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Around a decade ago, only one option existed 
for systemic delivery of nanotherapies: intrave
nous injection of the nanoagent and blind hope 
that it accumulated within the right location 
at a sufficient concentration. New approaches 
are being developed to amplify nanoparticle 
accumulation into sites relevant for cardiovas
cular diseases, such as inflamed blood vessels 
and areas of ischaemia–reperfusion injury, by 
increasing the vascular binding and the pas
sive entry of the nanoparticles into tissues and 
by taking advantage of native immune cell 
trafficking mechanisms1,2.

The challenges faced by the nanodelivery 
field were starkly exposed in a retrospective 
analysis of hundreds of cancer studies that 
used systemically administered nanoparticles3. 
Cardiovascular disease and cancer are inflam
matory disorders that share many similarities 
with regard to nanodelivery of therapeutics4. 
This analysis, despite presenting a dismal pic
ture of nanodelivery showing that only 0.7% 
(median) of the administered nanoparticles 
reached the targeted tumours3, left the astute 
reader optimistic with high hopes pinned on 
the extraordinary targeting heterogeneity in 
which some nanoparticles accumulated into 
disease sites at concentrations several orders 
of magnitude higher than other nanoparti
cle types. Studies using advanced intravital 
microscopy (IVM), which allows to directly 
visualize cell–nanoparticle interactions in vivo 
typically using single and multiphoton fluo
rescence imaging5, have begun to uncover 
why some nanomaterials are delivered better 
than others, providing crucial design lessons 
to improve nanodelivery.

Early nanoparticle studies using IVM 
revealed that small, spherical, vasculartargeted 
nanoparticles (~25 nm in diameter) essentially 

considerations to optimize future particle 
targeting to the blood vessel wall.

Despite the superior characteristics of 
microparticles for binding to the vasculature, 
nanoparticles are superior for intracellular 
and tissue delivery. For example, microparti
cles cannot traverse the vascular endothelium 
to enter disease sites; by contrast, tiny nano
particles are ideal5. Owing to the micropar
ticle versus nanoparticle delivery tradeoffs, 
Fish and colleagues cleverly developed 
nanoparticleloaded microparticles to seri
ally navigate the main obstacles of margina
tion to the endothelium and adhesion to the 
inflamed vasculature1. The researchers proved 
with the use of IVM that by loading nanopar
ticles into microparticle ‘motherships’, which 
bound to inflamed endothelium, the number 
of released, vascularly targeted nanoparticles 
adhering to the endothelial surface increased 
by >3,000% compared with microparticlefree 
nanoparticles. These nanoparticles could 
potentially either bind to the endothelium 
(vascular targeting; fig. 1a) or enter the dis
ease site by extravasation from blood vessels 
via the enhanced permeation and retention 
(EPR) effect (extravasation; fig. 1a).

However, despite the advances in boost
ing freenanoparticle accumulation, how 
well cellfree nanoparticle accumulation in 
disease sites competes with accumulation 
supported by systemic immune uptake and 
homing (immmunodelivery) remains unclear. 
The core of this issue resides in nanomaterial 
entry into disease sites from the vascula
ture. Despite the misnomer of ‘active’ deliv
ery (wherein nanoparticle targeting ligands 
‘actively’ bind to target cells), nanoparticles 
are typically delivered via passive leakage (the 
EPR effect) into disease sites, such as athero
sclerotic plaques and/or inflamed vessels, and 
tumours5. By contrast, immune cellmediated 
delivery comprises true active delivery in 
which the nanoparticleloaded cells actively 
extravasate and enter the site.

NanoIVM studies have shown that some 
systemically injected nanoparticle types 
were unexpectedly engulfed by cells in the 
vasculature. Instead of carrying the nano
particles away to offtarget sites, these circu
lating immune cells acted as a ‘Trojan horse’ 
and ferried the nanoparticles to disease 
sites8. Moreover, nanoparticleconjugated, 
vasculartargeting peptides increased nano
particle accumulation by preferentially 
directing immune cells to neovasculature in 
inflammatory target sites8,9. IVM analyses 
suggested that ~25% of the uptake resulted 
from Trojan horse cell trafficking8, with the 
remainder attributable to vascular binding 
and extravasation. However, IVM can only 
be used to explore fairly small volumes of a 

did not bind to the inflamed vascular endo
thelium in living animal models, whereas 
large, microscale (~500–1200 nm) aggre
gates of nano particles did bind to these sites6. 
A 2021 study has confirmed and rigorously 
quantified the contributions of particle size 
and stiffness to vascular binding in vitro as 
well as in vivo with the use of IVM1. Fish and 
colleagues report that free nanoparticles bind 
poorly to vascular endothelium under blood 
flow conditions because smaller particles mar
ginate towards the vessel walls more poorly 
than microparticles. Of note, poor binding 
could potentially also be caused by a decreased 
binding avidity of smaller nanoparticles on the 
basis of geometric arguments6. Computational 
modelling has provided mathematical back
ing for these sizerelated vascular binding 
and associated experimental measurements, 
concluding that the propensity for particle 
margination is related to the ratio between 
particle size and the thickness of the cellfree 
layer of the blood (the fluidonly layer adjacent 
to blood vessel walls)7.

To improve the likelihood of microparti
cle binding to the vessel wall, Fish and col
leagues modulated the microparticle modulus 
of elasticity1 and discovered a critical compli
cation: the likelihood of a microparticle to 
bind was sharply dependent on not only its 
stiffness but also the vascular shear rate. Hard 
microparticles excellently target the endo
thelium at high shear rates, whereas softer 
micro particles are preferred for low shear 
rates owing primarily to differences in defor
mation with respect to collisions with white 
blood cells around the endothelium. This 
quantitative understanding of how particle 
size, stiffness and shear flow strength con
trol vascular binding can serve as key design 

 N A N OT H E R A P E U T I C S

Nanotherapeutics for 
cardiovascular disease
Bryan Ronain Smith   

Nanotherapies are emerging rapidly as options to treat cardiovascular 
disease. However, insufficient and heterogeneous delivery remain  
critical issues. Novel strategies to boost targeted delivery of systemically 
administered nanoparticles by optimizing the particle physical properties  
or using immune cells as carriers promise to increase nanotherapeutic 
effectiveness in cardiovascular and other inflammatory diseases.

Refers to Fish, M. B. et al. Deformable microparticles for shuttling nanoparticles to the vascular wall. Sci. Adv. 7, 
eabe0143 (2021) | Huang, S.-S. et al. Immune cell shuttle for precise delivery of nanotherapeutics for heart disease 
and cancer. Sci. Adv. 7, eabf2400 (2021).

http://orcid.org/0000-0002-5990-2901
http://crossmark.crossref.org/dialog/?doi=10.1038/s41569-021-00594-5&domain=pdf


618 | SePTemBeR 2021 | volume 18 

0123456789();: 

www.nature.com/nrcardio

N e w s  &  V i e w s

target site and the fluorescence readout is 
only semiquantitative. Absolute quantitative 
analyses of trafficking of nanoparticleloaded 
cells versus free nanoparticle uptake into the 
tissue across multiple animal disease models 
will be necessary to draw broad conclusions 
about the relative importance and spatial 
distribution of each delivery strategy.

To leverage an immune cell Trojan horse 
strategy (also known as ‘cell hitchhiking’), a 
2020 study used selective monocytetargeted 
nanoparticles to exploit the native homing 
affinity of monocytes to inflamed atheroscle
rotic blood vessels to stimulate efferocytosis 
of apoptotic plaque debris10. In another study, 
Hsieh and colleagues used aptamerlinked 
nanoparticles to bind the surface of monocytes 
circulating in the blood to similarly exploit 
their active homing capabilities to regions of 
inflammation2. Nanoparticleloaded mono
cytes homed to inflamed sites in an animal 
model of cardiac ischaemia–reperfusion 
injury. The team leveraged IVM to explore 
in vivo nanoparticle binding to monocytes 
and their recruitment to infarct sites and 
showed that the nanoparticleimmune strat
egy improved animal survival without toxi
city to critical organs. A crucial innovation 
was the use of nanoparticles as a sort of drug 
depot in which, once the monocytes arrive  
at the disease site, nanoparticles release from 
the cell surface to diffuse into the tissue2. 
However, a crucial limitation is that ~30% 
of the nanoparticles bound to lymphocytes, 
compared with 60–65% to monocytes, sugges
ting a need to explore offtarget effects fur
ther and to improve selectivity. Advantages to 
cellhitchhiking strategies include lever aging 
the native cellular behaviours to overcome 
delivery challenges by exploiting biological 
inflammatory trafficking mechanisms that 
have been finely tuned through evolution. 

Another advantage is that if nanoparticles are 
freely and systemically injected (as opposed 
to preloaded into cells), passive uptake of the 
nanoparticles across the endothelium might 
occur in addition to immune cellmediated 
Trojan horse delivery8 (fig. 1b). The two simul
taneous delivery routes can potentially steeply 
boost the total accumulation of nanoparticles 
and drugs within inflamed vessels.

In conclusion, stateoftheart nanoengi
neering and immunoengineering methods are 
greatly improving the notoriously poor deliv
ery of nanomaterials to disease sites. Although 
each strategy has advantages and limitations, 
crucial benefits of piggybacking onto native 
immune cell trafficking include a delivery 
route that is independent of the vascular 
pore size hetero geneity that exists across peo
ple, disease stages and sites within the body. 
Furthermore, immune cells can actively trans
port nanoparticles deep into sites far from 
available blood vessels. Conversely, cellfree 
nanoparticle uptake into diseased tissues is 
highly hetero geneous owing to vascular pore 
variability and the diffusionlimited transport 
of nanoparticles, which makes immune cell 
hitchhiking a more reliable delivery route 
in preclinical models and probably in the 
clinic. Perhaps not surprisingly, the two 2021 
studies described applied IVM to achieve and 
validate their excellent targeting and delivery 
results1,2, and probably most future nanodeliv
ery advances will likewise harness the power 
of IVM to make or exploit critical insights and 
breakthroughs into in vivo delivery behaviour. 
Future advances will extend improved nano
particle delivery to other immune cell types 
with greater immune cell specificity, and use 
multifunctional nanomaterials that enable 
therapy delivery, imaging and triggerable 
cargo release for multistep control of immune 
cell fates. Therefore, these two new studies 

represent the evolution in targeted delivery 
for each major nanomaterial delivery route 
(as shown in Fig. 1a for ref.1 Fig. 1b for ref.2) 
to substantially improve the stateoftheart 
nanodelivery for cardiovascular disease and 
other inflammatory disorders.
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Fig. 1 | Systemic nanoparticle delivery strategies in vivo: free nano-
particles versus an immune cell ‘Trojan horse’. Nanoparticles (NPs) 
injected systemically can be targeted to disease sites in vivo, such as athero-
sclerotic plaques or areas of ischaemia–reperfusion injury, by two primary 
routes: free delivery and in immune cells used as Trojan horses. a | Free NPs 
can be targeted to disease sites by two primary mechanisms: vascular tar-
geting via the adhesion of NPs (purple) to endothelial cells in blood vessels 
(typically achieved by attaching a targeting ligand (green) to the NPs) and 

extravasation from blood vessels into the tissue via the enhanced permea-
tion and retention effect. b | Immune cells loaded with NPs can target dis-
ease sites and deposit the NPs as a by-product of native immune homing 
mechanisms. NP-loaded immune cells can be used to target disease sites by 
two main strategies: loading or binding the NPs to isolated immune cells 
followed by systemic re-injection of the preloaded cells, or by systemic 
injection of free NPs that directly target specific immune cell subtypes 
within the blood.

http://orcid.org/0000-0002-5990-2901
mailto:smit2901@msu.edu
https://doi.org/10.1038/s41569-021-00594-5

