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Delivery is one of the most important research topics in the 
21st century. Delivery is defined as the ability to bring an 
agent from outside the body (or biological system) to a spe-

cific targeted site in the body (or biological system). There have been 
significant advances in the development of new imaging agents, 
therapeutics and biological tools such as genome editors and nano-
machines. These emerging technologies are exciting as they offer the 
ability to treat diseases with cellular and molecular precision. They 
are typically incorporated into nanoparticles, bacteria, viruses and 
other vehicles that protect them from degradation and enable them 
to be delivered to the biological target. However, the majority of the 
nanoparticles generally accumulate in off-target tissues. Delivery can 
vary depending on the size, shape, surface chemistry, stiffness and 
chemical composition of the delivery vehicles, but the optimal design 
to reach a specific biological target is unclear. The current design 
paradigm is mainly from a physical (that is, chemical and mate-
rial properties) rather than a biological perspective. Administered 
nanoparticles interact with different tissues and organs that filter 
them out and prevent their delivery to the target site. The biologi-
cal systems that a nanoparticle interacts with along its journey from 
the site of administration to the target disease site form barriers that 
control the delivery process. Accumulation in off-target locations 
causes harmful side effects and reduces the quantity of the drug at 
the disease site and thus the efficacy of the formulation. Here, we 
explore the role of biology and its barriers in guiding nanoparticle 
design for delivering medical agents to the target site.

The nanoparticle journey
Nanoparticle delivery systems interact with different molecules, 
cells, tissues and organs as they are transported through the body 
(Fig. 1). The relationship between engineered nanomaterials and a 
biological system is referred to as nanoparticle–biological (nano–
bio) interactions. These interactions dictate what happens to the 
nanomaterial inside the body. When nanoparticles are adminis-
tered, proteins instantly adsorb to the nanoparticle’s surface and 
form a protein corona. The protein corona profile, composition and 
assembly depend on the biological molecules and fluids (such as 
blood, cerebrospinal fluid and saliva) the nanoparticle first interacts  
with and the nanoparticle’s physical and chemical properties such 

as size, shape and surface charge1,2. This corona forms a new inter-
face between the nanoparticles and cells or tissues, and influences 
nanoparticle uptake, biodistribution and immune response2–5. The 
protein corona may alter the nanoparticle’s in vivo trajectory. This 
protein corona can also mask the targeting effect of engineered 
ligands on the nanoparticle surface6,7. Salvati et al. found that 
cell-specific targeting with transferrin conjugated nanoparticles 
decreased when the nanoparticles were coated in serum proteins 
compared to uncoated nanoparticles7.

The majority of nanoparticles circulating in the blood are typically 
removed by the liver and spleen of the reticuloendothelial system 
(RES). The function of these organs is to filter blood and remove bio-
logical debris and foreign particulates from circulation. These organs 
form a significant barrier to intravenously administered nanopar-
ticles including quantum dots8, micelles9, gold nanoparticles10 and 
liposomes11,12. The liver can sequester the majority of intravenously 
administered nanoparticles and retain non-degradable nanoparticles 
for months after administration13. The primary source of nanopar-
ticle sequestration are Kupffer cells. These phagocytic immune cells 
line the inside of liver sinusoids and capture nanoparticles as they 
pass by in circulation14. Tsoi et al. demonstrated that sinusoids slow 
blood velocity when compared to arteries and veins, increasing the 
probability of nanoparticle interaction and uptake by Kupffer cells14. 
This can make the RES system a suitable target for intravenously 
administered nanomedicines15, as they will largely accumulate there. 
However, avoidance of the RES is essential for improving the deliv-
ery efficiency of intravenously administered nanoparticles to targets 
outside of the RES16,17. Other organs will also remove nanoparticles 
depending on their physical and chemical properties such as their size. 
For example, nanoparticles smaller than 6 nm can be renally excreted 
by the kidneys18 and intradermally administered nanoparticles can be 
sequestered by dendritic cells19. These are only a few examples of the 
different cells and tissues that remove nanoparticles from circulation 
and prevent them from reaching the biological target site.

Nanoparticles that reach the target organ must exit the vascula-
ture to reach target cells within the tissue. Nanoparticle transport 
through the blood vessel is dependent on the vessel physiology. 
For example, the vessels of the liver sinusoid are fenestrated, so 
nanoparticles smaller than the fenestrae (approximately <100 nm) 
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can diffuse through to access the space of Disse20. The vessels in the 
glomeruli of the kidney also have fenestrae. The effective cut-off 
size is smaller (<6 nm)18,21,22 due to the structure and composition of 
the underlying glomerular basement membrane23–25. Nanoparticle 
size21,22, surface charge26,27 and shape28,29 can all affect nanoparticle 
clearance by the kidneys. The vessels in the brain are tightly regu-
lated by a blood–brain barrier that prevents delivery of nanopar-
ticles carrying drugs or imaging agents into the brain30. The vessels 
of solid tumours use a combination of both active and passive 
transport mechanisms to transport nanoparticles31. Vessel physiol-
ogy varies across different endothelial linings. The physicochemical 
properties of the nanoparticle (such as size20, charge27 and surface 
chemistry32) should be designed to extravasate through blood ves-
sels at the target tissue.

Nanoparticles inside the target tissue must travel through the  
tissue stroma to reach the target cells. The tissue stroma has  

extracellular matrix (ECM) and connective tissue cells, such as 
fibroblasts, pericytes and tissue-specific support cells. Extracellular 
matrix proteins can trap nanoparticles before they reach their 
intended target. The composition of the ECM varies between tissues 
and can be drastically altered in diseases such as liver fibrosis and 
cancer33–35. Some ECM components such as collagen, fibrinogen 
and hyaluronic acid can sterically hinder nanoparticle diffusion36,37. 
Off-target cells present within the stroma can sequester nanopar-
ticles before they reach their intended target cell type. For example, 
tumour-associated macrophages can sequester nanoparticles that 
reach the tumour, preventing them from delivering their cargo to 
cancer cells38–43. Nanoparticles must navigate through the tissue 
stroma and avoid sequestration or degradation in the ECM or by 
off-target cells to reach their target.

Nanoparticles may need to enter the target cell for its cargo to  
elicit a therapeutic effect. Cellular uptake can occur through various  
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Fig. 1 | Biological levels of nanoparticle barriers. The number of delivery barriers increases with a deeper delivery target. Organs are typically the easiest 
to deliver nanomaterials to, while subcellular structures are the most difficult because the nanoparticles have more barriers to travel through to get to the 
final destination. RES, reticuloendothelial system; LSEC, liver sinusoidal endothelial cell; ECM, extracellular matrix.
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mechanisms such as membrane fusion44, caveolin-mediated endo-
cytosis45, clathrin-mediated endocytosis46, macropinocytosis47 or 
phagocytosis48. The target cell phenotype and nanomaterial chemi-
cal composition determine how nanoparticles are taken up and pro-
cessed. The surface receptor identities, expression levels and recycling 
kinetics affect the uptake rate and pathways accessible to the nanopar-
ticles. This affects the optimal uptake route for a given cell type49,50. 
Santos et al. found that 132N1 cells mainly used clathrin-mediated 
endocytosis while A549 cells mainly used the caveolin pathway50. 
The physicochemical characteristics of the nanomaterial such as size, 
shape and surface chemistry also influence the uptake route. Meng 
et al. demonstrated that HeLa and A549 cancer cells took up ~40 fold 
more silica nanoparticles via macropinocytosis when the aspect ratio 
was 2.1–2.5 in comparison to other aspect ratios47. These examples 
show that there are a variety of cell type specific mechanisms that 
dictate nanoparticle–cell interactions and uptake.

Nanoparticles inside the cell may need to escape the endosome 
to reach the final subcellular target location, such as the cytoplasm. 
Strategies include the use of positively charged lipids to disrupt endo-
some bilayer stability51 or pH sensitive polymers to modulate proton 
transport in endosomes52,53. In one application of this strategy, Hu et al. 
developed a pH-responsive polymer nanoparticle for cytosolic drug 
delivery. This nanoparticle responded to acidic lysosomes by increas-
ing in diameter from 200 to 500 nm when the pH dropped from 7.4 
to 4.9 to disrupt the membranes of acidic lysosomes54. This translated 
to a ~16-fold increase in cytosolic localization of the delivered cargo 
in dendritic cells in vitro compared to a non-pH-responsive design54. 
Some drugs may need to access organelles within the cell. Pan et al. 
demonstrated improved nuclear delivery of silica nanoparticles to 
HeLa cancer cells by conjugating the HIV-TAT nuclear localiza-
tion peptide to the nanoparticle surface55. This nuclear localization 
sequence binds the α and β importin receptors (karyopherin) for 
active transport into the nucleus56. Methods allowing endosomal 
escape and using specific organelle localization tags should be con-
sidered for nanoparticles targeting subcellular locations.

Each level of nano–bio interactions has barriers that prevent 
nanoparticles from being delivered to the target site. Nanoparticles 
can be sequestered or degraded at every barrier, reducing the 
number of nanoparticles on the delivery journey to the target. 
Understanding interactions between nanoparticles and the biology 
at each level will help to design efficient nanocarriers optimized for 
the biology of the delivery pathway.

Barriers remove nanoparticles from the journey
Delivery efficiency can be defined as the percentage of administered 
nanoparticles delivered to the intended biological target. It depends 
on the number of biological barriers and how the nanoparticles 
interact with them (Fig. 2a,c). Using tumour targeting as an exam-
ple, the amount of nanoparticles decreases as they move through the 
barriers (Fig. 2b). Conceptually, this is exemplified by the reduction 
in accumulation as they transport from the whole tumour to the 
cancer cell nucleus. Dai et al. showed that 0.7% of gold nanoparticles 
are delivered to the solid tumour, but only 0.0014% are delivered to 
the tumour cells in mouse models38. This is due to the biological 
barriers (for example, extracellular matrix and tumour associated 
macrophages) that a nanoparticle has to overcome to go from the 
tumour vessel to the final target cell.

The number of barriers can affect delivery efficiency. One 
approach to reduce the number of barriers is to change the admin-
istration route to directly bypass certain barriers. Many nano-
medicines use intravenous delivery, which is suitable for targeting 
haematological, vascular or systemically disseminated diseases 
since there is direct access to these sites via the blood circulation. 
Oral administration allows access to the gastrointestinal tract, 
intraocular administration to the eye, inhalation to the lungs and 
intradermal to the skin and lymphatic system. Garbuzenko et al. 

showed that inhalation improved both the delivery to the lungs and 
the therapeutic efficacy compared to intravenous administration57. 
Intravenously administered nanoparticles must pass the barriers of 
the RES system (liver and spleen), and face degradation in circula-
tion before reaching the lung. The inhaled nanoparticles have more 
direct access to the lungs and face fewer delivery barriers.

Another approach is to change the biological target. If the disease 
of interest has multiple druggable targets, the most direct delivery 
pathway may be selected in favour of higher delivery efficiency. 
In the example of treating a solid tumour in Fig. 2c, targeting the 
tumour endothelium has fewer barriers to overcome compared to 
targeting the nuclei of tumour cells. This concept is used by clinically 
approved nanomedicines. They target pathologies located in tissues 
where nanoparticles preferentially accumulate such as the skin58 and 
the RES system59. Examples include: Doxil (liposomal doxorubicin) 
for the treatment of AIDS-related Kaposi’s sarcoma skin tumours60, 
and Feraheme (carbohydrate-coated iron oxide nanoparticle) for 
iron deficiency anaemia treatment in the liver and spleen61.

Identifying the ideal nanoparticle design
Identifying the optimal nanoparticle physicochemical properties 
for delivery to a specific target is challenging. What is the best size, 
shape or surface chemistry for targeting disease x, y, or z? The ideal 
nanoparticle design is one that avoids off-target interactions and 
favours on-target interactions.

Collecting nano–bio interaction data. There have been a significant 
number of studies that aim to elucidate the relationship between the 
physicochemical properties of engineered nanomaterials and their 
interaction with biological systems in vitro and in vivo. However, 
it is a complex set of interactions that are unlikely to be defined by 
a single parameter. (1) Data from in vitro studies can be used to 
understand cellular or subcellular level nano–bio interactions. This 
is exemplified by in vitro studies investigating nanoparticle uptake 
by cells where essentially every property of the nanoparticle has an 
impact on cell uptake including size62,63, shape64–66, ligand density67,68, 
material composition69 and surface chemistry70,71. Bai et al. showed 
that palladium and gold nanoparticles were taken up more than 
platinum nanoparticles69. Wang et al. showed the ligand valency 
of the nanoparticle surface impacts their cellular interactions with 
SK-BR-3 and MCF-7 breast cancer cell lines72. (2) Data from in vivo 
studies are critical to delineate the role of multiple organs or systems 
in the delivery process. Nanoparticle libraries can be created and 
administered into animals to understand how different nanoparticle 
properties affect certain biological outcomes. Nanoparticle elimi-
nation from the body is one example where nanoparticle libraries 
have been used. Choi et al. established the 6 nm cut-off size for renal 
elimination using a library of different sized quantum dots18. Poon 
et al. used a library of gold nanoparticles larger than 6 nm to show 
that nanoparticles in this size range are eliminated through the hepa-
tobiliary pathway in the faeces or retained in the liver long-term20. 
Collection of nano–bio interaction data at both the in vitro and 
in vivo level is required to determine the optimal design.

Nanoparticle interactions at the disease site are also important to 
understand. The physiology of the tissue at the disease site will be 
different than in the healthy tissue and can affect the nanoparticle 
delivery to the target cells. This has been studied in solid tumours 
where nanoparticle penetration and distribution is affected by col-
lagen density36, blood vessel density73,74, blood vessel perfusion75 
and immune cell composition39,42. Sykes et al. measured the colla-
gen content of solid tumours and then modelled nanoparticle dif-
fusion through collagen gels at different collagen densities36. They 
found that larger nanoparticles (>60 nm) had reduced diffusion 
through higher collagen densities (>4 mg ml–1) compared to smaller  
sizes and lower collagen densities. Ekdawi et al. measured vascular 
properties of solid tumours from mice injected intravenously with 
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Fig. 2 | A systematic view of nanoparticle delivery barriers. a, Schematic proposing a barrier framework of the nanoparticle delivery process. The 
administered dose of nanoparticles is removed by successive barriers in the body until only a small percentage is delivered to the intended target; b, An 
example of using the barrier framework to model nanoparticle drug delivery to the nucleus of a solid tumour. After the nanoparticles are administered 
intravenously, they have to transport through the bloodstream to get to the final target site. Many of these nanoparticles are taken up by the liver, spleen 
and other reticuloendothelial organs. Once they enter the solid tumour, they have to cross the blood vessel, extracellular matrix and other non-tumour 
cells before they reach the tumour cells. Then they would have to cross the cell membrane, vesicles and other subcellular structures before reaching the 
target in the nucleus. To illustrate how challenging this is, we show that one out of one million nanoparticles may reach the nucleus with the successive 
loss of nanoparticles along the delivery pathway. c, A detailed description of the different barriers a nanoparticle has to overcome to reach different 
therapeutic target locations for cancer therapy. MMP, matrix metalloproteinase.
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fluorescent liposomes73. They found that the liposomes accumulated 
in areas of the tumour with high vascular density, such as the periph-
ery of the tumour. Stirland et al. investigated the role of vascular 
perfusion on local nanoparticle accumulation within tumours by 
injecting two uniquely fluorescent nanoparticles either sequentially 
or together and analysing histology sections of the tumour75. They 
found that co-injected nanoparticles co-localized in the same parts 
of the tumour. When the two formulations were injected at different 
times, they accumulated in different areas of the tumour because the 
local blood vessel perfusion was dynamic. Cuccarese et al. investi-
gated the impact of immune cell populations on nanoparticle accu-
mulation by injecting lung tumour-bearing mice with fluorescent 
nanoparticles and then imaging the whole lungs for macrophage and 
nanoparticle distribution42. They found that the amount of nanopar-
ticles in a tumour correlated with the number of macrophages in 
that tumour. Furthermore, identifying the ideal nanoparticle formu-
lation is complicated by pathophysiological changes in disease states. 
The presence of disease can alter the in vivo nano–bio interactions 
and change the nanoparticle’s blood clearance properties. Kai et al. 
determined that nanoparticle clearance from the blood is faster in 
tumour-bearing mice than healthy mice76. Similarly, Wu et al. 
showed in human patients that liposomal drugs eliminated 1.5-fold 
more quickly in patients with liver tumours compared to patients 
without liver tumours77. Collecting data on nano–bio interactions 
is the key step in determining the optimal design. The abundance 
of data will likely require computational analysis to identify how the 
complex relationships between the nanomaterial and biology allow 
for the identification of the optimal design.

Computational techniques to process nano–bio interaction data. 
Identifying the best nanoparticle design can be aided by experi-
mentally examining how molecules, cells and tissues interact with 
nanoparticles of different designs. Many of the examples in the pre-
ceding sections were focused on understanding how a single param-
eter contributes to a single biological outcome. However, within 
the body there are many confounding and complex interactions 
between the nanomaterial and molecules, cells, and tissues that are 
not well understood. As the number of nanoparticle designs being 
tested increases and the amount of biological data collected about 
the nano–bio interactions increases, establishing complex relation-
ships between these variables becomes possible. Computational 
techniques may be used to define the relationship between the nano-
material properties and their biological interactions. Figure 3 shows 
a general, high-level overview of this framework. This is an emerging 
area of research and the aim of this section is to highlight examples of 
computational approaches for understanding nano–bio interactions.

Linear regression models. Linear regression models can be used to 
estimate the relationship between a dependent variable and one or 
more independent variables. The advantage of this method is that it 
is simple to implement and evaluate. The main disadvantage is that 
it does not accurately model non-linear relationships. Walkey et al. 
developed a partial least-squares regression model to predict cell 
association based on the protein corona of a panel of nanoparticle 
formulations1. A library of 105 different nanoparticle formulations 
(different sizes, materials and surface chemistries) were incubated 
with serum, and the protein corona was measured using liquid 
chromatography tandem mass spectrometry (LC-MS/MS). This 
data was used to generate a multivariable model that could pre-
dict cell association with 84% higher accuracy than single variable  
models using a single protein. This technique is typically used to 
establish the interaction of nanoparticles with simple biological  
systems such as cells in vitro.

Decision matrices. A decision matrix is a flow chart or table that 
can be used to identify key nanomaterial design parameters. Sykes 

et al. created a decision matrix to identify the optimal nanoparticle 
size for tumour accumulation for imaging (best contrast) or treat-
ment (high retention and even distribution) applications based on 
tumour accumulation, fluorescence intensity, uptake rates, pen-
etration capacity and theoretical loading capacity data that were 
ranked in importance for therapeutic and diagnostic applications. 
Each nanoparticle size was scored for its usefulness in imaging or 
treating tumours of different sizes36. Poon et al. created a decision 
flowchart to identify nanoparticle elimination pathways based on 
size and chemical composition20. This can be used to decide which 
nanoparticle design to use to access different elimination pathways. 
The advantage of decision matrices is that they are simple to imple-
ment and understand. The disadvantage is that they guide decisions 
for only a few simple design parameters.

Machine learning. To develop predictive models with limited 
knowledge of the relationships between the large number of vari-
ables, researchers have begun exploring machine learning methods 
(such as support vector machines, neural networks and random 
forests). Machine learning models are statistics-based computer 
algorithms that learn to perform a task without explicit instruc-
tions. When the relationship between a set of input variables (for 
example, nanoparticle characteristics) and a set of output variables 
(for example, tumour delivery) are unknown, machine learning can 
optimize a set of mathematical rules (that is, a model) to predict this 
relationship. Machine learning has been explored for applications 
such as to predict cell binding or accumulation in animals from the 
protein corona on nanoparticles78–80, predict delivery to metastatic 
tumours74, predict nanoparticle toxicity81,82 and analyse chemical 
reagents for tuning nanoparticle physicochemical properties83,84. 
This usually requires hundreds to thousands of examples of accu-
rately annotated data to train and validate the algorithm.

Support vector machines. Support vector machines are a method 
of supervised learning that can be used for classification or regres-
sion. Support vector machines are useful in situations with limited 
datasets (a few hundred data points) and when the prediction needs 
to tolerate noise in the dataset. Support vector machine models have 
been created to predict nanoparticle delivery to metastatic tumours 
based on tumour three-dimensional (3D) morphology74 and to pre-
dict cell binding to different nanoparticle formulations from their 
protein coronas79. Kingston et al. built a model to predict nanopar-
ticle delivery to metastatic tumours by training a support vector 
machine model from imaging data. Light sheet microscopy was 
used to measure tumour morphology (that is, volume, surface area, 
sphericity, number of cells, cellular density, cell distance to blood 
vessels) and nanoparticle delivery (that is, number of nanoparticle 
positive cells, mean nanoparticle intensity) of over 1,300 individual 
metastatic tumours. The support vector machine model was trained 
to predict the number of nanoparticle positive cells (output) from 
the morphological data about the tumour (inputs). The model was 
able to predict the number of nanoparticle positive cells with a 
Pearson correlation (r) of 0.94 and root mean squared error (RMSE) 
of 27 cells. This proof-of-concept study demonstrates how disease 
physiology can be used to predict nanoparticle delivery.

Neural networks. Neural networks work by relating input data 
to output results using linear and non-linear transformations.  
The relationships are strengthened by large datasets iterating 
through multiple hidden layers of transformations. Each iteration 
adjusts the transformations, which improves prediction accuracy. 
The ability to adjust the number, connectivity and data transforma-
tions throughout the layers of the network makes these methods 
capable of modelling complex relationships between the dependent 
and independent variable(s). Lazarovits et al. used neural networks 
to generate a computational model to predict organ accumulation  
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and blood half-life using protein corona compositions from a panel 
of nanoparticle formulations78. Different gold nanoparticle sizes 
were injected into rats. Their protein coronas at different time 
points were used as input data. The output data was the amount of 
gold in the liver, spleen and blood. The neural network was trained 
to predict the amount of gold nanoparticles in the liver, spleen and 
blood based on the protein corona composition. When validated 
using two gold nanoparticle formulations of unknown composition 
the model was able to predict the half-life, spleen accumulation and 
liver accumulation based on the protein corona composition with 
77–94% accuracy. This study demonstrated a proof-of-concept that 
the protein corona composition can enable prediction of nanopar-
ticle delivery in animals.

Random forests. Random forests are an ensemble machine learn-
ing method for creating classification or regression models. Ban 
et al. used a random forest algorithm to predict the protein corona 

of nanoparticles given their physicochemical properties (size, 
shape, material, surface chemistry, surface charge)80. Data from the 
literature was collected from 652 different nanoparticles covering 40 
different nanoparticle materials and over 50 types of surface modifi-
cations. Using 10-fold cross validation the random forest algorithm 
was able to predict the relative protein abundance of 178 different 
proteins with most R-squared values >0.7 and root mean squared 
errors below 5%. In the future, the prediction of the protein corona 
from the physicochemical properties of the nanomaterial could 
offer a way to screen nanoparticle interactions computationally.

Challenges of using computational approaches. A number of 
challenges exist for applying computational approaches to analyse 
nano–bio interactions. The first is the need for large datasets (hun-
dreds to thousands of data points) of high-quality data. Measuring 
cellular uptake, or organ delivery across many different types of 
nanoparticles, in many different cell types or animals is costly and 
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time-consuming. In some situations, the amount of data required 
to achieve statistically significant relationships may be prohibitively 
large. Secondly, an interdisciplinary team of experts with knowledge 
across different areas including computer science, materials science 
and biological science is needed to deploy these methods. Thirdly, 
the algorithms need to be robust and work across a large variety of 
nanoparticle formulations or biological applications. In the above 
examples the models are used to solve a single problem, such as liver 
accumulation or cell binding for a limited library of nanoparticle 
formulations. These computational methods can be aided by data 
from studies that identify new biomarkers, cellular receptors and 
new nanomaterial designs. In the future, we need robust algorithms 
to predict multiple outputs from a large array of nanoparticle for-
mulations and biological inputs.

guiding the delivery strategy
The current sequence for engineering nano-delivery systems for 
in vivo applications is: (1) design and synthesize the nanoparticle, 
(2) characterize in cells in culture, (3) inject them into animals and 
measure delivery efficiency. The end therapeutic outcomes suggest 
whether the design was successful or not. This approach is based on 
a trial-and-error strategy. A reverse approach to the current strat-
egy should be considered to achieve targeted delivery. This reverse 
approach would involve: (a) analysing the biology of the target dis-
ease, (b) defining the amount of nanoparticles to be delivered to 
each organ, (c) inputting results into algorithms, and then repeat-
ing steps (1) to (3) in the current sequence. A map of the nano–
bio interactions can provide a blueprint for the optimum design 
of nanoparticles for the desired delivery efficiency. This method 
would also determine whether an adjuvant approach is required. 
An adjuvant’s function is to alter the biology either at the diseased 
site or along the delivery pathway in order to improve the delivery 
efficiency of the nanomaterial by reducing the number or strength 
of the delivery barriers. Figure 4 outlines a workflow for delivery 
optimization that utilizes patient-specific data and knowledge on 
nano–bio interactions to guide the design of the delivery strategy. 
Box 1 defines a set of equations to conceptualize and compare the 
impact of barriers on the delivery of nanoparticles and their drug 
cargo to the target site. These tools describe a forward-thinking, 
patient-specific approach to designing the optimal nanoparticle and 
delivery strategy for reaching a specific disease target.

Biology determines the nanoparticle design. The biology of the 
diseased target site and the barriers the nanoparticles encounter 
along the delivery pathway determine the nanoparticle delivery 
efficiency. A workflow for the future design of nanoparticle deliv-
ery vehicles starts with using imaging and biochemical methods to 
assess the diseased target and the delivery barriers prior to engi-
neering the nanosystem. The physiology of the disease will vary 
between patients and disease stages.

The first step is to analyse the disease target. Computed tomog-
raphy (CT), magnetic resonance imaging (MRI) and positron emis-
sion tomography (PET) together with contrast agents can assess 
organ-level barriers, such as perfusion, for nanoparticle extrava-
sation and retention and predict nanoparticle target organ deliv-
ery41,43,85,86. Tissue biopsies and 3D imaging can identify sub-organ 
level barriers, such as changes in immune cell populations, their 
spatial distribution within the tissue microarchitecture and the vas-
cularization status of the target42,74,87,88. For tumour targeting, this 
would include imaging and analysis of vascular architecture, vessel 
permeability, extracellular matrix porosity, biomarker expression, 
cell distribution and cytokine profiles. These imaging and molecu-
lar tests will inform the design of nanoparticles through the compu-
tational algorithms.

The second step is to use computational algorithms to calculate a 
nanoparticle design with optimal size, shape and surface chemistry.  

Histopathology
 from biopsies

Step 1: Characterize biology

Step 2: Use computer algorithm

Step 5: Administer treatment(s)

Step 6: Monitor efficacy

Clinical imaging
(for example, CT, MRI, PET)

Step 3: 
Select and synthesize

nanoparticles

Step 4: 
Select adjuvants

Kupffer cell
depletion

Extracellular
matrix degradation

Blood vessel
normalizationS

O

OH
n

Fig. 4 | A rational strategy for designing and testing nanoformulations  
for delivery. The biology of the final target and the organs/cells that  
a nanoparticle interacts with will determine their delivery efficiency.  
We propose a new workflow for personalizing the design of the 
nanoparticles for a specific clinical application. This is a six-step  
process. (1) Analyse the pathophysiology of the diseased target.  
(2) Input the information and delivery goals into a computer algorithm. 
(3) An algorithm generates design specifications for the nanoparticle. 
Synthesize and characterize these nanoparticles. (4) Determine if an 
adjuvant is needed to increase delivery. (5) Inject into the patients  
either the nanoparticle alone, or with an adjuvant before, during or  
after injection of nanoparticles. (6) Monitor the clinical performance  
of the nanoparticle with or without adjuvant. During the treatment  
regimen, step 1 is repeated to measure changes in the disease, and 
off-target effects. Each round of treatment may require a different 
nanoparticle design as the pathophysiology and biological response  
may change. Kupffer cell image adapted with permission from ref. 20, 
American Chemical Society.
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This design would be the most effective at overcoming the 
patient-specific barriers, determined in step 1 to achieve the desired 
delivery outcome. Changing the nanoparticle design can change both 
on-target and off-target accumulation (Box 1). The next steps are 
to synthesize this nanoparticle design, administer the nanoparticle 
therapy to the patient and to monitor the efficacy and changes in the 
pathophysiology of the target site to determine the next nanoparticle 
design iteration. This process shares similar philosophies to personal-
ized medicine where the treatment is tailored to the patients’ specific 
disease pathophysiology. Miller et al. showed that magnetic resonance 
imaging with an iron oxide nanoparticle (Feraheme)-based contrast 
agent could be used in tumour bearing mice to predict the delivery 
and therapeutic response of a subsequently administered therapeutic 
nanoparticle41. Ultimately, the biology informs the optimal design of 
nanoparticles to achieve maximum delivery.

Priming the biology for delivery. Even the optimal nanomaterial 
design may not ensure enough nanoparticles are delivered to the 
target site. One may need to add adjuvant strategies to improve the 
delivery efficiency. These strategies inhibit or block specific organs 
or cells from taking up nanoparticles en route to the target site, which 
would reduce the off-target accumulation (Box 1). This allows more 
nanoparticles to reach the final target site. Designing these strategies 
requires a thorough understanding of how specific biological bar-
riers influence nanoparticle transport in a given delivery pathway. 
Below are three current examples from cancer nanomedicine:

The first method is to disable the RES from taking up intrave-
nously administered nanoparticles. This can be done by depleting 
or inhibiting Kupffer cells in the liver that sequester nanoparticles. 
Tavares et al. showed that depletion of liver macrophages improved 
tumour accumulation by up to 150 times depending on the nanopar-
ticle type and cancer model89. Other strategies used decoy nanopar-
ticles to block RES uptake of subsequent nanoparticle injections 
and increased their circulation half-life90–92. Ouyang et al. recently 
showed that the administered dose of any nanoparticle design must 
exceed a general dose threshold to overwhelm the RES uptake rates 
and maximize delivery to tumours up to 12% of the injected dose93. 
In mice, this threshold was 1 trillion nanoparticles and this high-
lights the influence of dose on nanoparticle delivery strategies. By 
reducing uptake in RES organs, nanoparticles are able to circulate 
longer and increase their potential to accumulate at the target site.

A second method is to improve transport of nanoparticles out 
of blood vessels. Administering a vascular normalization agent 
(such as anti-VEGF or anti-VEGFR-2) can improve tumour blood 
vessel perfusion. This decreases tumour interstitial fluid pres-
sure and increases blood supply94–96. Chauhan et al. showed that 
pre-administration of anti-VEGF-receptor-2 antibody DC101 
improved the transvascular flux of 12 nm quantum dots by 2.7 to 
3.1 times in mice with orthotopic mammary tumours94. Other strat-
egies include using radiation therapy to make tumour blood vessels 
more permeable before administering nanoparticles97,98.

A third method is to improve the diffusion of nanoparticles through 
extracellular matrix (ECM) to penetrate deeper into target tissues. 
Collagen and hyaluronic acid are major components of the extracel-
lular matrix and are overexpressed in pathologies such as fibrosis and 
cancer37,99. Enzymes such as collagenase100 or hyaluronidase101 can 
be used to degrade these extracellular matrix proteins. Sparse ECM 
can also increase vessel permeability by opening blood vessels102. 
Murty et al. showed that attaching collagenase to their 30 nm gold 
nanoparticles improved tumour delivery by 1.4 times103. Eikenes et al. 
pre-treated human osteosarcoma tumour-bearing BALB/c nude mice 
intratumourally and intravenously with hyaluronidase to increase 
tumour uptake of liposomal doxorubicin by 2–8 times104.

Continuous analysis of disease biology. A treatment regimen 
may require different nanoparticle designs over time. For example, 

round 1 of therapeutic treatment of patients with stage 4 breast can-
cer may require a nanoparticle that is spherical and 50 nm. After 
initial treatment leading to some tumour shrinkage, the optimal 
nanoparticle design for the next injection may be 15 nm. It is pos-
sible that as tumour volume and ECM density changes, altering 
the nanoparticle design may be necessary36,105. Changes in the dis-
eased tissue may also cause other systemic changes to metabolism 
and elimination, which could alter the ideal nanoparticle design 

Box 1 | equations comparing the delivery efficiency of 
nanoparticles, drugs and drugs carried by nanoparticles

We describe nanocarriers containing releasable small molecule 
therapeutics as a model system. We present simple mathematical 
equations to describe the delivery efficiency of the nanoparticles 
alone, small molecule drugs alone, and the drug and nanopar-
ticle together, being transported to the target site. The delivery 
efficiencies of both the nanoparticles and small molecule drugs 
are directly related to the amount that accumulates in the tar-
get or inversely related to the summation of their losses due to 
the barriers that sequester or eliminate them. The therapeutic  
effectiveness of a nanoparticle carrying a drug is dependent upon 
the total drug delivered by the nanoparticle. This depends on the 
amount of nanoparticles delivered to the biological target, the 
amount of drug remaining in the nanoparticles that are delivered 
and the amount of drug released at the target. #NPtotal refers to 
the total number of nanoparticles administered. #NPon-target refers 
to the number of nanoparticles that are taken up at the intended 
destination. #NPoff-target refers to the number of nanoparticles that 
are taken up by off-target sites. #NPliver refers to the number of 
nanoparticles that are taken up by the liver. #NPspleen refers to  
the number of nanoparticles that are taken up by the spleen. 
Drugremaining/NP refers to the amount of drugs still bound per  
nanocarrier. Release refers to the proportion of drugs that can 
be released by the nanoparticles. Of note, these equations can be 
written in different forms.

From the nanoparticle perspective:

Delivery efficiencyNP ¼ #NPon-target
#NPtotal

#NPtotal ¼ #NPon-target þ#NPoff-target

#NPoff-target ¼
Xn

i¼1

#NPoff-target;i ¼ #NPliver þ#NPspleen þ   

From the drug perspective:

Delivery efficiencydrug ¼
Drugon-target
Drugtotal

Drugtotal ¼ Drugon-target þ Drugoff-target

Drugoff-target ¼
Xn

i¼1

Drugoff-target;i ¼ Drugliver þ Drugspleen þ   

Drugon-target ¼ #NPon-target ´
Drugremaining

NP

Drugreleased ¼ Drugon-target ´Release

Effective DoseDrug ¼ Delivery efficiencyNP
´#NPtotal ´

Drugremaining

NP ´Release
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and delivery strategy106. Dose can also be modified in response to 
toxicity in off-target sites during monitoring93,107. Information from 
every iteration further improves the prediction accuracy and sug-
gests more efficacious and tolerable regimens108.

Perspective and outlook. We provide our view of where we believe 
the field of delivery is headed. We have witnessed the develop-
ment of methods to synthesize and characterize nanoparticles, 
and demonstrate their utility in targeting, imaging and treating 
disease. This has created a foundation with competencies that will 
advance this important field of research. However, the approach 
is a trial-and-error process to discover one optimal particle 
design at a time. There are now several groups that are designing 
high-throughput libraries of nanoparticles for delivery and screen-
ing against diseased targets in vitro and in vivo to identify an opti-
mal formulation109–113. While this is an excellent approach, we would 
need to assess the relevance of the screening results between species 
(for example, mice versus humans).

The broader concept behind our proposed strategy will lead to 
a more rational approach for engineering nanoparticles as deliv-
ery vehicles of medical agents. The approach is based on the prin-
ciple of identifying relationships between nanoparticle design and 
in vivo transport at the organ level, sub-organ level or subcellular 
level, and then organizing these relationships into a system that can 
be analysed by computational algorithms to guide the design of the 
delivery vehicle and the delivery strategy. The implementation of 
artificial intelligence approaches in the clinic is an emerging area of 
research supported by new policies put forth by regulatory agencies 
such as the US Food and Drug Administration (FDA)114. In particu-
lar, there has been success in the clinic with the first FDA-approved, 
adaptive, personalized approach for radiation therapy in oncology 
powered by artificial intelligence115. Patient-specific radiation dose 
and positioning were optimized based on multimodal tumour imag-
ing throughout the treatment regimen. We envision this futuristic  
approach could be applicable for nanomaterial-based chemo-, 
radio- and immuno-therapies once sufficient high-quality datasets 
of nano–bio interactions are available.

These developments will evolve the field of delivery to look at 
the delivery problem not only from the engineering and chemistry 
perspective, but also from a biological perspective. It is important to 
change our viewpoint on delivery as the biological systems ultimately 
determine whether the nanoparticles are able to access the final tar-
get site. Table 1 outlines a series of critical questions to consider when 
trying to optimize delivery to a specific target. These questions are 
designed so that the nano–bio interactions along the entire delivery 

pathway are considered when designing a strategy to reach a target 
disease site. Importantly, these design considerations apply to all 
nanoparticle-based delivery systems, including delivering drugs for 
therapy or imaging contrast agents for diagnostics, since achieving 
a high delivery efficiency and specificity for a target site is crucial to 
their clinical purpose116. In the future, we imagine being able to select 
a disease site and use algorithms to guide nanoparticle designs. For 
example, a researcher develops a drug and aims to deliver at least 10% 
of an injected dose to a tumour, with a maximum acceptable off-target 
delivery of 20% to the liver. The researcher inputs this desired deliv-
ery profile into a computer algorithm, which then calculates the ideal 
nanoparticle strategy. While we are currently far from implementing 
this strategy, we foresee this future for the rational design of delivery 
vehicles to bring emerging medical agents to a specific disease site.

Received: 8 April 2020; Accepted: 30 July 2020;  
Published online: 7 September 2020

References
 1. Walkey, C. D. et al. Protein corona fingerprinting predicts the cellular 

interaction of gold and silver nanoparticles. ACS Nano 8, 2439–2455 (2014).
 2. Tenzer, S. et al. Rapid formation of plasma protein corona critically affects 

nanoparticle pathophysiology. Nat. Nanotechnol. 8, 772–781 (2013).
 3. Monopoli, M. P. et al. Physical−chemical aspects of protein corona: 

relevance to in vitro and in vivo biological impacts of nanoparticles.  
J. Am. Chem. Soc. 133, 2525–2534 (2011).

 4. Walczyk, D., Bombelli, F. B., Monopoli, M. P., Lynch, I. & Dawson, K. A. 
What the cell ‘sees’ in bionanoscience. J. Am. Chem. Soc. 132, 5761–5768 
(2010).

 5. Monopoli, M. P., Åberg, C., Salvati, A. & Dawson, K. A. Biomolecular 
coronas provide the biological identity of nanosized materials. Nat. 
Nanotechnol. 7, 779–786 (2012).

 6. Varnamkhasti, B. S. et al. Protein corona hampers targeting potential  
of MUC1 aptamer functionalized SN-38 core–shell nanoparticles.  
Int. J. Pharm. 494, 430–444 (2015).

 7. Salvati, A. et al. Transferrin-functionalized nanoparticles lose their targeting 
capabilities when a biomolecule corona adsorbs on the surface. Nat. 
Nanotechnol. 8, 137–143 (2013).

 8. Schipper, M. L. et al. Particle size, surface coating, and PEGylation 
influence the biodistribution of quantum dots in living mice. Small 5, 
126–134 (2009).

 9. Fonge, H., Huang, H., Scollard, D., Reilly, R. M. & Allen, C. Influence of 
formulation variables on the biodistribution of multifunctional block 
copolymer micelles. J. Control. Release 157, 366–374 (2012).

 10. De Jong, W. H. et al. Particle size-dependent organ distribution of  
gold nanoparticles after intravenous administration. Biomaterials 29, 
1912–1919 (2008).

 11. Lee, J. S. et al. Circulation kinetics and biodistribution of dual-labeled 
polymersomes with modulated surface charge in tumor-bearing mice: 
comparison with stealth liposomes. J. Control. Release 155, 282–288 (2011).

Table 1 | Critical questions for designing nanoparticle delivery systems

Question Rationale for the question

(1) Where is the delivery target? The specific biological target (organ or tissue, cell type and subcellular location) defines 
design of the nanoparticle strategy.

(2)  What is the cargo or active agent that needs to be 
delivered to the target location?

This defines the chemistry for incorporating the agents into the nanoparticle for delivery.

(3) Where is the site of administration? The location of administration and the delivery target location define the delivery pathway.

(4)  What are the specific organs, tissues and cells 
encountered along the delivery pathway?

This defines the barriers that the nanoparticle will encounter.

(5)  What are the interactions between the nanoparticle 
carrier and the body in each of these biological 
environments along the delivery pathway?

These interactions will determine if the formulation is degraded or sequestered before  
it can reach its intended target location.

(6)  What strategies are available to overcome the  
barriers at each step in the delivery pathway?

This allows the development of specific strategies to overcome the barriers.

(7)  How will any administered components leave the 
disease site and be excreted from the body?

This helps to define locations of toxicity and elimination routes.

NATuRe NANOTeChNOlOgy | VOL 15 | OCTOBER 2020 | 819–829 | www.nature.com/naturenanotechnology 827

http://www.nature.com/naturenanotechnology


Review ARticle NATuRe NANoTechNology

 12. Shimada, K. et al. Biodistribution of liposomes containing synthetic 
galactose-terminated diacylglyceryl-poly(ethyleneglycol)s. Biochim. Biophys. 
Acta 1326, 329–341 (1997).

 13. Sadauskas, E. et al. Protracted elimination of gold nanoparticles from 
mouse liver. Nanomedicine 5, 162–169 (2009).

 14. Tsoi, K. M. et al. Mechanism of hard-nanomaterial clearance by the liver. 
Nat. Mater. 15, 1212–1221 (2016).

 15. Liliemark, E. et al. Targeting of teniposide to the mononuclear phagocytic 
system (MPS) by incorporation in liposomes and submicron lipid particles; 
an autoradiographic study in mice. Leuk. Lymphoma 18, 113–118 (1995).

 16. Sun, X. et al. Improved tumor uptake by optimizing liposome based RES 
blockade strategy. Theranostics 7, 319–328 (2017).

 17. Klibanov, A. L., Maruyama, K., Torchilin, V. P. & Huang, L. Amphipathic 
polyethyleneglycols effectively prolong the circulation time of liposomes. 
FEBS Lett. 268, 235–237 (1990).

 18. Choi, H. S. et al. Renal clearance of quantum dots. Nat. Biotechnol. 25, 
1165–1170 (2007).

 19. Kwon, Y. J., James, E., Shastri, N. & Frechet, J. M. J. In vivo targeting of 
dendritic cells for activation of cellular immunity using vaccine carriers 
based on pH-responsive microparticles. Proc. Natl Acad. Sci. 102, 
18264–18268 (2005).

 20. Poon, W. et al. Elimination pathways of nanoparticles. ACS Nano 13, 
5785–5798 (2019).

 21. Lawrence, M. G. et al. Permeation of macromolecules into the renal 
glomerular basement membrane and capture by the tubules. Proc. Natl 
Acad. Sci. USA 114, 2958–2963 (2017).

 22. Choi, H. S. et al. Renal clearance of quantum dots. Nat. Biotechnol. 25, 
1165–1170 (2007).

 23. Satchell, S. C. & Braet, F. Glomerular endothelial cell fenestrations: an 
integral component of the glomerular filtration barrier. Am. J. Physiol. Ren. 
Physiol. 296, F947–56 (2009).

 24. Satchell, S. C. The glomerular endothelium emerges as a key player in 
diabetic nephropathy. Kidney Int. 82, 949–951 (2012).

 25. Du, B. et al. Glomerular barrier behaves as an atomically precise bandpass 
filter in a sub-nanometre regime. Nat. Nanotechnol. 12, 1096–1102 (2017).

 26. Balogh, L. et al. Significant effect of size on the in vivo biodistribution of 
gold composite nanodevices in mouse tumor models. Nanomedicine 3, 
281–296 (2007).

 27. Du, B., Yu, M. & Zheng, J. Transport and interactions of nanoparticles in 
the kidneys. Nat. Rev. Mater. 3, 358–374 (2018).

 28. Ruggiero, A. et al. Paradoxical glomerular filtration of carbon nanotubes. 
Proc. Natl Acad. Sci. USA 107, 12369–12374 (2010).

 29. Jasim, D. A. et al. The effects of extensive glomerular filtration of thin 
graphene oxide sheets on kidney physiology. ACS Nano 10, 10753–10767 
(2016).

 30. Saraiva, C. et al. Nanoparticle-mediated brain drug delivery: Overcoming 
blood–brain barrier to treat neurodegenerative diseases. J. Control. Release 
235, 34–47 (2016).

 31. Sindhwani, S. et al. The entry of nanoparticles into solid tumours. Nat. 
Mater. https://doi.org/10.1038/s41563-019-0566-2 (2020).

 32. Wiley, D. T., Webster, P., Gale, A. & Davis, M. E. Transcytosis and brain 
uptake of transferrin-containing nanoparticles by tuning avidity to 
transferrin receptor. Proc. Natl Acad. Sci. USA. 110, 8662–8667 (2013).

 33. Bonnans, C., Chou, J. & Werb, Z. Remodelling the extracellular matrix in 
development and disease. Nat. Rev. Mol. Cell Biol. 15, 786–801 (2014).

 34. Karsdal, M. A. et al. Novel insights into the function and dynamics of 
extracellular matrix in liver fibrosis. Am. J. Physiol. Gastrointest. Liver 
Physiol. 308, G807–30 (2015).

 35. Cox, T. R. & Erler, J. T. Remodeling and homeostasis of the extracellular 
matrix: implications for fibrotic diseases and cancer. Dis. Model. Mech. 4, 
165–178 (2011).

 36. Sykes, E. A. et al. Tailoring nanoparticle designs to target cancer based on 
tumor pathophysiology. Proc. Natl Acad. Sci. USA 113, E1142–E1151 (2016).

 37. Netti, P. A., Berk, D. A., Swartz, M. A., Grodzinsky, A. J. & Jain, R. K. Role 
of extracellular matrix assembly in interstitial transport in solid tumors. 
Cancer Res. 60, 2497–2503 (2000).

 38. Dai, Q. et al. Quantifying the ligand-coated nanoparticle delivery to cancer 
cells in solid tumors. ACS Nano 12, 8423–8435 (2018).

 39. Miller, M. A. et al. Tumour-associated macrophages act as a slow-release 
reservoir of nano-therapeutic Pt(IV) pro-drug. Nat. Commun. 6, 8692 (2015).

 40. Korangath, P. et al. Nanoparticle interactions with immune cells dominate 
tumor retention and induce T cell-mediated tumor suppression in models 
of breast cancer. Sci. Adv. 6, eaay1601 (2020).

 41. Miller, M. A. et al. Predicting therapeutic nanomedicine efficacy using a 
companion magnetic resonance imaging nanoparticle. Sci. Transl. Med. 7, 
314ra183 (2015).

 42. Cuccarese, M. F. et al. Heterogeneity of macrophage infiltration and 
therapeutic response in lung carcinoma revealed by 3D organ imaging.  
Nat. Commun. 8, 14293 (2017).

 43. Kim, H.-Y. et al. Quantitative imaging of tumor-associated macrophages 
and their response to therapy using 64Cu-Labeled Macrin. ACS Nano 12, 
12015–12029 (2018).

 44. Düzgüneş, N. & Nir, S. Mechanisms and kinetics of liposome–cell 
interactions. Adv. Drug Deliv. Rev. 40, 3–18 (1999).

 45. Sahay, G., Kim, J. O., Kabanov, A. V. & Bronich, T. K. The exploitation of 
differential endocytic pathways in normal and tumor cells in the selective 
targeting of nanoparticulate chemotherapeutic agents. Biomaterials 31, 
923–933 (2010).

 46. Harush-Frenkel, O., Debotton, N., Benita, S. & Altschuler, Y. Targeting of 
nanoparticles to the clathrin-mediated endocytic pathway. Biochem. 
Biophys. Res. Commun. 353, 26–32 (2007).

 47. Meng, H. et al. Aspect ratio determines the quantity of mesoporous silica 
nanoparticle uptake by a small GTPase-dependent macropinocytosis 
mechanism. ACS Nano 5, 4434–4447 (2011).

 48. Lunov, O. et al. Differential uptake of functionalized polystyrene 
nanoparticles by human macrophages and a monocytic cell line. ACS Nano 
5, 1657–1669 (2011).

 49. van de Water, B. & van de Water, B. Quantitative assessment of 
mitochondrial toxicity and downstream cellular perturbations in adverse 
outcome pathways. Toxicol. Lett. 295, S32 (2018).

 50. dos Santos, T., Varela, J., Lynch, I., Salvati, A. & Dawson, K. A.  
Effects of transport inhibitors on the cellular uptake of carboxylated 
polystyrene nanoparticles in different cell lines. PLoS One 6,  
e24438 (2011).

 51. Hafez, I. M., Maurer, N. & Cullis, P. R. On the mechanism whereby cationic 
lipids promote intracellular delivery of polynucleic acids. Gene Ther. 8, 
1188–1196 (2001).

 52. Akinc, A., Thomas, M., Klibanov, A. M. & Langer, R. Exploring 
polyethylenimine-mediated DNA transfection and the proton sponge 
hypothesis. J. Gene Med. 7, 657–663 (2005).

 53. Pack, D. W., Putnam, D. & Langer, R. Design of imidazole-containing 
endosomolytic biopolymers for gene delivery. Biotechnol. Bioeng. 67, 
217–223 (2000).

 54. Hu, Y. et al. Cytosolic delivery of membrane-impermeable molecules in 
dendritic cells using pH-responsive core−shell nanoparticles. Nano Lett. 7, 
3056–3064 (2007).

 55. Pan, L. et al. Nuclear-targeted drug delivery of TAT peptide-conjugated 
monodisperse mesoporous silica nanoparticles. J. Am. Chem. Soc. 134, 
5722–5725 (2012).

 56. Nakielny, S. & Dreyfuss, G. Transport of Proteins and RNAs in and out of 
the Nucleus. Cell 99, 677–690 (1999).

 57. Garbuzenko, O. B. et al. Inhibition of lung tumor growth by complex 
pulmonary delivery of drugs with oligonucleotides as suppressors of cellular 
resistance. Proc. Natl Acad. Sci. USA 107, 10737–10742 (2010).

 58. Griffin, J. I. et al. Revealing dynamics of accumulation of systemically 
injected liposomes in the skin by intravital microscopy. ACS Nano 11, 
11584–11593 (2017).

 59. Moghimi, S. M., Hunter, A. C. & Murray, J. C. Long-circulating and 
target-specific nanoparticles: theory to practice. Pharmacol. Rev. 53, 
283–318 (2001).

 60. Lotem, M. et al. Skin toxic effects of polyethylene glycol-coated liposomal 
doxorubicin. Arch. Dermatol. 136, 1475–1480 (2000).

 61. Lu, M., Cohen, M. H., Rieves, D. & Pazdur, R. FDA report: Ferumoxytol  
for intravenous iron therapy in adult patients with chronic kidney disease. 
Am. J. Hematol. 85, 315–319 (2010).

 62. Lu, F., Wu, S.-H., Hung, Y. & Mou, C.-Y. Size effect on cell uptake in 
well-suspended, uniform mesoporous silica nanoparticles. Small 5, 
1408–1413 (2009).

 63. Jin, H., Heller, D. A., Sharma, R. & Strano, M. S. Size-dependent cellular 
uptake and expulsion of single-walled carbon nanotubes: single particle 
tracking and a generic uptake model for nanoparticles. ACS Nano 3, 
149–158 (2009).

 64. Agarwal, R. et al. Mammalian cells preferentially internalize hydrogel 
nanodiscs over nanorods and use shape-specific uptake mechanisms.  
Proc. Natl Acad. Sci. USA 110, 17247–17252 (2013).

 65. Huang, X., Teng, X., Chen, D., Tang, F. & He, J. The effect of the shape of 
mesoporous silica nanoparticles on cellular uptake and cell function. 
Biomaterials 31, 438–448 (2010).

 66. Wang, Z., Zhang, J., Ekman, J. M., Kenis, P. J. A. & Lu, Y. DNA-mediated 
control of metal nanoparticle shape: one-pot synthesis and cellular  
uptake of highly stable and functional gold nanoflowers. Nano Lett. 10, 
1886–1891 (2010).

 67. Elias, D. R., Poloukhtine, A., Popik, V. & Tsourkas, A. Effect of ligand 
density, receptor density, and nanoparticle size on cell targeting. 
Nanomedicine 9, 194–201 (2013).

 68. Giljohann, D. A. et al. Oligonucleotide loading determines  
cellular uptake of DNA-modified gold nanoparticles. Nano Lett. 7, 
3818–3821 (2007).

NATuRe NANOTeChNOlOgy | VOL 15 | OCTOBER 2020 | 819–829 | www.nature.com/naturenanotechnology828

https://doi.org/10.1038/s41563-019-0566-2
http://www.nature.com/naturenanotechnology


Review ARticleNATuRe NANoTechNology

 69. Bai, X. et al. Regulation of cell uptake and cytotoxicity by nanoparticle core 
under the controlled shape, size, and surface chemistries. ACS Nano 14, 
289–302 (2020).

 70. Clift, M. J. D. et al. The impact of different nanoparticle surface chemistry 
and size on uptake and toxicity in a murine macrophage cell line. Toxicol. 
Appl. Pharmacol. 232, 418–427 (2008).

 71. Oh, N. & Park, J.-H. Surface chemistry of gold nanoparticles mediates their 
exocytosis in macrophages. ACS Nano 8, 6232–6241 (2014).

 72. Wang, J., Min, J., Eghtesadi, S. A., Kane, R. S. & Chilkoti, A. Quantitative 
study of the interaction of multivalent ligand-modified nanoparticles  
with breast cancer cells with tunable receptor density. ACS Nano 14, 
372–383 (2020).

 73. Ekdawi, S. N. et al. Spatial and temporal mapping of heterogeneity in 
liposome uptake and microvascular distribution in an orthotopic tumor 
xenograft model. J. Control. Release 207, 101–111 (2015).

 74. Kingston, B. R., Syed, A. M., Ngai, J., Sindhwani, S. & Chan, W. C. W. 
Assessing micrometastases as a target for nanoparticles using 3D microscopy 
and machine learning. Proc. Natl Acad. Sci. USA 116, 14937–14946 (2019).

 75. Stirland, D. L., Matsumoto, Y., Toh, K., Kataoka, K. & Bae, Y. H. Analyzing 
spatiotemporal distribution of uniquely fluorescent nanoparticles in 
xenograft tumors. J. Control. Release 227, 38–44 (2016).

 76. Kai, M. P. et al. Tumor Presence Induces Global Immune Changes and 
Enhances Nanoparticle Clearance. ACS Nano 10, 861–870 (2016).

 77. Wu, H. et al. Population pharmacokinetics of pegylated liposomal  
CKD-602 (S-CKD602) in patients with advanced malignancies. J. Clin. 
Pharmacol. 52, 180–194 (2012).

 78. Lazarovits, J. et al. Supervised learning and mass spectrometry predicts the 
fate of nanomaterials. ACS Nano 13, 8023–8034 (2019).

 79. Liu, R., Jiang, W., Walkey, C. D., Chan, W. C. W. & Cohen, Y. Prediction of 
nanoparticles-cell association based on corona proteins and 
physicochemical properties. Nanoscale 7, 9664–9675 (2015).

 80. Ban, Z. et al. Machine learning predicts the functional composition of the 
protein corona and the cellular recognition of nanoparticles. Proc. Natl 
Acad. Sci. USA 117, 10492–10499 (2020).

 81. Fourches, D. et al. Quantitative nanostructure−activity relationship 
modeling. ACS Nano 4, 5703–5712 (2010).

 82. Puzyn, T. et al. Using nano-QSAR to predict the cytotoxicity of metal  
oxide nanoparticles. Nat. Nanotechnol. 6, 175–178 (2011).

 83. Paunovska, K., Loughrey, D., Sago, C. D., Langer, R. & Dahlman, J. E.  
Using Large Datasets to Understand Nanotechnology. Adv. Mater. 31, 
e1902798 (2019).

 84. Yamankurt, G. et al. Exploration of the nanomedicine-design space with 
high-throughput screening and machine learning. Nat. Biomed. Eng. 3, 
318–327 (2019).

 85. Ng, T. S. C., Garlin, M. A., Weissleder, R. & Miller, M. A. Improving 
nanotherapy delivery and action through image-guided systems 
pharmacology. Theranostics 10, 968–997 (2020).

 86. Lee, H. et al. Cu-MM-302 positron emission tomography quantifies 
variability of enhanced permeability and retention of nanoparticles in 
relation to treatment response in patients with metastatic breast cancer. 
Clin. Cancer Res. 23, 4190–4202 (2017).

 87. Syed, A. M. et al. Liposome imaging in optically cleared tissues. Nano Lett. 
20, 1362–1369 (2020).

 88. Koo, D.-J. et al. Large-scale 3D optical mapping and quantitative analysis of 
nanoparticle distribution in tumor vascular microenvironment. Bioconjug. 
Chem. https://doi.org/10.1021/acs.bioconjchem.0c00263 (2020).

 89. Tavares, A. J. et al. Effect of removing Kupffer cells on nanoparticle tumor 
delivery. Proc. Natl Acad. Sci. USA 114, E10871–E10880 (2017).

 90. Souhami, R. L., Patel, H. M. & Ryman, B. E. The effect of 
reticuloendothelial blockade on the blood clearance and tissue distribution 
of liposomes. Biochim. Biophys. Acta 674, 354–371 (1981).

 91. Liu, D., Mori, A. & Huang, L. Role of liposome size and RES blockade in 
controlling biodistribution and tumor uptake of GM1-containing liposomes. 
Biochim. Biophys. Acta 1104, 95–101 (1992).

 92. Proffitt, R. T. et al. Liposomal blockade of the reticuloendothelial system: 
improved tumor imaging with small unilamellar vesicles. Science 220, 
502–505 (1983).

 93. Ouyang, B. et al. The dose threshold for nanoparticle tumour delivery. Nat. 
Mater. https://doi.org/10.1038/s41563-020-0755-z (2020).

 94. Chauhan, V. P. et al. Normalization of tumour blood vessels improves the 
delivery of nanomedicines in a size-dependent manner. Nat. Nanotechnol. 7, 
383–388 (2012).

 95. Arjaans, M. et al. Bevacizumab-induced normalization of blood vessels in 
tumors hampers antibody uptake. Cancer Res. 73, 3347–3355 (2013).

 96. Chen, Y. et al. Therapeutic remodeling of the tumor microenvironment 
enhances nanoparticle delivery. Adv. Sci. 6, 1802070 (2019).

 97. Miller, M. A. et al. Radiation therapy primes tumors for nanotherapeutic 
delivery via macrophage-mediated vascular bursts. Sci. Transl. Med. 9, 
eaal0225 (2017).

 98. Kunjachan, S. et al. Selective priming of tumor blood vessels by radiation 
therapy enhances nanodrug delivery. Sci. Rep. 9, 15844 (2019).

 99. Herrera, J., Henke, C. A. & Bitterman, P. B. Extracellular matrix as a driver 
of progressive fibrosis. J. Clin. Invest. 128, 45–53 (2018).

 100. McKee, T. D. et al. Degradation of fibrillar collagen in a human melanoma 
xenograft improves the efficacy of an oncolytic herpes simplex virus vector. 
Cancer Res. 66, 2509–2513 (2006).

 101. Gong, H. et al. Hyaluronidase to enhance nanoparticle-based photodynamic 
tumor therapy. Nano Lett. 16, 2512–2521 (2016).

 102. Li, X. et al. Parallel accumulation of tumor hyaluronan, collagen, and other 
drivers of tumor progression. Clin. Cancer Res. 24, 4798–4807 (2018).

 103. Murty, S. et al. Nanoparticles functionalized with collagenase exhibit 
improved tumor accumulation in a murine xenograft model. Part. Part. 
Syst. Charact. 31, 1307–1312 (2014).

 104. Eikenes, L., Tari, M., Tufto, I., Bruland, Ø. S. & de Lange Davies, C. 
Hyaluronidase induces a transcapillary pressure gradient and improves the 
distribution and uptake of liposomal doxorubicin (CaelyxTM) in human 
osteosarcoma xenografts. Br. J. Cancer 93, 81–88 (2005).

 105. Enriquez-Navas, P. M. et al. Exploiting evolutionary principles to prolong 
tumor control in preclinical models of breast cancer. Sci. Transl. Med. 8, 
327ra24 (2016).

 106. Zarrinpar, A. et al. Individualizing liver transplant immunosuppression 
using a phenotypic personalized medicine platform. Sci. Transl. Med. 8, 
333ra49 (2016).

 107. Pantuck, A. J. et al. Modulating BET bromodomain inhibitor ZEN-3694  
and enzalutamide combination dosing in a metastatic prostate cancer 
patient using CURATE.AI, an artificial intelligence platform. Adv. Ther. 1, 
1800104 (2018).

 108. Lou, B. et al. An image-based deep learning framework for individualising 
radiotherapy dose: a retrospective analysis of outcome prediction. Lancet 
Digit. Health 1, e136–e147 (2019).

 109. Tang, J. et al. Immune cell screening of a nanoparticle library improves 
atherosclerosis therapy. Proc. Natl Acad. Sci. USA 113, E6731–E6740 (2016).

 110. Dahlman, J. E. et al. Barcoded nanoparticles for high throughput in vivo 
discovery of targeted therapeutics. Proc. Natl Acad. Sci. USA 114, 
2060–2065 (2017).

 111. Sago, C. D. et al. High-throughput in vivo screen of functional mRNA 
delivery identifies nanoparticles for endothelial cell gene editing. Proc. Natl 
Acad. Sci. USA 115, E9944–E9952 (2018).

 112. Mu, Q. et al. Conjugate-SELEX: A high-throughput screening of 
thioaptamer-liposomal nanoparticle conjugates for targeted intracellular 
delivery of anticancer drugs. Mol. Ther. Nucleic Acids 5, e382 (2016).

 113. Cheng, Q. et al. Selective organ targeting (SORT) nanoparticles for 
tissue-specific mRNA delivery and CRISPR-Cas gene editing. Nat. 
Nanotechnol. 15, 313–320 (2020).

 114. Topol, E. J. High-performance medicine: the convergence of human and 
artificial intelligence. Nat. Med. 25, 44–56 (2019).

 115. Chamunyonga, C., Edwards, C., Caldwell, P., Rutledge, P. & Burbery, J.  
The impact of artificial intelligence and machine learning in radiation 
therapy: Considerations for future curriculum enhancement. J. Med. 
Imaging Radiat. Sci. 51, 214–220 (2020).

 116. McNeil, S. E. Evaluation of nanomedicines: stick to the basics. Nat. Rev. 
Mater. 1, 16073 (2016).

Acknowledgements
W.C.W.C. acknowledges the Canadian Institute of Health Research (CIHR, FDN-159932; 
MOP-130143), Natural Sciences and Engineering Research Council of Canada (NSERC, 
2015–06397), Canadian Research Chairs program (950–223824), Collaborative Health 
Research Program (CPG-146468) and Canadian Cancer Society (705185–1) for funding 
support. We also acknowledge CIHR (W.P., B.O.), Vanier Canada Graduate Scholarships 
(B.O.), Ontario Graduate Scholarship (W.P., B.O.), NSERC (B.R.K., W.N.), Barbara and 
Frank Milligan (W. P.), Wildcat Foundation (B.R.K., W.N.), Jennifer Dorrington Award 
(B.R.K.), Royal Bank of Canada and Borealis AI (B.R.K.), Frank Fletcher Memorial  
Fund (B.O.), John J. Ruffo (B.O.), Cecil Yip family (W.P., B.R.K., B.O., W.N.) and 
McLaughlin Centre for MD/PhD studentships (B.O.) for financial support. The authors 
thank S. Sindhwani, J. Ngai, J. L. Y. Wu, and Z. Sepahi for manuscript revisions.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to W.C.W.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© Springer Nature Limited 2020

NATuRe NANOTeChNOlOgy | VOL 15 | OCTOBER 2020 | 819–829 | www.nature.com/naturenanotechnology 829

https://doi.org/10.1021/acs.bioconjchem.0c00263
https://doi.org/10.1038/s41563-020-0755-z
http://www.nature.com/reprints
http://www.nature.com/naturenanotechnology

	A framework for designing delivery systems
	The nanoparticle journey
	Barriers remove nanoparticles from the journey
	Identifying the ideal nanoparticle design
	Collecting nano–bio interaction data. 
	Computational techniques to process nano–bio interaction data. 
	Linear regression models. 
	Decision matrices. 
	Machine learning. 
	Support vector machines. 
	Neural networks. 
	Random forests. 
	Challenges of using computational approaches. 

	Guiding the delivery strategy
	Equations comparing the delivery efficiency of nanoparticles, drugs and drugs carried by nanoparticles
	Biology determines the nanoparticle design. 
	Priming the biology for delivery. 
	Continuous analysis of disease biology. 
	Perspective and outlook. 

	Acknowledgements
	Fig. 1 Biological levels of nanoparticle barriers.
	Fig. 2 A systematic view of nanoparticle delivery barriers.
	Fig. 3 A computational framework for analysing nanoparticle–biological interaction datasets.
	Fig. 4 A rational strategy for designing and testing nanoformulations for delivery.
	Table 1 Critical questions for designing nanoparticle delivery systems.




