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Nanomedicine frequently employs 
single particles ranging from very 

simple1 to highly multifunctional.2 How-
ever, the diversity of barriers to effective 
transport can limit the global optimization 
of delivery for such systems. Multistage 
particles present an effective means to 
overcome such issues, allowing scientists 
to better segment the delivery mechanism 
into discrete steps by combining multiple 
formulations for sequential utility in vivo. 
A recent article in Nature Biotechnology 
highlights such a system,3 delivering nano-
formulated doxorubicin (Dox) within larg-
er disc-shaped, mesoporous silica particles 
(MSPs). Following intravenous injection, 
the silica particles can accumulate in tu-
mor endothelia and release the nanopar-
ticles for uptake and drug release within 
tumor cells. Such systems raise age-old 
questions in formulation development4,5; 
however, recent work in multifunctional 
macromolecule,6,7 nanoparticle,2,8 and 
cell-based9,10 development should be con-
sidered instead, in combination with such 
formulations and concepts11 to dramati-
cally expand the reach of the drug delivery 
field as a whole.

To succeed, efforts in cancer nano-
medicine must surmount an array of 
barriers to delivery related to processes 
involved in systemic administration. How-
ever, particle-based drug formulations of-

ten employ a “one size fits all” approach. 
Broadly, scientists have tended to focus 
on singular systems that are either simple 
to formulate12 but limited in performance 
(e.g., Myocet, a simple liposome encapsu-
lating Dox1) or extensively modified with 
multiple components (polymers, ligands, 
and other conjugates)2,13,14 that poten-
tially dilute the intrinsic impact of each 
functional moiety. Both approaches can 
sacrifice a global optimization of various 
dynamic processes in systemic delivery, 
including but not limited to drug encapsu-
lation, particle stability, organ distribution, 
tissue penetration, cell internalization, and 
molecular release.15 These considerations 
reflect the similar yet distinct biological 
barriers to such delivery as well, including 
enzymatic degradation, reticuloendothe-
lial clearance, vascular permeation, inter-
stitial impedance, and molecular efflux.4 
Each perspective informs formulation 
development, and through such analysis, 
cancer nanomedicine can be viewed un-
commonly as a multiscale mass transfer 
problem.4 Thus, rather than focusing on 
what one particle can do to overcome each 
heterogeneous barrier, selecting at specific 
barriers the relevant delivery modality 
better accommodates the diverse physi-
cal phenomena occurring at each stage of 
delivery, with the smooth coalescence of 
such systems inevitably benefiting overall 
efficacy.

Such formulations, termed multistage 
particles, begin to address the single-par-
ticle inadequacy by subdividing delivery 
into discrete and sequential formulations, 
reducing the codependencies (e.g., be-
tween initial particle stability and terminal 
drug release) that single-particle systems 
confront among diverse barriers. A va-
riety of multistage delivery systems, in-
cluding MSPs16 and biodegradable gelatin 

nanoparticles,17 can encapsulate or sur-
face-decorate quantum dots or superpara-
magnetic iron oxide nanoparticles18 for 
imaging and deep tumor penetration, and 
multistage therapy has been explored with 
satisfying potency in loading PEGylated 
(polyethylene glycol–coated) paclitaxel 
micelles19 as well as liposomes containing 
small interfering RNA (siRNA).20 

The new study, published in Nature 
Biotechnology, introduces a new multistage 
system (therein referred to as an “injectable 
nanoparticle generator,” or iNPG) based 
on MSPs used for the therapeutic delivery 
of Dox as a polyglutamic acid conjugate.3 
Dox is an anthracycline antitumor antibi-
otic that acts by intercalating into DNA. 
The authors effectively conjugated Dox 
monomers to polyglutamic acid (pDox) 
and encapsulated this stage 2 system into 
the stage 1 MSPs, loading to an efficient 
25–30% at each stage (7–8% Dox loading 
overall within MSPs). Intravenous deliv-
ery allowed passive iNPG accumulation in 
tumor metastases within the lung through 
microvascular attachment. Subsequently, 
pDox nanoparticles were spontaneously 
formed upon release from MSPs and inter-
nalized by tumor cells, releasing Dox in the 
perinuclear space in a pH-dependent fash-
ion so as to avoid P-glycoprotein-mediated 
drug efflux pumps in both naive and drug-
resistant tumor models (Figure 1). These 
methods increased drug exposure within 
the lung to a mass-normalized extent on 
par with that of liver exposure, while yield-
ing order-of-magnitude decreases in initial 
transient Dox exposure within the heart, 
where Dox is known to be particularly tox-
ic. These effects led to an improved thera-
peutic outcome for the iNPG system as 
well as a notably increased maximum tol-
erated dose, as compared with results using 
Doxil, a PEGylated liposomal formulation 
of Dox. The favorable results, coupled with 
a conceptually complex formulation that is 
nevertheless developmentally straightfor-
ward as a whole, have potent implications 
for clinical development of related tech-
nologies.

The first multistage particles, intro-
duced nearly a decade ago,16 have developed 
rapidly into advanced systems capable of 
incorporating an array of both therapeu-
tic19,20 and diagnostic16,17,21 nanotechnolo-
gies into the overall carrier design. In par-
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an extraordinary ability to overcome the 
blood–brain barrier,9 the capabilities of 
these platforms in “active targeting” to in-
flamed tissues in vivo more accurately rep-
resent the meaning of the phrase than the 
ligand-based mechanisms that nanopar-
ticles frequently employ. Cell-mediated 
systems have proved capable of delivering 
highly complex cargoes such as nanofor-
mulated enzymes (or nanozymes),9 as well 
as penetrating rapidly and chemotropically 
across diverse tissue barriers toward their 
target site of inflammation.10 Furthermore, 
such cell-based systems represent a truly 
ideal multifunctional delivery system in 
their ability to self-express a diverse ar-
ray of therapeutic and diagnostic agents. 
Although cell-mediated delivery remains 
in its relative adolescence compared with 
particle-based technologies, innumerable 
sufferers of currently intractable diseases 
await the seminal advances that will drive 
these systems forward.

So, where do these frequently dispa-
rate conceptual areas leave the drug de-
livery field as a whole? In essence, despite 
complex and extraordinarily cross-disci-
plinary bases, the theoretical toolbox for 
formulation scientists has never before 
been so well stocked, and the coalescence 
of such technologies is already under 
way.11 Hierarchical efforts toward tackling 
one barrier at a time, multiple barriers at 
once, and the entireties of drug delivery 
mechanisms in vivo must be developed in 
concert between multifunctional as well 
as multistage systems, with more detailed 
and better-segmented analyses of specific 
transfer and mass balance at the levels of 
each discrete barrier.5,13,15 The outlook for 
the future of nanomedicine remains as 
strong as ever.
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Figure 1 Multistage in vivo delivery mechanism for the iNPG-pDox system. Sequential 
steps include vascular transport, tumor accumulation of iNPG-pDox in sites of interest due to 
innate tropism, association with diseased endothelia, in situ generation of pDox nanoparticles, 
and cellular internalization and transport of pDox that results in release of Dox in the perinuclear 
region inside the cell. Dox, doxorubicin; iNPG, injectable nanoparticle generator; pDox, doxoru-
bicin monomers conjugated to polyglutamic acid; MDR, multidrug resistance; NP, nanoparticle. 
Adapted from ref. 12.
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piggyBac (PB) transposons are mobile 
genetic elements widespread in na-

ture. One particular PB transposon origi-
nally isolated from insects has been de-
veloped as a nonviral gene transfer tool, 
with human gene therapy at the far end of 
potential applications. Transposons can 
occasionally be recruited for useful func-
tions by their hosts, and the human ge-
nome has five such “domesticated” genes 
derived from PB transposases. In a recent 
study, Henssen et al.1 examined one such 
gene product, PGBD5 (piggyBac-derived 
5), with the goal of probing the poten-
tial of this protein to catalyze bona fide 
transposition. Very unexpectedly, the 

study shows that PGBD5 can mobilize 
the insect PB transposon in human cell 
culture. Thus, despite the vast evolution-
ary distance between PGBD5 and insect 
PB transposons, there appears to be a 
cross-reaction between a catalytically 
active endogenous human transposase 
and transposon vector sequences that are 
exogenously delivered into human cells. 
The findings may have implications for 
genomic stability of PB vector insertions 
in human applications.

Many transposons, including mem-
bers of the PB superfamily,2 transpose 
via a “cut-and-paste” reaction involving 
binding of the transposase to the ends of 
an element defined by inverted terminal 
repeats (ITRs), excise the transposon 
from its original DNA context, and in-
sert the excised element into a new DNA 
sequence (Figure 1a). The founding 
member of the PB superfamily was dis-

covered as an insertion in a baculovirus 
(hence the name) in a cell line isolated 
from the cabbage looper moth Tricho-
plusia ni.3 Subsequent studies revealed 
that members of the PB superfamily are 
widespread in nature and can be found in 
fungi, plants, insects, crustaceans, uro-
chordates, amphibians, fishes, and mam-
mals.4 The T. ni PB transposon has 13-bp 
ITRs at its ends, inserts into TTAA target 
sequences, and is transpositionally active 
in a wide range of cell types and species. 
Thus, the PB transposon has become a 
widely used, popular tool for a variety of 
applications including animal transgen-
esis,5 mutagenesis screens to functionally 
annotate genes in vitro6,7 and in vivo,8,9 
induced pluripotent stem cell repro-
gramming,10,11 and gene therapy.12–16

Transposons are not only useful tools 
for genetic engineering, but have also 
played a key role in the evolution of nov-
el gene functions in nature. Indeed, it is 
now widely recognized that, through an 
evolutionary process termed co-option, 
transposon-derived DNA, RNA, and 
protein components have been recur-
rently recruited into cellular pathways as 
regulatory elements.17 Specifically, sever-
al transposases have been “domesticated” 
as functional host proteins probably by 
virtue of their ability to bind, loop, and, 
occasionally, recombine transposon-de-
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