC.II
technology, has now made it possible to design globally optimal drug
combinations, even with multiobjective criteria, using nanothera-
peutics and non-nano therapeutics. PPM-DD is capable of optimiz-
ing combination therapy design at each stage of development. This
implicitly de-risks the drug development process because the glob-
ally optimal drug dose ratios are identified from an empirically con-
structed phenotypic map.

• The demonstration of PPM-DD-based optimization in ND combi-
nation therapy optimization resulted in globally maximal cancer
cell death and minimal healthy cell death. This was all accom-
plished in a mechanism-independent fashion using a small sample
of phenotypic assays. This signified a major advance for nano-enhanced
combination therapy.
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