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Advances in nanoscale science and
bionanoengineering are revolutio-
nizing our understanding and ability

tomanipulate complex biological processes
as well as the way health care is adminis-
tered. These approaches and innovations,
collectively termed nanomedicine, are on
the verge of improving disease prevention,
detection, treatment, and management.1

Oncology has been a key beneficiary. First-
generation liposomal-based nanopharma-
ceuticals for cancer treatment reached the
global market years ago with outstanding
therapeutic efficacies in many cases.2,3 To-
day, creativenanotechnology andnanoscience
approaches to formulation design are fur-
ther improving the cause, and second-
generation cancer nanomedicines (e.g., al-
bumin�drug complexes) are beginning to
prove their value.3,4 Collectively, these na-
nopharmaceuticals have considerably re-
duced adverse drug and solvent effects as
well as being passively targeted;they take
advantage of the enhanced permeability
and retention effect and other tumor-
vasculature-specific properties to accumu-
late at the sites of solid tumors. Foreseeable
progress in nanoparticle targeting of patho-
logical sites is further expected since emer-
ging classes of targeting and cell-specific
ligands are currently at various stages
of clinical development. These emerging
classes of ligands include smaller recombi-
nant antibody fragments, nanobodies, and
engineered variants as well as ligands dis-
covered through technologies suchasphage,
yeast, and ribosomal display and cell sys-
tematic evolution of ligands by exponential
enrichment.5�7 These ligands not only show
great promise for therapeutic and diagnos-
tic interventions in their own right, but their
small size, impressive affinity and target
specificity make them ideal candidates
for conjugation to nanoparticles. Possible

synergistic effects between nanoparticle
characteristics (size and geometry) and mo-
lecular targeting may dramatically enhance
specificity of delivery, thus opening the
path to new and sophisticated design solu-
tions for clinical use. Economically, the com-
plexity and the know-how of nano-based
approaches to formulation design have
the advantage of offering market exclu-
sivity to the pharmaceutical industry and
confronting generic threat better. Indeed,
such technological approaches are ex-
pected to deliver a reduction in and/or
prevent rapid revenue falloff for proprie-
tary nanopharmaceuticals even after pa-
tent expiration.4

In parallel, the growing interest in bio-
technology has already begun to transition
the pharmaceutical industry to biologics
research and development.8,9 Examples in-
clude growth factors, cytokines, and nu-
cleic-acid-based medicines such as small
interference RNA (siRNA) and microRNA
(miRNA). Approximately 70% of the 150
biologics in today's market were approved
in the past decade, and 11 of these reached
blockbuster sales status (generating more
than US$1 billion revenue) in 2004. Today,
biopharmaceuticals account for 25% of all
pharmaceuticals in the development pipe-
line.10 An aging population and the asso-
ciated increase in chronic diseases provide
significant opportunities for biologic manu-
facturers, where the global market is pro-
jected to reach US$185 billion by 2015.11
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ABSTRACT We present views on the future development of biologics-based nanopharmaceu-

ticals from a “high risk�high gain” perspective and within the context of personalized therapies.

Integrated scientific, commercial, and societal aspects are addressed, and provocative combined

realistic biotech, computational, and nanotech approaches for tailor-made engineering of

nanopharmaceuticals are discussed.
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Cancer, cardiovascular diseases, dia-
betes, central nervous system disor-
ders, chronic inflammatory conditions,
allergies, autoimmune diseases, meta-
bolic disorders, and hormone/enzyme
replacement therapies are among the
major therapeutic areas that are likely
to see significant biotech product
launches in the next 10�15 years.
Increased regulatory approval rates
for biotech products compared with
small molecule drug candidates are
also driving growth of the market
and interest among the pharmaceu-
tical industry. The demand for bio-
tech products is greatest in complex
areas where conventional pharma-
ceutical products have been less
successful, such as in the case of
multiple sclerosis.

It is perceivable that future devel-
opments in biopharmaceuticals will
increasingly be driven by advances
in enabling technologies such as
genomics, proteomics, pharmaco-
genomics, and toxicogenomics. Far
greater emphasis, however, should
be placed on personalized macro-
molecular medicines to improve
human health at all levels. A panel
of exciting advanced technologies
is beginning to help this cause. For
instance, a newly described algo-
rithm, copy number, and expression
in cancer seems to be effective in
identifying drivers of tumorigenesis,
the genes affected by these drivers,
and their possible functions from
cancer genomics analysis, thus set-
ting provisions for precision and
individualized cancer therapies.13

There are some limitations with this
approach too; it cannot detect mu-
tated oncogenes or tumor suppres-
sive genes that drive tumorigen-
esis. Other alternative technologies
may include paired-end sequencing,

next-generation (deep) sequencing
and microfabrication approaches,
and platform advances that result
in in vitro cell reprogramming, mod-
ification, and selection. Through
such interventions, we envisage ra-
pid developments in cancer vac-
cines, vaccines for autoimmune dis-
eases, and tailor-made treatments
for cancer-basedpersonal genomes.12

Pertinent to realizing these goals,
with the ultimate aim of optimizing
individualized and population-based
therapies, is a need for libraries of
safe and multifunctional nanoma-
terials and nanoparticles that not
only afford protection to biologics
against the hostile in vivo microen-
vironments but further achieve con-
trolled targeted delivery and cargo
release (Figure 1).1,14,15 Here, a de-
tailed understanding of dynamic
behavior and interactive forces be-
tween macromolecular cargo and
the nanomaterial components is
still required and remains central
for optimization strategies (e.g., in
terms of stability optimization and
developing new extra- and intracel-
lular release mechanisms). An inte-
grated approach is also necessary,
including not only a detailed map-
ping of “structure�activity” rela-
tionships but also concomitant
extensive computational network
knowledge of genomics and epige-
nomics of inter-individual variations
to biologics responses, thus push-
ing the boundary of the envisaged
personalized nanomedicine thera-
pies to reality.16

High Risks, High Gains. Today, sub-
stantial developments are arising
fromnanomaterial structure�activity
approaches that could dramat-
ically reshape the future of nano-
pharmaceuticals and pave the way
for individualizednanomedicine thera-
pies. A prime example is the recent
attempt in the rational design of
cationic lipids for safe and effective
delivery of siRNA to the liver.17 Ca-
tionic lipoplexes and polyplexes ef-
ficiently condense nucleic acids and
act as powerful nonviral transfec-
tants,18,19 but the cationic nature of
the lipid or the polymeric component

often induces immune adverse re-
actions and cell death.20�22 Through
a structure�activity approach and
detailed understanding of molecu-
lar biophysics, Semple et al.17 have
designed an array of ionizable ca-
tionic lipids that interacts with natu-
rally occurring anionic phospholipids
in the endosomal membrane, form-
ing ion pairs that adopt molecular
“cone” shapes, which promotes for-
mation of inverted, nonbilayer phases
(e.g., hexagonal HII phase). These
phases do not support bilayer struc-
ture and disrupt membranes, thus
aiding rapid nucleic acid release
into the cytoplasmic compartment.
These engineered nanomedicines
were well-tolerated in both rodents
and non-human primates and de-
monstrated efficacysignificant thera-
peutic (hepatic silencing in this case).17

Clinical evaluations are currently un-
derway with these formulations.

Unforeseen toxicity toward man-
made nanomaterials that are in-
tended to optimize biologics per-
formance still remains a concern.
Immunological reactions to nano-
engineered materials are particularly
notable. Thesemay comprise induc-
tion of antibody formation against
select components and pro-inflam-
matory reactions (via immune cell
receptor activation and signaling),
particularly through repetitive epi-
tope presentation, chemical modifi-
cation procedures, pharmacokinetic
profiles, lymphocyte activation, idio-
syncratic non-IgE-mediated acute
anaphylactic reactions, and intrinsic
immune-stimulating properties (e.g.,
interferon response and adjuvant
effects).21,23,24 For instance, idiosyn-
cratic and acute anaphylactic reac-
tions to conventional as well as
PEGylated liposomes, micellar drug
formulations, and a plethora of con-
trast agents have been well-docu-
mented and occur in certain indi-
viduals, while their molecular basis
is largely neglected.23,25 The inci-
dence of acute, allergic-like responses
in pharmaceutical formulations and
nanomedicines corresponds to ap-
proximately 80% of all immune-
mediated hypersensitivity reactions

Today,

biopharmaceuticals

account for 25% of all

pharmaceuticals in the

development pipeline.
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and translates to over 20 000 fatal-
ities every year in the United States
alone.26 Such outcomes impose
further health and financial burdens
and may complicate the develop-
ment phase of new nanomedicine
initiatives. Computation-based im-
munogenomic knowledge,however,
could salvage this and help immen-
sely toward a mechanistic approach.
It remains essential to unravel the
molecular basis of serious adverse
immune responses at both humoral
and cellular levels through structure�
activity approaches. If this can be
put within the framework of popu-
lation genetics, then it will ultimately

provide significant gains for human
health and treatment selection.
Structure�function approaches are
beginning to thrive, at least in rela-
tion to mechanistic issues that exert
immune attack on long-circulating
nanoparticles. For instance, a recent
initiative demonstrated that chan-
ging the conformation of adsorbed
block copolymer on nanosphere
surfaces with the aim of circum-
venting the body's defense system
unexpectedly triggered the immune
system differently.26 These stud-
ies are flagging difficulties and
current limitations in surface en-
gineering with synthetic polymers

and highlighting the need for bet-
ter approaches. We believe that
detailed profiling, fingerprinting, and
computational analysis (including
DNA and RNA sequencing) are re-
quired to establish relationships be-
tween physicochemical character-
istics of a typical nanocarrier and
adverse population-based immu-
nological responses. These efforts
may further lead to the design of
in vitro precision assays to predict
individuals at risk and ultimately
may provide global guidelines, not
only for safe nanoparticle dosing
regimens but also for the design
and nanoengineering of immunolo-
gically safe nanocarriers applicable
to wider site-specific drug delivery.
It is of the highest importance to
map out such nanomaterial charac-
teristics because small changes in
surface chemistry, morphology, and
charge may affect immunological
responses differently in different po-
pulations. Indeed, poor understand-
ing of material characteristics is often
related to opposing reports of the
safety of many nanomaterials.24

Other parallel recent developments
that could help this cause include
computational, quantitative struc-
ture�activity relationships that pre-
dict the toxicity of various metal

Detailed profiling,

fingerprinting, and

computational analysis

(including DNA and

RNA sequencing) are

required to establish

relationships between

physicochemical

characteristics of a

typical nanocarrier and

adverse population-

based immunological

responses.

Figure 1. Schematic illustration of a personalized approach for future nanophar-
maceuticals. Individuals with different diseases (e.g., breast, lung, liver, kidneys,
and brain tumors) will be screened by genomics, proteomics, and glycomics
technologies. Next, tailor-made nanocarriers will be designed carrying appropri-
ate biologics-based therapeutic payloads fit with optimized triggered-release
mechanisms. Design efforts are placed on a structure�activity relationship in the
context of the biological target and nanocarrier immunotoxicity profiling through
an omics approach for patient selection and personalized treatment.
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oxides.23 On the basis of such com-
putational nanotoxicology, a hypo-
thesis that mechanistically explains
differences in toxicity between
individual oxides has been pro-
posed.27 Further refinements with
such methodologies are expected
to provide guidance for the better
design of safer nanomaterials and
multifunctional nanopharmaceuti-
cals including theranostics.

Transformational Impact and Contribu-
tions to Innovation, Well-Being, and the
Economy. Integration of research in
nanomaterial design and nanopar-
ticle pharmacology remains a grand
challenge for controlled delivery and
release of therapeutic payloads and
for the molecular basis of nanome-
dicine toxicity at an earlier stage
and through population-based de-
sign (both at cellular and immune
system level).28 This, however, re-
quires multicollaborative, interdisci-
plinary, and innovative nanoscience,
omics and other approaches to na-
nopharmaceutical formulation, but
will advance broad societal goals,

from improved understanding of
the material behavior at molecu-
lar and individualized levels to
increased productivity through
nanotechnology tool optimization,
rational design, and responsiblenano-
basedmanufacturing. Ultimately, this
will expand the market for many
macromolecular therapeutic agents
and small molecules and will form
the basis for a highly profitable
niche for biotechnology and phar-
maceutical industries and, most im-
portantly, for human health at all
levels (Table 1). In addition, genera-
tion of biologically and environ-
mentally safe nanoparticulate drug-
delivery systems makes it possible
to formulate drugs in an optimal
way and for personalized therapies;
this could have a significant impact
on sustainability by helping to sal-
vage a broad library of discarded
compounds. The safe use of nano-
particulate delivery systems and
emerging personalized nanophar-
maceuticals will also create signifi-
cant savings in pharmaceutical

spending, which continues to grow.
The economic costs of major ill-
nesses in the USA is shown in Table
2, and European Union countries
currently spend, on average, 18%
of their total expenditure for health
on pharmaceuticals.29 Any reduc-

tion in spending on pharmaceuti-
cals would allow funds to be spent
on other treatments or on other
healthcare facilities.

Generation of

biologically and

environmentally safe

nanoparticulate drug-

delivery systems makes

it possible to formulate

drugs in an optimal way

and for personalized

therapies.

TABLE 1. Expected Global Nanopharmaceutical Market (Based on a 10 Year Development Cycle)a

nanopharmaceutical 2020 (US$ billions) 2025 (US$ billions) targets

protein-based 14 ( 7 28 ( 14 cancer/inflammatory/CNS
nucleic-acid-based 7 ( 3 14 ( 7 cancer/inflammatory/CNS
small-molecule-based 3 ( 3 6 ( 3 cancer/inflammatory/CNS/cardiovascular/infections

a Does not include diagnostic nanoparticles/theranostics (e.g., magnetic and luminescence-based optical contrast agents) for in vivo imaging (cell tracking, anatomical,
functional) and/or combined therapy (e.g., hyperthermia). Source: Roadmaps in Nanomedicine, Toward 2020; Joint European Commission/ETP Nanomedicine Expert Report
2009.

TABLE 2. Economic Costs of Selected Major Diseases in the United States

disease reference year of cost analysis direct costs (US$ billions)a indirect costs (US$ billions)b source

Alzheimer's disease 2010 direct þ indirect costs = 172 Alzheimer's Association USAc

Parkinson's disease 2002 6.7 16.3 Huse DM et al.d

diabetes 2002 92 112.9 NIH, USAe

stroke 2007 41.6 21.1 NIH, USAe

cardiovascular disease:f 2009 313.8 161.6 American Heart Associationg

heart disease 183.0 121.6
coronary heart disease 92.8 72.6
hypertensive disease 54.2 19.2
heart failure 33.7 3.5
stroke 45.9 23

a Costs associated with medical care (prevention, diagnosis, and treatment), continuing and terminal care, and rehabilitation. b Based on patients' time loss from employment
(lost productivity from morbidity and mortality). c 2010 Alzheimer's Disease Facts and Figures; http://www.alz.org/alzheimers_disease_facts_figures.asp. d Burden of illness in
Parkinson's disease; Mov. Disord. 2005, 20, 1449�1454. e Kirschstein, R. Fiscal year 2000 update. Disease-specific estimates of direct and indirect costs of illness and NIH
support. f This category includes coronary heart disease, heart failure, part of hypertensive disease, cardiac dysrhythmias, rheumatic heart disease, cardiomyopathy, pulmonary
heart disease, and other or ill-defined “heart” diseases. Totals do not add up because of rounding and overlap. g Heart disease and stroke statistics�2009 update (at-a-glance
version); http://www.americanheart.org/downloadable/heart/1240250946756LS-1982%20Heart%20and%20Stroke%20Update.042009.pdf.
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