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A B S T R A C T

Nanotechnology in medical applications, especially in oncology as drug delivery systems, has recently shown
promising results. However, although these advances have been promising in the pre-clinical stages, the clinical
translation of this technology is challenging. To create drug delivery systems with increased treatment efficacy for
clinical translation, the physicochemical characteristics of nanoparticles such as size, shape, elasticity (flexibility/
rigidity), surface chemistry, and surface charge can be specified to optimize efficiency for a given application.
Consequently, interdisciplinary researchers have focused on producing biocompatible materials, production
technologies, or new formulations for efficient loading, and high stability. The effects of design parameters can be
studied in vitro, in vivo, or using computational models, with the goal of understanding how they affect nano-
particle biophysics and their interactions with cells. The present review summarizes the advances and technol-
ogies in the production and design of cancer nanomedicines to achieve clinical translation and commercialization.
We also highlight existing challenges and opportunities in the field.
1. Introduction

Nanotechnology has revolutionized drug design by introducing
nanoparticles with many desirable and tunable characteristics. The
growing interest in developing nanoparticles for cancer applications is
largely due to their unique properties, which can be specified for each
purpose, including diagnosis, immunotherapy, imaging and drug de-
livery (Box 1) [1–6]. To date, some nanoparticles have been approved for
clinical use, and others have shown great promise in preclinical studies
but have not yet been approved. Safety and efficacy are the two impor-
tant criteria for any new cancer nanomedicine that determine their
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failure or success. Improving the safety profile and increasing the accu-
mulation of nanoparticles at the site of the cancer are the cornerstones of
nanomedicine success in the clinic. However, the accumulation of
nanoparticles at the site of the disease is the most important challenge for
new nanoparticles, which is related to the biological barriers of nano-
particle transport [7–9]. It has been reported that 0.67–0.7% of the
injected dose accumulates in the tumor and only 0.0014% eventually
interacts with cancer cells [10–12].

Recent research on nanoparticles has resulted in better designs for
therapeutic and diagnostic applications, thus enhancing clinical out-
comes [13,14]. To fulfill the potential of nanoparticle technology,
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Box 1
Attractive features of nanoparticles in oncological applications

� Reduced side effects and increased efficacy to improve therapeutic index;
� Targeted drug delivery in a cell-, organelle-, and tissue-specific manner;
� Potential to improve pharmaceutical properties of the drug such as tumor accumulation based on the enhanced permeability and retention
(EPR) effect, circulating half-life, solubility, and stability;

� Ability to produce sustained release of drug as well as stimulus-triggered drug release;
� Facilitation of the biomacromolecular drug delivery to intracellular sites of action;
� Co-delivery of a combination of drugs in one carrier to overcome multidrug resistance (MDR);
� Adaptable to cancer diognostics;
� Simultaneous combination of diagnosis and therapy, known as “theranostics”;
� Possible to design synthetic vaccines using new approaches;
� Protection of sensitive drugs against harsh environments such as low pH or high levels of proteases.
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researchers and clinicians must be able to effectively monitor their
transport and localization. Precise delivery requires complete control
over the in vivo transport of nanoparticles, but precise control is a major
challenge that requires a better understanding of how nanoparticles
interact with biological systems [15–17]. Because these nano-bio in-
teractions are complex, multiparametric, and dynamic, they present
significant barriers to nanoparticle engineering [18]. Factors that exac-
erbate the complexity of these interactions are: the physicochemical
properties of nanoparticles, the interactions between components of the
biological and biochemical environments, and the kinetics of nano-bio
interactions [19].

For cancer applications, penetration of the nanoparticle into the
tumor is the most important consideration. The abnormal biology of the
tumor microenvironment (TME) –including the abnormal vasculature,
the elevated interstitial fluid pressure (IFP), and the dense extracellular
matrix (ECM)– prevent the efficient delivery of nanoparticles [20,21].
Many approaches have been developed to target the TME to overcome
these barriers and enhance penetration depth [22,23], including
normalization of the vasculature [24,25], alleviation of mechanical stress
[26], reduction of tumor hypoxia [27,28], reprogramming
tumor-associated fibroblasts (TAFs) [29,30], and modulating
tumor-associated macrophage (TAM) phenotype [31,32]. The success of
such approaches depends on the type of tumor and the specific properties
of the nanoparticles, so these methods are not effective in every clinical
situation. In addition, these methods, which manipulate the character-
istics of TME, can disrupt mechanical homeostasis of the TME, leading to
additional problems such as metastasis [33]. Therefore, optimization of
physicochemical properties the nanomedicine is often the best approach
for increasing drug delivery and enhancing treatment.

Nanotechnology has struggled to improve the performance of de-
livery systems due to several limitations and barriers, including poor
drug loading and unwanted drug release, which can cause toxicity and
undesirable side effects. There is also sub-optimal distribution of nano-
particles in tissues, leading to insufficient drug concentration at the
target site and premature drug release, which causes many side effects
[34]. Hence, the need for advanced materials and efficient delivery
systems is greater than ever. Best achieved through interdisciplinary
partnerships, diverse research fields have focused on the development of
nanomedicines including: (i) clinical chemists who specialize in drug
delivery and clinical considerations; (ii) materials scientists in the pro-
duction of new nanostructured materials; and (iii) engineers in
manufacturing processes and innovation. But in general, these diverse
groups have not formed multidisciplinary collaborations. This results in
highly focused research and development pipelines that underestimate or
do not recognize potential problems with the efficacy, implementation
and robustness of the nanomedicine.
2

Various methods have been proposed to increase the accumulation of
nanoparticles in the tissue. However, the complicated design of nano-
particles can make its clinical translation difficult. Here, we examine
various effective and basic factors to accelerate the clinical translation of
nanomedicine. We first discuss different physicochemical properties of
nanoparticles as well as biological barriers against delivery of nano-
particles. Subsequently, the primary methods for drug loading and
preparation, followed by stability tests, are examined in detail – as these
steps are crucial for successful clinical translation. Finally, this review
highlights the current status and common challenges, as well as future
opportunities that may expedite the translation of nanoparticles from the
bench to the clinic.

2. Biological barriers and the tumor microenvironment

A useful drug delivery system requires the efficient circulation of
nanoparticles through blood vessels, transvascular transport of nano-
particles into the interstitial space of the tumor, the uniform interstitial
transport of the nanoparticles, binding to – or uptake by – the cells, and
sufficient drug activity or release [35,36]. Encapsulation of drugs within
nanoparticles can reduce their adverse effects and increase blood circu-
lation time, leading to increased transvascular transport of nanoparticles
into the tumor interstitium [37–39]. After injection, nanoparticles
encounter various biological barriers that can greatly reduce therapeutic
performance system (Fig. 1). Natural processes exist for clearance of
foreign substances, which include organs such as the kidneys, spleen, and
liver, as well as resident immune cells in various organs. Unfortunately,
these processes also remove intravenously injected nanoparticles from
the bloodstream. As a result, in addition to reducing circulation time,
clearance leads to reduced delivery of nanoparticles and drug to the
tumor [40,41].

Clearance of nanoparticles from plasma is the first and most-
important biological barrier; in fact, triggering endogenous defense sys-
tems may result in nanoparticle removal within hours or minutes
[42–44]. Upon entering the plasma, the surface of the nanoparticles is
coated with serum proteins such as opsonins in a process known as
opsonization [45,46]. The formation of a protein corona changes the
biological appearance of the nanoparticles, making them vulnerable to
cells of the mononuclear phagocyte system (MPS): upon opsonization,
the receptors of phagocytic cells recognize the nanoparticle surface or
protein corona, bind to the surface, and initiate endocytosis, resulting in
internalization and destruction of the nanoparticles [47].

In general, increasing the circulation time can increase extravasation
and accumulation of injected species into the tumor. In blood vessels, red
blood cells (RBCs) travel near the midline of the vessel. Affected by the
presence of RBCs, particles generally migrate at a particular region of the



Fig. 1. Biological barriers faced by nanoparticles. (I) After injection, proteins in plasma accumulate on the surface of nanoparticles and form a protein corona that can
change the interactions of nanoparticles with the biological environment. (II) Phagocytic cells detect nanoparticles because of the protein corona and remove them
from the circulation. (III) Heterogeneous vascular leakage causes nonuniform distribution of nanoparticles in the tumor. In addition, high intra-tumor IFP reduces
convection, limiting delivery into the tissue. (IV) After extravasation, dense ECM and high IFP are barriers against nanoparticle penetration. (V) Finally, cell mem-
branes, which act as a shell to protect cellular organelles, resist the penetration of nanoparticles into the cell during the internalization process.
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vessels closer to the surface of the endothelial cells, called the cell-free
layer (CFL) [48]. Under normal blood circulation conditions, different
parameters of nanoparticles (geometry, size, stiffness, and surface
charge) strongly affect the margination dynamics, which may limit the
arrival of the nanoparticles at the endothelial surface [49]. For example,
very small nanoparticles can intersperse within RBC clusters near the
centerline, while larger nanoparticles tend to move in the CFL [50]. The
lateral drift of nanoparticles toward endothelial walls allows interactions
and adhesion between the nanoparticles and the surface of the vessel.

In some cases, the particle can extravasate from the vessel into the
interstitium through passive mechanisms, without binding to the endo-
thelium. The EPR effect, produced by the leaky endothelial junctions
within tumors, can allow particles with specific dimensions and prop-
erties to exit the vasculature and enter the tumor tissue (Box 2). Although
the EPR effect facilitates the accumulation of nanoparticles across the
3

vessel: tissue boundary, penetration into the tumor is hindered due to the
elevated IFP and low convection in the extravascular space [51]. The
interactions between the nanoparticles and the vessel wall determine the
extent of the EPR effect, and can be electrostatic, hydrodynamic, or steric
[24,52,53]. Studies have shown that larger nanoparticle: pore size ratios
hinder transvascular transport [37,49].

Upon entering the tumor interstitium, nanoparticles undergo cellular
internalization where they can release their cargo. The cell plasma
membrane is composed of a mixture of different lipids and proteins that
creates a barrier with highly selective permeability that controls the
movement of substances inside and outside of the cell [54]. Endocytosis
is the major translocation pathway of nanoparticles across the cell
membrane and is affected by the biophysical properties of the nano-
particles. Unfortunately, even if the nanoparticle enters the cell, it may
not remain there long enough to be effective. This is largely due to



Box 2
Transvascular and interstitial transport of nanocarriers

Nanocarrier transport, accumulation and tumor penetration are influenced by the physicochemical characteristics or the particles and the bio-
logical properties of tumor tissue. The transport of nanocarriers is defined by specific and interrelated processes such as transvascular transport
and penetration into the interstitium. These processes occur throughmechanisms of diffusion and convection. Mathematical models have clarified
the description and effect of each of these mechanisms. For example, Eq. (1) describes the process of transvascular transport [55]:

Jtot ¼ PAðCv � CiÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Diffusiveprocess

� LPA½ðPv � PiÞ � σðπv � πiÞ�ð1� σFÞCv|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Convectiveprocess

(1a)

Diffusive process This term originates from correction of Fick's first law to account for vessel wall permeability (P) and the surface area
of the blood microvessels (A). This component also arises from the Brownian motion of nanoparticles, which, given
the gradient of concentration between the microvessels (Cv) and the interstitial space (Ci), drives particle motion in
the direction towards the interstitial space.

Convective process The fluid flux expressed in this term is based on Starling's law, in whichLP is hydraulic conductivity of the wall of
microvessels, Pv and Pi are hydrostatic pressures in the vascular and interstitial spaces, respectively; πv and πi are
oncotic pressures in the vascular and interstitial spaces, respectively, and σ is the average osmotic reflection
coefficient.

We can also derive equations for the transport of nanocarriers in the interstitium. Like transvascular transport, interstitial transport occurs
through both diffusion and convection. Other phenomena are also involved, such as metabolism or binding of nanocarriers to the ECM, their
possible degradation, their capture by the mononuclear phagocytic system [18], and their uptake by tumor cells. Hence, the dynamics of drug
concentration in the interstitium are affected by diffusion and convection through Equation (2):

∂Ci

∂t|{z}
Interstitial concentration

¼ Deffr2Ci|fflfflfflfflffl{zfflfflfflfflffl}
Diffusive component

þ φvrCi|fflfflffl{zfflfflffl}
Convective component

� Ri (2a)

Diffusive component This term is due to the effective coefficient of diffusion (Deff Þ and variations of concentration in all directions (r2Ci).

Convective component This term includes the direction and magnitude of fluid flow (v), the spatial gradient of concentration (rCi), and
a coefficient (φ) which is based on the fact that the colloid velocity in the ECM might be different from the velocity
of the interstitial fluid (due to drag, adsorption or elimination effects).

The negative sign in the last term shows that interactions with the tumor lead to reduced interstitial transport.
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multidrug resistance (MDR) – the active removal of foreign substances
from the cells – which is a major mechanism of therapy evasion by tu-
mors. Many foreign substances, including therapeutic agents, are
expelled from the cell by MDR pumps, thus reducing therapeutic impact
[49].

In addition to circulatory kinetics and clearance, the interactions of
nanoparticles in the TME are very important. The TME contains cancer
cells, stromal cells, fibroblasts, immune cells, and ECM [56]. Suppression
of the immune system, overexpression of enzymes, the presence of acidic
and hypoxic regions, as well as regions with overactivated redox pro-
cesses are some of the features of tumor tissue that contribute to tumor
progression and treatment resistance. The ECM is a particularly impor-
tant barrier, as many tumors have excess, non-uniform ECM, due to
inflammation, fibrosis, the activation of matrix metalloproteinases
(MMPs) and MMP inhibitors, e.g., tissue inhibitor of metalloproteinases
(TIMPs) [57,58].

Because of chronic exposure to angiogenic growth factors, tumor
blood vessels are abnormal in structure and function. The high perme-
ability of tumor microvasculature (50–70 times that of normal vessels
[59]) allows plasma to leak into the tumor interstitium and accumulate in
the tumor tissue. In addition, the lymphatic vessels that normally remove
fluid and macromolecules from the interstitium are absent from tumor
tissue [60]. Because of this altered fluid homeostasis, interstitial fluid
4

pressure (IFP) accumulates within tumors and decreases rapidly near the
tumor boundary, where fluid is drained by nearby functional lymphatic
vessels (Fig. 2I) [26,61,62]. High IFP is a prominent feature of tumor
tissue and its presence has been confirmed in nearly all human tumors
(Fig. 2II) [63,64]. IFP increases uniformly from tumor borders to the
center and its value is almost equal to the microvascular pressure
(Fig. 2III) [65]. High IFP and MPS are considered to be the most
important barriers to the accumulation of nanoparticles in tumor tissue
[65].

3. Design principles

Cancer nanomedicine design, especially for solid tumors, is based on
the EPR effect, known as passive targeting [66,67]. The EPR effect in-
creases accumulation of nanoparticles at the target sites, resulting in less
exposure to other organs. Although many studies have identified
extravasation through gaps between endothelial cells as the cause of
nanoparticle accumulation in the tumor, recent work suggests that other
mechanisms are involved, including transport through transcellular
channels or via endocytosis/transcytosis [68].

Systemic delivery of nanoparticles through the chaotic and dynamic
environment in vivo is challenging. Blood flow is relatively rapid, so
nanoparticles circulate throughout the human body once per minute.



Fig. 2. Alter fluid homeostasis in the tumor microenvironment. (I) Consistent features of tumor tissue are regions of high cancer cell density and abnormal micro-
vascular networks; (II) Comparison of IFP level in normal and tumors tissues (reproduced from Ref. [26] with permission); (III) The IFP and microvascular pressure
(MVP) for different tumor types (reproduced from Ref. [26] with permission).
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Blood flow velocity varies from 1.5 to 33 cm/s [69,70], with the lowest
velocities in capillaries and venules. In addition, the total length of blood
vessels in an adult human is ~100,000 km [71]. Consequently, the
particles are faced with a very long journey at a high speed, after which
they may pass the tumor (at most a few centimeters in size) in seconds.
Accordingly, long-lasting nanoparticles have significantly more oppor-
tunities to visit the tumor. Also, after extravasation, some nanoparticles
5

take hours or even days to penetrate only 200 μm and reach the tumor
core [72]. Hence, nanoparticles need a principled design, which is
influenced by the physico-chemical characteristics of the nanoparticles
such as size, shape, mechanical properties, surface chemistry, and surface
charge. These properties can affect how the nanoparticles interact with
cells and proteins [73], and can also determine their toxicity to normal
tissues. Therefore, by optimally modifying these properties,
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nanoparticles can overcome biological barriers. Computer modeling
techniques provide detailed information about physico-chemical features
and molecular interactions of drugs or carriers of drugs or carriers, and
have found broad applications in biology, biochemistry, and biophysics
[74–78]. Many structural and physicochemical properties of nano-
materials can be examined using computational models prior to their
synthesis and biological testing [79].
3.1. Size

Because nanoparticle size affects half-life, encapsulation efficiency,
and cellular uptake, it is one of the most important design features [49,
80]. Size also helps define the interaction of nanoparticles with bio-
molecules such as lipids, peptides, and DNA, thus critically influencing
many aspects of nanoparticle function [81]. Studies illustrate that
nanoparticles with sub-micron size have more advantages than micro-
particles for drug delivery system applications [44,82,83]. Similarly, it
has been shown that the particle surface area affects drug release [84].
Smaller nanoparticles have a larger ratio of surface area to volume, so
more of the associated drug is either at or near the surface of the particle.
This results in faster drug release. On the other hand, larger nanoparticles
Fig. 3. Effect of particle size on nanoparticle transport. I) Trajectory of nanoparticle
Ref. [50] with permission), II) Intravital imaging of size-dependent transvascular tran
(reproduced from Ref. [82] with permission). III) Diffusion through pores in the collag
IV) The effect of hydrodynamic radius on diffusivity in PBS, the dorsal skin and the
distribution of nanoparticles in tumor tissue; it is clear that nanoparticles with a diam
Ref. [98] with permission).
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have relatively more core volume and are capable of carrying more load,
and the drug is released more slowly by diffusion [85]. Because size af-
fects so many aspects or nanoparticle performance, it is challenging
property to optimize.

For delivery to the tumor via the blood stream, the perfusion char-
acteristics of normal and tumor vasculature –and the interactions be-
tween blood rheology and particle convection – need to be considered.
Particles smaller than 500 nm tend to move parallel to the vessel wall and
are minimally affected by the RBCs. Larger nanoparticles, on the other
hand, experience lateral forces in the bloodstream that cause them to be
“marginated” so they travel close to the vessel wall (Fig. 3I) [50].
Although large nanoparticles naturally travel closer to the vessel wall,
they don't extravasate into tissue as easily as smaller particles. On the
other hand, larger particles are not cleared as rapidly, so have longer
circulation times [86,87], and they have less accumulation in normal
tissues, thus producing fewer side effects [88]. Other factors, such as
clearance by the kidneys and liver should also be considered to optimize
the size. Renal clearance is very rapid for particles smaller than 6 nm in
diameter, while larger particles are generally cleared by the liver retic-
uloendothelial system [11,87]. Uptake by the RES can be inhibited by
PEGylation [87,89].
s inside the vessel (hematocrit:30%, number of NP: 100) [50] (reproduced from
sport; small nanoparticles (<60 nm in diameter), extravasate most readily [82]
en network in the tumor ECM [91] (reproduced from Ref. [91] with permission).
brain [90] (reproduced from Ref. [90] with permission). V) Accumulation and
eter of 50 nm have a higher concentration in tumor tissue [98] (reproduced from
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Based on particle size to vessel wall pore size ratio and acceptably low
clearance and extravasation in normal tissues, there is an optimal
nanoparticle size range – 12 to 60 nm – that provides efficient trans-
vascular transport in many tumors [88]. In tumors with large
inter-endothelial junctions, particles as large as 100 nm may also be
considered to increase the payload (Fig. 3II) [24,37]. Once they cross the
vessel wall, nanoparticles generally need to penetrate into the target
tissue to deliver the drug uniformly. For this step, the optimal range for
nanoparticle diameter is 5–50 nm [86]. Interstitial convection of parti-
cles is driven by IFP gradients in the tumor, and is impeded by the
electrostatic, hydrodynamic, and steric interactions in the interstitial
space (Fig. 3III) [90,91]. Particle diffusion is inversely related to size and
is also affected by interactions between the nanoparticles and extracel-
lular fibers. Furthermore, because of steric hindrance, larger particles
have very limited penetration into tumor tissue (Fig. 3IV) [92]. If suffi-
ciently small compared to the pores in the interstitium, hydrodynamic
and steric interaction become less important [93]. However, tumors are
often fibrotic, with excess production of extracellular fibers, thus
reducing penetration of nanoparticles. Because of these size-dependent
differences in transvascular and interstitial transport, particles with hy-
drodynamic diameters larger than 50 nm may extravasate easily, but
cannot effectively penetrate the interstitial space, causing them to
accumulate around the vasculature [94]. Studies performed in vitro and in
vivo have identified the optimal range of nanoparticle size for tissue
penetration. The optimal size can vary for each nanoparticle system. For
example, it is 2–6 nm for ultra-small Au nanoparticles [95], 30 nm for
poly (ethylene glycol)-b-poly (lactic acid) (PEG-b-PLA) micelles [96], 50
nm for monodisperse drug�silica nanoconjugates (Fig. 3V) [97,98], and
up to 70 nm for poly (lactic-co-glycolic acid) (PLGA) nanoparticles [99].

Nevertheless, given the large amount of heterogeneity that exists
within a given tumor – and between tumor types – identifying a nano-
particle formulation optimal for all tumor applications has proved diffi-
cult [88]. Computational modeling can help predict the effect of
nanoparticle size on the motion, margination, and nonspecific or specific
adhesion of particles in a hemodynamic flow. For example, Gentile et al.
[100] investigated the behavior of nanoparticles of different diameters
(spherical particles 50, 100, 200, 500, and 750 nm in diameter, 1, 6, and
10 μm) in dynamic flows. This study showed that, for nanoparticles larger
than 500 nm in diameter, gravitational forces influence the particle
margination toward the wall. However, the migration of the particles
toward the flow chamber wall is due to the Brownian motion for nano-
particles smaller than 500 nm in diameter [101]. Additionally, Decuzzi
et al. used computational modeling to show that steric interactions,
electrostatic interactions, van der Waals forces, steric interactions, and
buoyancy parameters can lead to a ‘critical radius’ where the time for
margination of particles toward a surface in shear flowwill be the longest
[102]. The predicted critical size is 50–200 nm, which is often in the
range of nanoparticles such as micelles-liposomes-polymer particles.
Examining the cellular uptake of particles with different sizes by Caco-2
cells, Desai MP et al. [103] found that nanoparticles with a diameter of
100 nm had a 2.5 and 6-fold uptake rate, respectively, compared with 1
μm and 10 μm microparticles. Mathematical modeling and experimental
results using gold and silver nanoparticles in the size range of 2–100 nm
demonstrate that particles of 40–50 nm more efficiently bind and induce
receptor-mediated endocytic processes [104]. It has also been reported
that nanoparticles larger than 50 nm fail to reach the cell nucleus [105].
Taking into account all the above-mentioned constraints, nanoparticles
with diameter of 12–50 nm are most appropriate for transvascular and
extravascular transport.

3.2. Shape

Shape is another important intrinsic property of nanoparticles that
can affect their interactions with biological tissues. The shape of a
nanoparticle influences how it circulates, penetrates the interstitium, gets
internalized or cleared, and how it enters a target cell [1,106]. Although
7

spherical nanoparticles have been studied more than non-spherical par-
ticles [96], mathematical modeling and recent experimental studies
suggest that non-spherical particles may have advantages, especially in
the blood circulation. For example, velocity gradients cause a heteroge-
neous distribution of forces along the axis of particle symmetry, thereby
leading to particle tumbling and rotation (Fig. 4I). Shah et al. [107], and
Tao et al. [108] found that anisotropic nanoparticles, such as rods and
discs, have higher margination propensity in dynamic flow and higher
wall adhesion than spherical nanoparticles, owing to biased hydrody-
namic and Brownian forces (Fig. 4II). Geng et al. illustrated that filomi-
celles remain in the bloodstream for up to a week after injection –

approximately ten times longer than spherical particles [109]. It has also
been shown that lateral drifting velocities of ellipsoid-shaped nano-
particles are greater than spherical particles, facilitating their drift away
from the core region of the vessel (Fig. 4III) [110].

In terms of the effect of transvascular flux, a comparison of spherical
particles with elongated particles with equal hydrodynamic diameter
demonstrated that elongated particles are superior to spherical ones
[111]. This may be due to increased margination toward the vessel wall
and a reduction of resistance to movement through the endothelial
junctions [102]. Considering intratumoral distribution, aspherical
nanoparticles generally distribute throughout the tumor interstitial space
more efficiently [112]. Elongated particles exhibit lower steric and hy-
drodynamic interactions with collagen fibers and diffuse faster in the
direction of their long axis, which leads to increased penetration depth
and accumulation (Fig. 4IV) [113].

The shape of the nanoparticles also has important effects on cell up-
take. Bartczak et al. created gold nanoparticles with four different forms –
spherical, rod-shaped, hollow, and silica-gold core-shell particles. They
found that spherical particle uptake was the highest and that of hollow
particles was the lowest [114]. Indeed, geometric descriptions of shape
such as the aspect ratio can be used to predict transport properties as well
as the interaction between cells and particles. Chithrani et al. showed
that spherical gold particles with size 14 or 7 nm have a higher cellular
uptake (2.75–5 fold) than rod-shaped particles with dimensions of 14 �
40 nm and 14 � 74 nm [115]. For particles smaller than 100 nm, cellular
internalization of spherical nanoparticles is more effective than
rod-shaped particles, however, as size increases, higher aspect ratios
result in better internalization [116]. Specifically, internalization is
facilitated when rod-shaped particles align perpendicular to the cell
membrane [37]. The endocytic kinetics of nanoparticles with different
shapes (spherical, rod-like, cubic, and disk-like nanoparticles) were
evaluated by Li et al. using a large scale dissipative particle dynamics
(DPD) model [117]. Li et al. found using their model that spherical
nanoparticles are efficiently accepted by cells, followed by cubic and
rod-shaped, whereas disk-like nanoparticles are only found at the cell
membrane surface [117]. To compare spherical and non-spherical
nanoparticles, it is often useful to fix the diameter of the spherical par-
ticle and then compare with non-spherical particles that have the same
surface-area-to-volume ratio and ligand-to-grafted chain ratio. Such an-
alyses allow mechanistic studies of the effect of shape and are easily
approached using computer simulations.

3.3. Surface charge

Nanoparticle surface charge is another important consideration for
development of drug delivery systems. Surface charge influences the
interactions between nanoparticles and microvessels or tumor inter-
stitium, and thus their transport to – and within – the tumor. Surface
charge affects various biophysical and biological functions including
solubility, biological distribution, stability, cellular uptake, and cyto-
toxicity. Nanoparticles with surface charges (either negative or positive)
tend to have minimal self–self interactions [119].

As described above, interactions between cells and nanoparticles play
a key role in their physiological delivery and their biological functions.
While travelling in the bloodstream, electrostatic interactions become



Fig. 4. Effect of particle size on nanoparticle trans-
port. I) Nanoparticle margination: spherical nano-
particles tend to travel near the vessel axis, but
hemodynamic forces cause non-spherical nano-
particles to migrate toward the vessel wall. II) Adhe-
sion probabilities of nanoparticles are affected by
shape and size [118] (reproduced from Ref. [118]
with permission). III) Effect of nanoparticle shape on
drift velocity in a capillary with 30% hematocrit
[110] (reproduced from Ref. [110] with permission).
IV) Interstitium distribution of rod and
spherical-shape nanoparticles [112] (reproduced from
Ref. [112] with permission).
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important when the particles come into proximity to the vessel wall.
Surface charge density can also affect nanoparticle clearance [87,120].
However, the positive charge of cationic particles attracts
negatively-charged proteins in the bloodstream, causing them to adsorb
to the particle surface. This facilitates their recognition by the immune
system, and their subsequent removal [46,121]. Additionally, because
endothelial basal lamina has a negative charge, positively charged
nanoparticles are easily absorbed, limiting their circulation [24,52].
Conversely, negatively charged nanoparticles are repelled from the CFL,
limiting their extravasation [122,123]. For these reasons, nanoparticles
with neutral charge are better for vascular transport [1]. Nevertheless, it
has been shown that interactions between cationic particles and the
vessel wall can increase the chance of extravascular transport into tumors
[49]. Furthermore, experimental and theoretical studies have shown that
electrostatic interactions with the negatively charged glycocalyx of
vascular endothelial cells can allow cationic nanoparticles to extravasate
more readily than their anionic or neutral counterparts [122,123].

Because many charged species exist in the tumor environment,
including cationic collagen and anionic hyaluronic acid, electrostatic
interactions also affect how nanoparticles distribute in the tumor inter-
stitium [124]. It has been shown that electrostatic repulsion hinders
nanoparticle diffusion [91]. Since both electrostatic attraction and
repulsion decrease particle transport, neutral nanoparticles disperse
more efficiently in the interstitial space of the tumor than anionic and
cationic particles [124,125]. Studies in vitro show that cationic nano-
particles are easily consumed by cells, but if the nanoparticles are coated
with protein to decrease the positive charge, the difference in uptake of
cationic and anionic particles is almost eliminated [92]. This may be due
to the fact that cell membranes have negatively charged sulfate pro-
teoglycans that attract cationic nanoparticles [126,127]. These proper-
ties of cationic nanoparticles can improve cellular uptake, payload
delivery and cytotoxicity [128], although the increased uptake of
cationic particles by cells may not be solely due to electrostatic adsorp-
tion to the plasma membrane surface [129,130].

Various mathematical and computational techniques and simulations
have been performed to investigate the effect of surface charge on
nanoparticle translocation. One of the most powerful methods for
investigating the effect of the surface charge on pharmacokinetics is the
8

Coarse-grained molecular dynamics (CGMD) method. Li and Gu applied
the CGMD approach to investigate the effects of electrostatic attraction
on the adhesion between nanoparticles and the membrane [131]. They
showed that cationic particles have stronger adhesion than neutral par-
ticles. In addition, the adsorption of positively charged nanoparticles to
the phosphate terminus of the lipids increases the tilt angle of lipids and
thus enlarges the area of the head group, whereas negatively charged
nanoparticles often induce the formation of highly ordered regions in
fluid bilayers. Thus, surface charge greatly affects the adsorption mech-
anism [132].

3.4. Surface chemistry

In addition to electrostatic charge, other surface properties are
important for the appropriate selection of nanocarriers. For example, an
effective method for increasing the delivery of low solubility drugs to
tumors is to encapsulate the drug within a nanocarrier that has a hy-
drophobic or amphiphilic surface [110,133]. Park et al. showed that
drugs with lowwater solubility can be suspended in aqueous media using
micelle nanoparticles based on amphiphilic block copolymers [134].
Similar advances have also been made using a liposome-based carriers
[135]. Extensive research has been conducted on the efficiency of
nanocarriers to overcome obstacles such as short circulation half-life,
poor uptake by cells, and poor stability against hydrolytic and proteo-
lytic degradation [136]. For example, it was found that nanoparticles can
be engineered with surface chemistry that includes hydrophilic surface
coatings to prevent formation of a protein corona and subsequent
phagocytosis by macrophages [137]. Additionally, studies have shown
that modifying the surface of nanoparticles with polysaccharides can
improve cellular uptake [138]. Furthermore, hydrophilic poly-
saccharides can be grafted to hydrophobic molecules or to side chains of
a hydrophobic polymer to produce surfaces with better performance
[40]. This highlights the need for a better understanding of poly-
saccharide chemistry and how they can be leveraged to improve the
biological properties of nanoparticles.

Some advances in this area have also come from computational
modeling. By simulating the mechanisms of transmembrane osmosis,
Zhang et al. found that penetration improves with an increasing number
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of hydrophilic surface species [139]. Additionally, Gupta et al. [140],
used molecular dynamics (MD) simulations to determine the shape of
AuNPs diffusion and the magnitude of the permeability as they pass
through the skin lipid membrane. They reported a decrease in perme-
ability with increased size of neutral hydrophobic AuNPs and found that
the kinetics (release) and thermodynamics (free energy) play important
roles in permeability. Specifically, free energy controls the shape of
resistance and diffusion controls the magnitude of resistance.

To improve the delivery of nanoparticles to the tumor, it is important
to prevent clearance by the MPS. It is possible to avoid the opsonization
that encourages clearance by engineering the nanoparticle surface. The
most common strategy for limiting organ uptake and immune system
clearance is PEGylation of the nanoparticle surface – known as “steal-
thing” [141]. Coating the surface with PEG leads to increased time of
particle circulation [142,143]. The functionalization with PEG depends
on the length of the polymer chains and its density at the surface [86]. In
clinical applications, it has been shown that administration of PEGylated
particles can induce production of anti-PEG antibodies, further
enhancing clearance [144,145]. This underscores the need to develop
alternative methods for reducing the clearance of nanoparticles in vivo.
Other coatings such as zwitterionic species and carbohydrates appear to
be promising [146,147], as are engineered intralipid formulations [148]
or liposomes, which have been used to deliver lipids [149]. As discussed
previously, liposomes can overcome the effects of surface charge and
block the uptake of gold nanorods by the MPS [150]. All these results
suggest that the clearance and uptake of nanoparticles by the immune
system is more complex than previously appreciated [151].
3.5. Elasticity

While many studies have focused on nanoparticle size, shape, and
surface properties, less is known about how mechanical properties affect
nanoparticle transport processes. It is reasonable to assume that nano-
particle rigidity or elasticity would affect their pharmacokinetics and
pharmacodynamics, and indeed evidence suggests that (i) less rigid
nanoparticles have the ability to stay in the circulation longer than their
rigid counterparts, and (ii) in the circulatory system, less rigid nano-
particles are more resistant to phagocytosis than rigid nanoparticles
[152]. In another approach, Kumar and Graham [153] used a
non-Hookean capsule model to show that stiff nanoparticles tend to move
toward the CFL while deformable nanoparticles accumulate at the center
of the flow. This can increase the transvascular transport of stiffer
nanoparticles. Deng et al. [154] quantified the effects of nanoparticles
stiffness on tumor infiltration and found that stiffness can dramatically
affect tumor penetration efficiency: nanoparticles with lower stiffness
were able to move more easily through the ECM.

Limited nanoparticle penetration into tumor tissue is an important
obstacle to the efficacy of cancer chemotherapy agents, and nanoparticle
mechanics can affect this step. The Young's modulus– defined as how
much force is required to deform a substance by a given amount– is used
to describes the stiffness of a material, but is difficult to measure at the
scale of nanoparticles [155]. However, computational studies have
partially filled this gap. For example, the computational model of Yi and
Gao, showed that soft nanoparticles engineered with specific binding
receptors have a higher cellular uptake rate than their stiffer counterparts
due to increased contact surface area with the cell membrane and more
efficient receptor diffusion [156]. On the other hand, Anselmo et al.
[152], found the opposite result in experimental studies, showing that at
longer times (8 and 12h), stiffer nanoparticles are bound/internalized
more readily than their softer counterparts; at shorter times (5 min–4 h),
there were no statistical differences in cellular uptake. These disparate
results highlight the need for more research on the impact of mechanical
properties on nanoparticle performance. However, it is possible that the
discrepancy between the studies of Yi and Gao [156] and Anselmo et al.
[152] is due to the use of ligand coating in the study of Yi and Gao.
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4. Transformable nanoparticles as advanced strategies for
enhanced delivery efficiency

As previously discussed, optimizing the physical characteristics of
nanoparticles requires compromise, because multiple factors affect
nanoparticles in conflicting ways during the various stages of drug de-
livery, tissue penetration and cellular uptake. Optimal nanoparticle
design needs to consider each of these steps. For example, surface
modification of nanoparticles by PEGylation improves tumor penetration
but hinders cellular internalization [157]. Additionally, cationic nano-
particles improve tumor penetration by facilitating the transcellular
pathway but have a shorter circulation time in comparison with neutral
or slightly negative nanoparticles [158]. Any drug delivery system that
focuses on only one factor but fails on another cannot meet the re-
quirements [159]. For this reason, transformable nanoparticles are being
developed for advanced drug delivery. Transformable nanoparticles can
integrate multiple ideal delivery properties into a single nanoplatform
because they regulate their characteristics according to the requirements
of various delivery stages [160–162].

4.1. Size/surface charge switch

Size and charge are the most widely-studied features for creating
transformable nanoparticles. Size transitions allow large particles to be
transformed into smaller species, while charge transitions use cationic
nanoparticles to enhance tumor penetration [163]. It is also possible to
combine size and charge transitions into a single delivery platform [164].
Importantly, endogenous characteristics of the tissue microenvironment,
including overexpressed enzymes and mild acidity, can be used to trigger
both size and charge transformations. Exogenous stimuli (e.g., magnetic
field, light, and ultrasound) can also be used [165,166].

Hybrid large-small nanoparticles are composed of a large nano-
particle to facilitate circulation and accumulation and a smaller nano-
particle to improve penetration [167]. Hybrid nanoplatforms can be
formed by encapsulating smaller nanoparticles within a larger particle, or
by conjugating them onto the large nanoparticle. These nanoparticles
accumulate at the tumor sites via the EPR effect, and then release smaller
nanoparticles in response to stimuli. Fukumura et al. reported one
example of size-transformable nanoparticle, with the nanoparticle
formed by loading 10 nm quantum dots (QDs) into 100 nm gelatin
nanoparticles (GNP) (Fig. 5I) [161]. At the tumor site, the gelatin scaffold
of this nanoplatform is degraded by locally overexpressed MMP-2, which
releases the smaller QDs. After release, further penetration of QDs into
the tumor tissue was observed in vivo and in vitro. Additionally, studies
have shown that many “small-in-large” hybrid nanoplatforms, such as
poly amidoamine (PAMAM) dendrimer, polyplex micelles, dendrigraft
poly (L-lysine) (PLL) in polymer micelles and liposomes improved tumor
penetration [138]. Another typical design of hybrid nanoplatforms is
small-on-large hybrid nanoparticles. An example of these nanoplatforms
is the platinum prodrug-conjugated PAMAM (PAMAM/Pt) dendrimer,
conjugated onto larger PEG-b-PCL nanoparticle (Fig. 5II) [168]. Within
an acidic environment, PAMAM/Pt dendrimer detaches from the hybrid
nanoparticle, improving the tumor penetration in vivo and in vitro. This
hybrid nanoplatform also showed improved circulation behavior
compared with free PAMAM/Pt dendrimer. Stylianopoulos et al. used a
novel in silico approach to investigate multi-stage nanoparticles [169].
They simulated a multi-stage system in which 20 nm nanoparticles
transform into 5 nm particles, demonstrating that tuning the drug release
kinetics and binding affinities can optimize performance relative to
traditional methods.

Size-switchable nanoparticles are another option for creating size-
shrinkable nanosystems. In this case, enhanced tumor penetration is
caused by nanoparticle shrinkage instead of the release of smaller
nanoparticles [170]. For example, spiropyran-contained monodisperse
nanoparticles exposed to ultraviolet (UV) light shrink in size from ~150
to 40 nm; this process also accelerates the release of drugs loaded in the



Fig. 5. Size-charge switching of NPs. I) “small-in-large” hybrid nanoparticle enhanced tumor penetration. The small QDs were encapsulated into larger GNPs and
MMP-2 catalyzes the size reduction [161] (reproduced from Ref. [161] with permission). II) “Small-on-large” hybrid nanoparticle converted by low pH. PAMAM
nanoparticles with Flu-label were conjugated onto larger PEG-b-PCL nanoparticles with RhB-label. When exposed to tumor acidity, the small nanoparticle is released,
enhancing penetration [168] (reproduced from Ref. [168] with permission). III) Charge-transformable nanogel increases in vitro penetration in a 3D tumor spheroid
model (Left), and charge-transformable nanogel enhanced in vivo penetration of DOX in xenografted hepatocellular carcinoma (Right) [175] (reproduced from
Ref. [175] with permission). IV) Integration of size and charge transition into a single platform; size and charge transition of SNP exposed to pH 6.8, enhanced
extravasation of SNP from tumor microvessels (Bottom left), and increased penetration of SNP from the tumor border to center (Bottom right) [164] (reproduced from
Ref. [164] with permission).
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nanoparticles. These size-shrinkable nanoparticles exhibited better cir-
culation behavior and improved penetration ability [171]. On the other
hand, although smaller nanoparticles have better depth of tumor pene-
tration, they are also more easily returned back into the bloodstream.
Therefore, aggregation strategies have been proposed to prevent nano-
particles from re-entering the bloodstream by increasing the size of
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nanoparticles after extravasation. This leads to enhanced retention of
nanoparticles in tumor sites and can increase anti-tumor efficacy [172].
Various studies have improved the therapeutic response based on this
strategy. For example, using “Responsive Aggregation” strategies, Gao
and co-workers were able to improve the retention of gold nanoparticles
and therapeutic response in brain tumors [173]. This approach also
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obviated resistance to chemotherapy in breast cancer [174].
Charge-transformable nanosystems have been demonstrated with the

use of pH-sensitive nanogels surrounding a polyelectrolyte core [175].
The nanogel is negatively charged during circulation and accumulates at
the tumor site. After internalization into the tumor, the acidic environ-
ment triggers the nanogel to swell, thus enhancing local retention of the
drug (Fig. 5III). Enzyme-activatable polymer�drug conjugates are
another option for charge-transformable nanosystems [176]. This system
enhances tumor penetration through transcellular transport via γ-glu-
tamyl transpeptidase-activation. The improved tumor penetration in this
system eradicated small solid tumors (~100 mm3) and regressed larger
tumors (~500 mm3).

Moreover, combining tunable size and charge into one nanoplatform
may enhance penetration of tumor via both paracellular and transcellular
transport. Chen et al. examined a dual-transformable nanoparticle with
both charge transformation and acid-activated shrinkage [164]. The shell
of stacked nanoparticle (SNP) consists of a detachable shell with
pH-sensitive bonds. This protects the cationic core from clearance during
circulation but detaches in the low pH of the tumor environment. After
the stacked shell detaches, the size of the nanoparticle decreases, and the
surface charge reverses from �7.4 to 8.2 mV. The combination of small
size and cationic charge provides ideal properties for extravasation of
SNP from the tumor microvessels and enhances the penetration from the
tumor vessels to deeper regions of the tissue (Fig. 5IV).
4.2. Shape switch

As mentioned previously, nanoparticle shape is an important design
consideration that is difficult to optimize for all stages of the delivery
process. Consequently, efforts have been made to develop nanoplatforms
that can adopt different shapes depending on the environment [177]. For
example, Wang et al. created shape-changing micelles that are responsive
to MMP-2 [178]. These size-changing micelles, known as HEKMs, start as
nanorodmicelles (diameter: 20 nm, length: 50–300 nm), which enhances
Fig. 6. Shape-switchable micelles. (I) Process of shape transformation by HEKMs [1
HEKMs at 2 h and 4 h after exposure to MMP-2m [178] (reproduced from Ref. [178]
using HEKMs (HEKMDOX) is most efficient for tumor control [178] (reproduced fro
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their circulation time and penetration into the tumor tissue. Once in the
tumor, responsive linkers are cleaved by MMP-2, resulting in deforma-
tion of the rod-shaped structure into a sphere (diameter: 35 nm) (Fig. 6).
This transformation increases cellular internalization.

As for size changes, shape changes can also be induced using changes
in pH. By incorporating pH-sensitive polymer chains, nanoparticles can
reversibly alter their structure, mimicking the process of protein folding
and self-assembly. For example, at pH 7.4, shape-changing single-chain
polymers become deprotonated and hydrophobic, causing them to self-
aggregate into large (68.7 � 2.8 nm) spherical “multi-tadpole assem-
blies” (MTAs). When exposed to decreased pH (6.9), they disassemble
into 9.6 nm rod-shaped nanoparticles, which then penetrate deeper into
tissue [179]. Other studies have shown an improvement in therapeutic
response through enhanced biocompatibility, biodistribution, and the
induction of a potent antitumor immune response by transforming
spherical nanoparticles into nanofibers in response to light and ROS
stimuli [180,181].

5. Drug loading

Ideally, a nanoparticle drug should have high drug loading capacity,
minimum toxicity to normal tissue, and require minimal polymer for
drug loading. Specifically, the capacity for drug loading and de-
terminants of drug efficacy depend on (1) the physicochemical charac-
teristics of the nanocarriers; (2) the type of nanocarrier used, the methods
of preparing the nanocarrier; (3) interactions between the carrier and
drug (e.g., drug loading of therapeutics agents with high charge depends
on electrostatic interactions with carriers); (4) the molecular weight; (5)
conditions and duration of drug loading; and (6) biochemical conditions
that can affect drug loading [182,183]. Therefore, each drug requires a
specific method and custom carrier with optimized physicochemical
properties for efficient drug loading. For example, drug loading capacity
for solid lipid nanocarriers depends on physicochemical properties of the
matrix, solubility of drug into excipient matrix [184,185].
78] (reproduced from Ref. [178] with permission). (II) DLS and TEM images of
with permission). (III) mouse tumor model, showing that delivering doxorubicin
m Ref. [178] with permission).
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5.1. Traditional strategies for drug loading

Traditionally, drug loading is performed using one of three strategies:
pre-, co-, or post-loading. The optimal loading procedure depends on the
specific structure and surface properties of the nanoparticle [186,187].

Pre-loading: In this method, drug clusters are formed first, and then
these are surrounded by shells. By adjusting the thickness and diameter
of the shell, the amount of drug loading can be specified [188,189]. This
strategy, which is based on the core-shell structure, has several advan-
tages, including preventing unwanted release of the drug as well as
protecting the drug from the potentially destructive external environ-
ment. It is also possible to achieve controlled drug release and functional
surface chemistry that responds to local tissue biochemistry through shell
engineering [190]. Shell materials used in this strategy are usually
polymers due to their biocompatibility, biodegradation kinetics, and ease
of manufacturing [183,191], although other shell materials have been
tested, including silica [192] and lipids [193]. The pre-loading method is
applicable for loading materials with high molecular weight. The loading
capacity of drugs varies from 12 to 78.5% depending on the pre-loading
strategy [193,194]. Additionally, the size of nanocarriers produced based
on this strategy varies from 40 to 984 nm [183,195].

Co-loading: This strategy encapsulates the drug during the formation
of nanoparticles. There are various systems based on this process,
including drug-polymer conjugates [196,197], drug-silsesquioxane con-
jugates [198], pure drugs [199,200], Metal-organic framework (MOF)
with drug incorporated [201,202], proteins [203], solid-lipids [204], and
polymers [205,206]. Covalent bonding is important for conjugate sys-
tems while π-π interactions, electrostatic, and hydrophobic interactions
are important for proteins, polymers, etc. [186]. In this strategy, the
loading capacity varies from 18.5% to 100% [207,208], and nanocarriers
created are in the size range of 29–400 nm [197,209].
Fig. 7. Methods for drug loading. (I) Molecular-level loading; The drug loading cap
available active sites. (II) Direct link: the drug is confined in the surface of the nanocar
of the drug to the carrier is performed via a coating, linker, or surfactant. (IV) Coating
gel-like in nature. (V) Matrix loading system: a large amount of drug is loaded into th
Cavity loading system; the drug is encapsulated in the inner cavity of a nanoparticle
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Post-loading: In this strategy, nanocarriers are first made and then the
drug is loaded. Nanocarriers created for this drug loading strategy are
porous structures such as carbon nanoparticles [210,211], silica nano-
particles [212,213], MOF nanoparticles [214,215], hydrogel nano-
particles [216], and iron nanoparticles [217]. The porous structure of
nanoparticles provides features such as adjustable pore volume and size,
high surface area, and straightforward chemistry for functionalization
[218]. In the post-loading process, in order to encapsulate the drug in the
nanocapsules, the carrier is incubated with the drug solution at a higher
concentration, thus forcing the drug to accumulate in the capsule by
diffusion [219,220]. Ultimately, drug-loaded carriers are separated by
filtration or centrifugation. Other non-porous nanoparticles, such as
polypeptides [221] and proteins [222], have also been investigated for
post-loading strategies, in which drugs are loaded mainly through
non-covalent hydrophobic interactions, π–π stacking, and hydrogen
bonds [223,224]. Nanocarriers fabricated based on this strategy can
achieve 11.8%–68% of the drug load [225,226], and no size limit has
been reported.

Considering pre-, co-, or post-drug loading strategies, the drug mol-
ecules can be coupled or complexed with the host molecule, linked on a
surface, embedded in a matrix, or enclosed in the cavity of carriers
(Fig. 7). Also, loading methods are mainly divided into active or passive
loading. When the drug is entrapped before or during the manufacturing
procedure, the method is so-called passive loading. When the drug is
entrapped into the preformed nanoparticle, the method is known as
active or remote loading [227]. Loading by these two methods can be
based on pH gradient, temperature change, UV-induced crosslinking, etc.
[228,229].

Molecular-level loading system: A popular method for attaching drugs
to host molecules is known as the molecular-level loading system. In
general, this approach attaches drugs with low molecular weight – such
acity of these polymers affects the structure of the polymers and the number of
rier mostly based on van der Waals forces. (III) Linker-mediated loading: binding
mediated loading: the drug is contained in a layer around the nanocarrier that is
e matrix, and only a small amount of drug is attached to the carrier surface. (VI)
shell.
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as anticancer drugs – to small molecules, peptides or polymers, [187,
230]. The drug and carrier interactions can be classified into two types:
physical or chemical, designated complex or prodrugs, respectively.
Physical interactions or complexes are based on self-assembly and simple
contact of host and guest molecules, which leads to the selective iden-
tification of these two molecules by size and shape [231]. Physical
complexes have weak and nonspecific binding, so they are easily released
into the TME by different stimuli (external/internal) such as changes in
ionic strength, pH, or temperature [187]. In chemical interactions, drug
molecules and nucleic acids bind to functional groups such as hydroxyl,
thiol, carboxyl, and amine groups at the nanocarrier surface (end of
polymer chains or branches) [232]. These active sites have a crucial role
in the binding of drugs, improvement of the hydrophilicity of nano-
carriers and their solubility in the cross-linked polymer. The drug loading
capacity of these polymers is affected by the polymer structure as well as
the number of active sites they have. Since the molecular weight of the
loaded drug is much less than the polymer molecules, the loading ca-
pacity of the drug in this carrier is limited [187]. This strategy can use co-
or post-loading to load the drug into nanocarriers.

Loading on the surface of the nanoparticle system: The amount of drug
loaded onto the surface of a nanoparticle is determined by process of
adsorption and desorption [187]. The overall amount that can be
accommodated is affected by the surface-to-volume ratio (S/V) and the
physicochemical properties of the nanoparticles. Higher S/V ratio means
that there is more area to anchor drugmolecules (i.e., more drug is placed
on the nanoparticle surface) [187]. Surface properties such as charge,
polarity, and chemical reactions also affect the drug loading. These
properties determine the possibility of absorption but also the type of
adsorbent guest molecule and the affinity between the drug molecule and
the carrier [187,233]. In this loading system, drug molecules can be
attached directly (directly adsorbed) or mediated (linker and coating) to
the surface of nanoparticles. In drug loading with direct interaction, drug
or contrast agent is loaded to the surface of nanocarrier mostly based on
van der Waals forces, hydrogen/electrostatic/hydrophobic/π–π stacking
interactions, and chemical bonds such as covalent and coordination
bonds by designing disulfide, amide, ester and hydrazine linkers [217,
234]. Drugs that are loaded on the surface of carriers have poor in-
teractions and can be separated by simple desorption via change of pH or
solvent in TME [234].

Drug binding to the carrier through a linker is performed in three
different modes: (i) the linkers can be attached to the drug and then
loaded onto the carrier surface; (ii) the linker can be attached to the
carrier surface, followed by attachment of the drug to the linker [141];
and (iii) the drug is loaded to the carrier surface by the interaction be-
tween the two linkers [187]. A coating on the surface of the nanoparticles
can also be used as an intermediate to improve the stability of nano-
carriers or to aid drug loading. The coating can change the physico-
chemical properties of the surface and provide additional possibilities for
drug absorption [187,235]. Most surface-loading processes use
post-loading strategies to incorporate the drug.

Matrix Loading System: In the matrix drug loading system, a large
amount of drug is loaded into the matrix and only a small amount of drug
is attached to the carrier surface. As the material degrades, the loaded
drug is gradually released from the carrier. The main disadvantage of this
system is the large amount of material released as the matrix decomposes
[187]. Structural properties and material composition of carriers can
affect drug loading, drug release, and biochemical properties of carriers
in in vivo environments. Based on structural properties, nanocarriers are
classified into three types: compact solid nanoparticles, micelles, and
nanogels [187]. Post-loading is used for nanogels because of the high
porosity and high-water content. In this method, the drug incorporates
into the network of the nanogels through diffusion [236,237]. On the
other hand, pre-loading strategies are generally used for solid nano-
carriers with low water content and low porosity [238]. Micelles are
ordered aggregates self-assembled from amphiphilic molecules (small
surfactants and amphiphilic polymers), and require a different strategy
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[239]: the drug is usually loaded with the amphiphilic polymer during
micellar assembly, although hydrophilic drugs can still enter the hy-
drophobic core of the micelle after carrier formation (post-loading)
[187].

Cavity Loading System: In this method, the drug is encapsulated in the
inner cavity of the nanoparticle, so it is covered by a shell to prevent
release. The drug loading in these systems depends on the nanoparticle
structure, composition, properties, and preparation method. These
nanoparticles can be made of organic compounds such as lipids and
polymers or inorganic compounds including metal or oxides. They are
also classified as vesicles or capsules, according to their structure. Cap-
sules are nanocarriers whose inner cavities are coated by a single layer
with numerous pores, while vesicles have impermeable coatings [187].
The capacity of drug loading in the vesicles is affected by numerous
factors such as charge of the liposomes, lipid/cholesterol ratio, the lipid
material, lipid to drug molar ratio, and different synthesis methods of
nanocarriers that can enhance the capacity of the inner cavity and the
drug loading content. The loading capacity in capsule systems depends
on factors such as shell porosity, shell thickness and core size [187].

Some recent progresses in the area of traditional drug loading are
summarized in Table 1.

5.2. Microfluidics technology as an advanced strategy for drug loading

Importantly, many carriers have low drug loading capacity based on
traditional strategies, so frequent dosing of these carriers are needed to
treat patients with chemotherapy agents. This can increase non-specific
accumulation, leading to side effects. New technologies such as micro-
fluidic (or nanofluidic or lab-on-a-chip (LOC) technologies) have the
potential to overcome problems caused by poor drug loading [250,251].
Microfluidics technology uses miniaturized systems and nanoliter vol-
umes to pass fluids through small micro-chambers and micro-channels
and can be used to mix small volumes of fluid and reduce waste [252].
Microfluidics systems have numerous advantages and applications in
nanomedicine because they provide (i) control over temperature and
other drug loading conditions (ii) specification of drug loading dynamics
and throughput, and (iii) the ability to use small volumes of drug, limiting
the consumption of materials (e.g., 10�12 l (picoliter) volumes).

A key reason for using liposomes as a suitable carrier for drug delivery
is the high loading capacity of vesicles. However, they have low effi-
ciencies in drug loading, so advanced technology is needed to increase
efficiencies. Drug loading using microfluidic technology provides a way
to incorporate all stages of the loading process – e.g. liposome synthesis,
buffer exchange, and drug/nanocarrier mixing – into a continuous and
integrated process, decreasing processing time and costs (Fig. 8) [253].
For example, it is possible to create synthetic liposome membranes using
a mixture of cholesterol and diacetyl phosphate in microfluidic systems,
which allows rapid mixing of two miscible solutions and produces
nanocarriers that are 40% smaller in size than traditional methods [253].

Microfluidics is an advanced technology that plays an important role
in drug delivery strategy by aiding in the design and fabrication of
nanocarriers that mimic and replicate biological and physiological sys-
tems. In addition, microfluidics technologies have great potential for
high throughput production of pharmaceutical nanosystems and provide
more precise control of the physico-chemical characteristics of a nano-
carrier [187]. Table 2 summarizes recent drug loading efforts using
microfluidic technology, which generally have a higher drug loading
efficiency compared to traditional drug loading strategies (Table 1).

Microfluidics technologies have shown superior performance for
many aspects of drug loading. However, although they are relatively
efficient at drug loading, the process is generally slow and low-
throughput. Therefore, overall production efficiency can be low. To
overcome this problem, it is possible to use parallel microchannels in a
device [274,275], parallel devices [276,277], higher flow rates [240,
278,279], or new fabrication paradigms [280,281] to achieve higher
production rates (Table 3).



Table 1
A summary of recent efforts to load drugs based on traditional strategies.

Loading strategy Nanocarrier material Size (nm) Drug Drug loading (%) Ref.

Pre-loading Polymer 60–450 Paclitaxel 42.6 [240]
40–175 Docetaxel;

Paclitaxel;
38–58.5 [183]

165–181 Camptothecin 29–52 [241]
83.2 Curcumin 78.5 [194]

Silica 58.6 Paclitaxel 59.2 [192]
Co-loading Polymer 70 Curcumin 49.5 [242]

98–110 Paclitaxel 8.67–28.32 [205]
Protein 217 Paclitaxel 27.2 [203]
Drug-drug interaction 70 Doxorubicin 100 [200]
Drug-drug conjugate 89 Doxorubicin Near 100 [208]
Drug-polymer conjugate 100–200 Doxorubicin 18.5 [207]

56.9–60.5 Cabazitaxel 29.5 [196]
Drug-silsesquioxane conjugate 62.3–105.2 Cisplatin 35–47 [198]

Post-loading Polypeptide 140 Doxorubicin 21.7–26.1 [221]
Protein 25.9–32.7 Doxorubicin 13.4 [222]
Hydrogel 160–610 Doxorubicin 16.0–42.3 [216]
Magnesium silicate 400 Doxorubicin 68.1 [226]
Calcium silicate hydrate 30–50 Docetaxel 7.6 [243]
Carbon 255 Doxorubicin 51.9 [211]

200 Camptothecin 17 [210]
500–800 Lovastatin 25.63–36.26 [244]

Iron 209.6–601.8 Doxorubicin 209.6–601.8 [217]
140–233 Paclitaxel 140–233 [214]

MOF 100 Doxorubicin 65.5 [245]
– 5-Fluorouracil 33.3 [215]

Silica 45–450 Doxorubicin 55 [246]
200 Doxorubicin 4.1–38.5 [247]
241.5 Doxorubicin 12.3 [248]
200–400 Doxorubicin 32 [249]
130–190 Doxorubicin; Paclitaxel; Curcumin; Doxorubicin 5.7–51.5;

Paclitaxel 5.7–51.9;
Curcumin 3.8–51.9;

[212]

Fig. 8. Microfluidic technology for liposomal drug loading operations: microfluidic hydrodynamic flow can be used to create drug-loaded liposomes. Prior to drug
loading operations, there is a rapid application of a steep transmembrane ion gradients. Drug loading takes place in the “drug loading and incubation” zone, which
includes most of the chip area. In this zone, micromixer structures have been installed to increase the interactions of amphipathic compounds and liposomes during the
drug loading process, which leads to increased loading.
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6. Drug release from nanocarriers

The mechanism of drug release from a nanocarrier is a crucial
parameter in determining drug therapeutic efficacy. One of the main
goals of release kinetics control is to maintain the level of drug in the
blood between the minimum effective concentration (MEC -to provide
effective dosing) and the minimum toxic concentration (MTC - to prevent
causing toxic side effects) [284]. Once in the circulation, the plasma
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concentration of a free drug (such as doxorubicin) increases above the
MTC and then rapidly drops below the MEC (Fig. 9). Large fluctuations in
drug concentration can be reduced by using multiple doses, but this can
also lead to patient non-compliance. Therefore, it is desirable to design
nanocarriers that can deliver drugs with controlled release, avoiding the
need for frequent dosing [285,286]. In general, release from nanocarriers
can be tailored using both stable and controlled methods.



Table 2
Representative examples of drug loading using microfluidics.

Microfluidic technologies Nanocarrier Size (nm) Drug Drug loading
(%)

Ref.

Herringbone pattern-based rapid mixing
(HPRM)

Lipid-polymer hybrid nanoparticles 136.4 DOX and siRNA 90 [254]
100–150 Rifampicin 60–70 [255]
39.4 DOX 90.8 [256]

Biomimetic nanoparticles 7.3–32 Imaging agents 70.1–94.2 [257]
Hydrodynamic flow focusing (HFF) Liposomes 106.8–334.2 Bcl-2 antisense

deoxyoligonucleotide
71.3–74.8 [258]

190.9 DOX 71.8 [259]
Polymeric nanoparticles (modified/
unmodified natural polymer)

60–220 Paclitaxel (PTX) 50–95 [260]

Polymeric nanoparticles (synthetic polymer) 25–200 Docetaxel 10–98.19 [261]
100 Docetaxel 95 [262]
50–200 PTX 69.1–99.1 [263]

Silica-polymer hybrid nanoparticles 150.6–206 Sorafenib – [264]
Hydrodynamic flow focusing combined with a
spiral mixer (HFF-SM)

Lipid-polymer hybrid nanoparticles 40 to 277 DOX – [265]

3D-HFF Polymeric nanoparticles (synthetic polymer) 100 DOX 50 [266]
Microvortices-based mixer Lipid-polymer-Au hybrid nanoparticles 85.1 DOX; sorafenib 25.6, 66.0 [267]
Mixing with a caterpillar micromixer Iron oxide-polymer hybrid nanoparticles 60–120 PTX 58–80 [268]

122–126 Camptothecin 73–100 [269]
Spiral mixer Silica-based nanoparticles 150–400 PTX 30–90 [217]
Gas-liquid microfluidic reactors Polymeric nanoparticles (synthetic polymer) 50–60 7-ethyl-10-

hydroxycamptothecin
4–10 [270]

10–100 Curcumin 30–60 [271]
Microfluidic electroporation Biomimetic nanoparticles 80 Imaging agents 70.1–94.2 [272]
Coaxial turbulent jet mixer Polymeric nanoparticles (synthetic polymer) 70–900 Sorafenib 5–60 [273]

Table 3
Representative examples of microfluidics technology with Increased production throughput.

Methods Nanomaterials Size (nm) [15] Nanocarrier production rate Ref.

Multiple systems in
parallel

Polymeric nanoparticles 50–200 MPEG–PLGA (methoxyl poly-(ethylene glycol)–poly (lactic-co-
glycolic acid))

25–100 mg � h�1 [277]

Multiple channels in
parallel

Polymeric nanoparticles 200 DSPE-PEG (1,2-distearoylsn-glycero-3-phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000])

4.5–84 mg � h�1 [282]

13–150 PLGA-PEG poly (lactide-co-glycolide)-b-poly (ethylene glycol) 4.5–84 mg � h�1 [274]
50–150 PLGA-PEG ~ 10 g � h�1 [275]

Using a coaxial turbulent
jet mixer

Lipid-polymer-metal oxide
nanoparticles

25–100 PLGA-PEG 3.15 kg � day�1 [281]

Increasing flow rate Polymeric nanoparticles 100–240 for
PLGA
100–240 for
HPCS
70–280 for
AcDX

PLGA (poly (lactide-co-glycolide));
HPCS (hydrophobic chitosan);
AcDX (acetalated dextran)

45.6–242.8
g � day�1

[283]

112.2–570 DSPE-PEG 2.4–14.4
g � day�1

[278]

60–450 for
PLGA
70–550 for
AcDX

PLGA
AcDX

~ 700 g � day�1 [240]

lipid-polymer hybrid
nanoparticles

30–170 PLGA-PEG ~ 3 g � h�1 [279]
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6.1. Sustained release

The release kinetics of nanocarriers are critically important for ther-
apeutic efficacy. Many factors influence these kinetics, including the
specific nanomedicine components (drugs, polymers, additives) and the
chemical and physical interactions between these components. The
preparation methods are also very important for controlling drug release
and must be considered explicitly for each drug. Drugs that are rapidly
metabolized and excreted benefit from sustained release over a long
period of time. Sustained release can stabilize plasma concentrations of
the drug at a constant level, thus reducing the need for higher doses,
which also reduces side effects. The most important drug release mech-
anisms used for sustainable release are diffusion, solvent-mediated
release, and degradation (Fig. 10) [40,55].

Diffusion-controlled release: In general, diffusion-controlled release
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involves a reservoir- or matrix-based system and relies on mass transfer
driven by a concentration gradient [287] (Box 3I). [288].
Reservoir-based systems consist of the main reservoir containing the
drug, which is enclosed by a membrane. The release process is such that
the drug first dissolves in the reservoir and then penetrates through the
carrier membrane and into the surrounding environment due to the
concentration gradient. The amount of loaded drug, the physicochemical
properties of the membrane and its thickness are the most important
factors in the release of the drug. The membrane is one of the most
important factors in reservoir-based systems, but in matrix-based sys-
tems, there is no membrane and consequently no reservoir. In these
systems, the drugs are placed on the surface of the matrix, so the drugs
that are on the surface are released earlier than those in the center. The
lag in the release of centrally-located drug is more evident for spherical
nanoparticles because the drug molecules are farther away from the



Fig. 9. Concentration profiles of three different doses of a drug in plasma
created by a single dose (black dotted line), multiple doses (blue dotted line),
and zero-order controlled release (red solid line). For optimum treatment with
minimal toxicity, the plasma concentration should remain between the MTC and
the MEC [286] (reproduced from Ref. [286] with permission).
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surface [289]. Drug release from the reservoir and matrix-based systems
is an efficient, secure, and effective strategy for achieving sustainable
release and has the ability to control multiple active agents. During the
release process, a hydrodynamic layer may form on the outer surface of
the nanocarrier, which inhibits diffusion and intensifies when it is satu-
rated with the active substance. This boundary layer eventually leads to
drug-release termination [55].

Solvent-controlled release: Solvent-controlled release is based on the
transport of solvent into a drug carrier to enable drug release. In general,
solvent-controlled release includes osmosis-controlled release and
swelling-controlled release [290]. In the osmosis-controlled release, drug
molecules are dispersed in a carrier covered with a semi-permeable
polymer membrane (permeable for water and impermeable for drug);
therefore, water can penetrate from outside of the carrier (low drug
concentration) into the drug-loaded core (high drug concentration) and
accumulate in the osmotic layers. In this system, osmotic pressure is used
Fig. 10. Sustained mechanisms of drug release from nanoparticles. Diffusion-contr
centration gradient, which is a kinetic process in non-equilibrium systems. In genera
based systems. Solvent-controlled release: Solvent-controlled release is based on th
solvent-controlled release includes osmosis- and swelling-controlled release. Degr
mechanisms. Surface erosion occurs when the rate of polymer erosion is faster than
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as a driving force of drug release. On the other hand, swelling-controlled
release systems consist of polymeric materials such as hydrogels that can
absorb large amounts of fluids. When these systems are placed in the
body, polymer particles swell by absorbing water or other body fluids.
The swelling increases the amount of aqueous solvent in the polymer
formulation as well as the size of the meshes or pores, leading to drug
penetration through the swollen polymer network to the outside envi-
ronment. The drug release rate is influenced by the diffusion rate of water
and the chain relaxation rate of polymers [291]. Factors such as hydro-
phobicity and the density of cross-links between the polymer chains
affect the rate of swelling. Hydrophobicity prevents water from entering
into the polymer and does not provide the necessary swelling to release
the contents. However, swelling-controlled systems are mainly designed
to rely on pH, because reducing pH leads to swelling (Box 3II) [292].

Degradation-controlled release: Recently, much research has focused on
developing nanocarriers made of biodegradable polymers (e.g., poly-
esters, polyamides, polysaccharides, and amino acids). After complete
release of the drug, these materials are disintegrated by natural biological
processes, and do not need further manipulation [292]. The drug carriers
are designed such that the polymer chains are degraded by hydrolysis
and excreted from the body without causing long-term side effects. In
these systems, the polymer matrix controls the rate of drug release [293].
When the effectiveness of a drug depends on the release of a high dose
over a long time period, the use of degradation-controlled release systems
is highly recommended [294].

Polymer erosion can occur through surface or bulk mechanisms
[294]. Surface erosion occurs when the rate of polymer erosion is faster
than the rate of water diffusion into the matrix [295,296]. Surface
erosion over time reduces the system's dimensions. In bulk erosion, in
contrast to surface erosion, water molecules penetrate the polymer more
rapidly. Subsequently, chain breakage is initiated in the matrix, resulting
in a complicated erosion/degradation process in the polymer [297]. In
matrices made of polyesters such as poly-lactide, poly-glycolide and their
copolymers, the polymer is degraded by hydrolytic cleavage of the ester
bond, leading to disintegration into carbon dioxide and water, which are
easily removed from the body. The kinetics of drug release are deter-
mined by the rate of polymer degradation, which depends on their mo-
lecular weight, monomer composition, end groups, and crystallinity
olled release: The diffusion process is based on mass transfer due to the con-
l, diffusion-controlled release is the primary mechanism in reservoir- or matrix-
e transport of solvent into a carrier, which then affects drug release. In general,
adation-controlled release: Degradation can occur through surface or bulk
the rate of water diffusion into the matrix.



Box 3
Mathematical description of the release mechanisms

I. Diffusion-controlled release

Stefan–Maxwell equations or Fick's law of diffusion can describe drug diffusion.

Fick's first law of diffusion can be used to describe drug release through the membrane for reservoir systems [300]:

JA ¼ � D
dCA

dx
(1b)

JA: the flux of the drug,
D: the drug diffusion coefficient,
CA: drug concentration,

Generally, the drug diffusion coefficient is a function of drug concentration, but for simplifying modeling, it is considered constant [301].

For unsteady-state drug diffusion in a 1D slab-shaped matrix in which a drug is uniformly dispersed, Fick's second law of diffusion is suitable for
describing this system [302]:

dCA

dt
¼ ∂
∂x

�
DðCAÞ dCA

dx

�
(2b)

Drug release via the edges of the thin slab-shaped can be ignored.

II. Solvent-controlled release (Swelling based)

In swelling-controlled delivery systems, the time-scale for polymer relaxation (λ) is the rate-limiting step, and the rate-limiting step for drug
diffusion time-scale is described by t ¼ δðtÞ2=D. Additionally, δ(t) is the time-dependent thickness of the swollen phase [303,304].

De¼ λ

t
¼ λD

δðtÞ2 (3)

In swelling-controlled delivery systems, De is greater than one, but in diffusion-controlled delivery systems, the De is smaller than one.

The mathematical description of drug release in swelling controlled includes both drug diffusion and polymer relaxation [305]:

Mt

M∞
¼ k1tm|{z}

drug diffusion

þ k2t2m|ffl{zffl}
polymer relaxation

(4)

Mt : ratio of the amount of molecule released at a given time;
M∞: final amount of molecule released;
k1 & k2: constant
III. Degradation-controlled release

Many mathematicians believe that the mechanisms of erosion and degradation are the same [55].

Carrier erosion model is, as the following equation, known as the mass increase of silicon content in the aqueous environment [306]:

mSiðtÞ¼m∞½1� expð� ktÞ� (5)

where, m∞ and k are mass as t → ∞ and degradation rate, respectively. The rate of erosion is proportional to the pore volume created in the
carrier.
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[298]. The drug is first released from the surface and the pores connected
to the surface; then, when the polymer is gradually degraded, the
remaining drug is released at an intermediate rate. After complete
destruction of the polymer matrix, the trapped drug is rapidly released
(Box 3III) [299].
6.2. Controlled drug release

Although sustained release is appropriate for many clinical situations,
there is also a need for more precise control of delivery. For example,
17
slow release can enhance multidrug resistance (MDR), while rapid
release can trigger side effects before the drug accumulates in the target
tissue [55,307]. Therefore, in many cases, controlled drug release,
guided by the drug pharmacokinetics and pharmacodynamics is required
to optimize therapy. Consequently, creation of nanoparticles that
respond to internal and external stimuli is an active area of research.
When exposed to relevant stimuli, such nanoparticles undergo a physi-
cochemical change such as swelling or erosion; subsequent disintegration
of the nanoparticle structure results in drug release [308]. Such
environment-responsive systems greatly reduce side effects by releasing
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the drug only within the target tissue, while also reducing the MDR that
would otherwise be caused by rapid release of drug [309]. The potential
for specific drug release based on local tissue conditions makes nano-
particles attractive for tumor -targeting applications. Dynamic stimuli for
releasing drug from nanocarriers are divided into two categories – in-
ternal and external (Fig. 11).

Internal stimuli: Internal stimuli are naturally-occurring, caused by
physiological and pathological changes in the target tissue and cells.
Evidence suggests that the biological properties of tumor tissue can be
useful in developing effective delivery systems for therapeutic agents so
that the carrier can selectively deliver the load to the tumor [310–313].
The dysfunctional vascular network in tumor tissue, for example, can
reduce oxygen delivery and create hypoxic regions with low partial ox-
ygen pressure, which can increase tumor acidity and catalyze the pro-
duction of bioreductive molecules [314]. As a result, tumor tissue is
generally more acidic (pH ¼ 6 to 7) than normal tissue (pH ¼ 7.4) [315].
In addition, tumor tissue is enriched with angiogenic (e.g., MMP9) and
proteolytic enzymes [316,317]. Moreover, reactive oxygen species [318]
present in tumors can be used to release therapeutic agents at the tumor
site by nanoparticles designed to be sensitive to ROS [319]. For intra-
cellular drug release, differences in redox (reduction-oxidation) state in
the cancer cell cytoplasm can also be used as a stimulant to release the
drug inside the cell while extracellular drug remains stable [320].

External stimuli: The differences between normal and tumor tissue are
small –and vary from patient to patient– so can't be used to design
generalized nanoparticles based on internal stimuli release. Therefore,
external stimuli are often more suitable for controlling drug release in the
absence or poor performance of internal stimuli. Unlike internal stimuli,
external stimuli allow precise spatial-temporal distribution of drug
release, because the drug release is activated only if nanocarrier is
exposed to stimuli [39,321]. Some of these stimuli are temperature, light,
ultrasound, magnetic fields, and electric fields. Two or more of these
stimuli can be used simultaneously in a multi-stimuli system. Different
external sources are used to increase the temperature, depending on the
conditions of each stimulus. Light activated transformation of the
nanosystem at a particular wavelength causes the drug to be released
from the carrier [322]. Ultrasound is of particular importance due to its
Fig. 11. Stimuli-responsive drug delivery system, Internal stimuli: Oxidative stress
trasound, Electric.
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non-invasive nature and its deeper penetration into tissue.
Ultrasound-responsive nanocarriers must be stable so that the enclosure
is stable before the arrival of ultrasonic waves but releases its payload
upon exposure to the waves [323,324]. Magnetic fields have the ability
to generate heat due to the alternatingmagnetic field for drug release and
ablation, besides increasing the accumulation of nanoparticles in tumor
tissue [325,326]. Finally, electric fields are one of the well-known stimuli
that can be used by imposing mechanisms such as heat, electrochemical
changes [327], disruption of carrier structure [328], and ROS production
[329] to release drugs and treat cancer.

7. Nanoparticle stability

Despite many benefits of nanoparticles in therapeutic applications
and drug delivery systems, problems such as complex manufacturing
[330,331] and stability issues [332] pose challenges during their
development. Stability is an important aspect of nanoparticle develop-
ment to ensure the efficiency and safety of pharmaceutical products. For
example, in intravenous injection, the accumulation of nanoparticles
may cause capillary obstruction and embolism [333]. Additionally, high
pressure and temperature can change the crystallization of the drug
particles [334]. Therefore, nanoparticle-related stability issues require
much attention when developing pharmaceutical products.
7.1. General issues of nanocarrier stability

Sedimentation/creaming and agglomeration are the most common
causes of nanoparticle instability [335]. Depending on the density, the
particles can “cream” (float to the surface) or separate and sediment to
the bottom of the solution. The amount of sediment is determined by
Stokes' law [336,337], indicating the importance of the effective particle
size, viscosity of the environment, and density difference between the
particles and medium in determining the amount of sediment. The most
common way to reduce settling is to decrease the size of particles.
Increasing the viscosity of the medium or matching the density of the
particles and the medium are other strategies that are widely used to
reduce settling [338]. Although sedimentation is one of the most
, Redox potential, Enzyme, pH; External stimuli: Thermal, Light, Magnetic, Ul-
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important issues for colloids, it has less effects on nanoparticles, which
are sufficiently small so that their rate of deposition is dramatically
decreased.

Nanoparticles are intrinsically thermodynamically unstable due to
their high surface energy, which can be exacerbated in designs with large
surface area. These characteristics tend to cause nanoparticles to
agglomerate to reduce surface energy [335]. Unwanted agglomeration
causes problems such as increased settling/creaming rate and inconsis-
tent dosing. To address these problems, it is possible to add stabilizers to
the formulation. The choice of stabilizer requires consideration of safety
profile, and various formulations can prevent the agglomeration of
nanoparticles as well as cause wetting of the nanoparticle surface [339,
340].

Improved stability of particles in an aqueous and non-aqueous me-
dium is mainly achieved by enhancing electrostatic repulsion and steric
stabilization [336,337] through the addition of ionic and non-ionic sta-
bilizers. By combining these two stabilizing mechanisms, an effective
stable dispersion of nanoparticle can be achieved. This compound
approach decreases the self-repulsion between ionic surfactant mole-
cules, resulting in closer packing of the stabilizer molecules [341].

Engineering the nanocarrier morphology is another method of
enhancing stability that is gaining popularity. The promise of this strat-
egy was demonstrated by Edwards et al. [342], who propose the con-
ceptual benefits of various carrier properties, such as porous
nanoparticles, aggregate particles, and hollow porous particles. In addi-
tion to providing short-term and long-term storage stability, stabilizers
can be used to obtain successful formation and stabilization during the
manufacturing process [102].

7.2. Characterizing stability of nanoparticles formulations

The choice of characterization techniques for nanoparticles stability
depends on the nature of the stability issues as well as the dosage form of
the drug product. The characterization techniques used to assess the
stability properties of particles are presented in Table 4 [335,343].

Average particle size and size distribution are the main metrics used
to assess physical stability. Common techniques used to measure these
parametes include PCS, DLS, LD, and Coulter counter. PCS/DLS is mainly
employed to characterize the size and size distribution of small particles
in the aqueous environment. In this method, the polydispersity index
(PDI) is the mean of distribution size and particle size parameters, in
which a PDI value greater than 0.5 refers to a broad size distribution and
0.1–0.25 corresponds to a narrow distribution [333]. However, the
measurement range possible by this method is very narrow, so LD is used
with PCS to overcome this limitation. LD has a wide range of detection,
ranging from 20 nm to 2000 μm. The typical characterization parameters
Table 4
Experimental methods to assess the nanoparticles stability.

Properties Technique

Particle size Dynamic light scattering (DLS), Laser diffraction (LD), Photon
correlation spectroscopy (PCS), Transmission electron
microscopy (TEM), Scanning electron microscopy (SEM), and
Atomic force microscopy (AFM), Brunauer-Emmett-Teller
(BET)

Aggregation DLS, LD, Inductively coupled plasma mass spectrometry (ICP-
MS)

Dispersity TEM, SEM, and AFM
Morphology TEM, SEM, and AFM, X-ray diffraction (XRD), Brunauer-

Emmett-Teller (BET)
Surface charge Zeta potential
Encapsulation
efficiency

Gel electrophoresis, Ultraviolet–visible light Spectroscopy
(UV–vis)

Chemical
connectivity

X-ray scattering (SAXS and WAXS), Nuclear magnetic
resonance (NMR), High-performance liquid chromatography
(HPLC), Raman spectroscopy, FT-IR, X-ray diffraction (XRD)

Phase transitions Differential scanning calorimetry (DSC), Isothermal
calorimetry (ITC)
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of LD are LD50, LD90, and LD99; corresponding to 50, 90, or 99% of the
particles falling below a given size, respectively. The Coulter counter
specifies the number of particles per unit volume for classes of different
sizes, which is more accurate than LD. Although these techniques make it
possible to measure particle size and size distribution, they do not have
the ability to assess morphology. Therefore, direct imaging techniques
such as TEM, SEM, and AFMare widely used to evaluate morphology of
nanoparticles [335].

Particle surface charge is generally determined by measuring the zeta
potential. Laser Doppler electrophoresis measures zeta by evaluating the
electrophoretic mobility of particles in the environment. Particles with
absolute zeta values above than 60 mV are extremely stable. As zeta
decreases, stability decreases: zeta potentials of 30, 20 and less than 5mV
correspond to good stability, short-term, and rapid accumulation of ag-
gregation, respectively. This is a general rule of thumb that is only valid
for pure electrostatic stabilizers or combinations of lowmolecular weight
surfactants [344].

In addition to surface charging, surface chemistry should also be
evaluated. The most common technique used to assess chemical stability
is HPLC, which provides a quantitatively accurate analysis on degrada-
tion impurities. Mass spectrometry is used with HPLC to determine the
molecular structure of impurities. Other techniques (e.g., FTIR and NMR)
are employed for chemical stability evaluation, but they are not widely
used due to poor accuracy and sensitivity [335].

8. Clinical translation

Nanotechnology has made advancements in many fields including
biology, chemistry, and engineering, but its potential for medical appli-
cations is vast and evolving. However, after two decades of nano-
medicine research, it is still recognized as a new field of science and
research, and many of its basic features are active areas of investigation.
Nanomedicine will undoubtedly continue to be a major field of research
and development for the next decade. Considerable research has been
done on nano-based drug delivery to solid tumors resulting in functional
nanoparticles, some of which have been approved and some of which are
in the clinical trial and preclinical stages (Table 5).

In the field of nano-based drug delivery, the number of scientific
publications is increasing exponentially, from fewer than 300 in 1999 to
more than 10,000 per year [345]. These publications include studies that
indirectly or directly address the optimization and scalability of
nano-drug delivery systems. In the past two decades, the number of
publications citing clinical trials that show clinical progress and devel-
opment has been approximately 150 per year [345]. This number is
nearly the same in the current decade, while non-clinical studies are
increasing exponentially.

The stagnation of clinical progress versus the exponential increase in
preclinical data is mainly due to challenges such as scalability, stability,
and cost of materials. On the other hand, it takes several years for the
results of clinical studies to be published, so only a few promising
nanoparticles are in the process of clinical development and are being
approved by regulatory agencies. However, many clinical trials also show
unpredictable results that fail to achieve their goal. He et al. [346]
calculated the success rate of nanoparticles for oncology applications in
different clinical phases. They showed that the success rate is 94% in
phase I, 48% in phase II, and 14% in phase III. It was also estimated that
the chance of success from phase I to clinical approval is approximately
6%.

8.1. Obstacles and failures

While preclinical studies have consistently reported the promise of
nanoparticles in cancer therapeutic applications, many candidate for-
mulations fail in clinical trials. The failure of nanoparticles during clinical
translation might be related to insufficient preclinical development
(resulting in, for example, poor efficiency and toxicity) or unforeseen



Table 5
Nanotechnology platforms, active pharmaceutical ingredients, and commercial status.

Status Nanocarrier Generic name and/
or proprietary name

Drug Advantages Treatment/Disease Approval
status

Ref.

Approved Liposome DaunoXome Daunorubicin Increased drug delivery;
Reduced drug toxicity

HIV-related Karposi's
sarcoma

FDA
(1996)

[347]

Doxil/Caelyx Doxorubicin Increased drug delivery;
Reduced drug toxicity

Ovarian cancer, HIV-
related karposi's Sarcoma
and multiple myeloma

FDA
(1995)
EMA
(1996)

[348]

Marqibo Vincristine Improved delivery to
tumor site, Decreased
systemic toxicity;
Solubilization and
sustained release

Acute lymphoblastic
leukemia

FDA
(2012)

[349]

MEPACT mifamurtide Immuno-stimulatory
effects, longer half-life in
plasma

Osteosarcoma EMA
(2009)

[350]

Myocet Doxorubicin Reduced side effects,
Decreased cardiotoxicity

Metastatic breast cancer
disease

EMA
(2000)

[318]

Onivyde Irinotecan Increased drug delivery;
Reduced drug toxicity

Pancreatic cancer FDA
(2015)

[351]

VYXEOS CPX-351
(Jazz
Pharmaceuticals)

Cytarabine:daunorubicin (5:1
M ratio)

Combination therapy,
Controlled release of the
molecules
Two molecules co-loaded
with synergistic anti-
tumor activity

Acute myeloid leukemia
(AML), AMLA with
myelodysplasia-related
changes (AML-MRC)

FDA
(2017)
EMA
(2018)

[352]

Albumin Abraxane Paclitaxel Improved solubility;
Improved delivery to
tumor

Metastatic Pancreatic and
breast cancer, Advanced
NSCLC

FDA
(2005)
EMA
(2008)

[353]

Hafnium oxide
nanoparticles

NBTXR3
Hensify

– Increased tumor cell death Locally advanced
squamous cell carcinoma

CE Mark
(2019)

[354]

Undergoing
clinical
trials

Liposome Atu027 Small interfering RNA (siRNA) Protection from
degradation

Pancreatic cancer disease Phase I/II [355]

BP1001 Growth factor receptor bound
protein-2 (Grb-2) antisense
oligonucleotide

Decreased the
proliferation of gleevec-
resistant CML cells

Leukemias Phase II [356]

Halaven E7389-LF Eribulin Mesylate A tubulin and microtubule
inhibitor

Solid tumors Phase I [357]

JVRS-100 Plasmid
DNA

Immunotherapy Refractory/Relapsed
leukemia

Phase I [358]

LiPlaCis Cisplatin Specific degradation-
controlled drug release via
phospholipase A2 (PLA2)

Advanced or refractory
tumors

Phase I [359]

Lipocurc Curcumin Stable curcumin plasma
concentrations during
infusion

Solid tumors Phase I/II [360]

Lipusu Paclitaxel Solubilization, Sustained
Release

Advanced solid tumors, or
gastric, breast cancer

Phase IV [361]

MM-302 Doxorubicin Chemotherapy,
Targeted delivery

Breast cancer Phase II/
III

[362]

MRX34 Micro RNA (miRNA) Protection from
degradation

Liver cancer Phase I [363]

Mitoxantrone
hydrochloride
liposome

Mitoxantrone Intercalating agent, a
potent inhibitor of
topoisomerase II

Lymphoma, Breast cancer Phase II [364]

Oncoprex FUS1 (TUSC2) Inhibit mechanisms that
create drug resistance;
Interrupts cancer cell
signaling pathways

Lung cancer Phase I/II [365]

PROMITIL Mitomycin-C More effective and less
toxic than conventional
chemotherapy in various
tumor models

Solid tumors Phase I [366]

Re-BMEDA-
liposome

Re–N,N-bis (2-
mercaptoethyl)-N0,N0-
diethylethylenediamine

Better mean tumor growth
inhibition rate and longer
median survival time than
chemotherapeutics

Advanced solid tumors Phase I [367]

SGT53 Wild-type p53 sequence Targeted drug delivery to
metastatic lesions

Glioblastoma, or
pancreatic cancer

Phase II [368]

SGT94 RB94 plasmid DNA Marked cytotoxicity
against tumor but not
normal cells

Solid tumors Phase I [369]

siRNA-EphA2-
DOPC

siRNA Inhibited tumor growth Solid tumors Phase I [74]

(continued on next page)
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Table 5 (continued )

Status Nanocarrier Generic name and/
or proprietary name

Drug Advantages Treatment/Disease Approval
status

Ref.

ThermoDox Doxorubicin Chemotherapy, Stimuli-
responsive delivery

Hepatocellular carcinoma,
Liver tumors (mild
hypothermia)

Phase III [370]

Lipid particle DCR-MYC siRNA Protection from
degradation

Advanced solid tumors Phase I/II [371]

PNT2258 Proprietary single-stranded
DNAi (PNT100)

Safe and tolerable Lymphomas Phase II [372]

TKM-080301 siRNA Favorable toxicity profile Hepatocellular carcinoma Phase III [373]
Albumin ABI-009 Rapamycin Antiangiogenic and

antineoplastic activities
Bladder cancer, PEComa,
or pulmonary arterial
hypertension and
advanced cancer with
mTOR mutations
237,238

Phase II [50]

ABI-011 Thiocolchicine analog Effective in inhibiting the
formation of novel
microvessel and in
disrupting established
microvessels

Solid tumors or
lymphomas

Phase I [374]

Polymeric NP AZD2811 Aurora B kinase inhibitor Increase biodistribution to
tumor sites and provide
extended release of
encapsulated drug

Advanced solid tumors Phase I/II [375]

BIND-014 Docetaxel Chemotherapy, Targeted
delivery

Prostate, NSCLC, cervical,
head and neck cancers

Phase II [376]

CRLX101 Camptothecin Improved solubility in
water, Inhibition of DNA
topoisomerase I

NSCLC, Metastatic renal
cell cancer, Ovarian and
peritoneal cancer

Phase III [377]

CRLX301 Docetaxel higher retention of drug in
plasma, slower clearance

Advanced solid tumors Phase I/II [378]

Micelle CriPec Docetaxel higher intratumor drug
concentrations

Solid tumors, ovarian
cancer

Phase II [379]

Docetaxel-PM
DOPNP201

Docetaxel Enhance stability and
improve delivery

Head and neck cancer and
advanced solid tumors

Phase II [51]

Genexol-PM Paclitaxel Controlled drug release
platform

Breast and Head and neck
cancer

Phase II [380]

NC-6004 Cisplatin Improved circulation half-
life, EPR phenomena

Lung, biliary, bladder,
pancreatic cancers

Phase I/II [381]

Anti-EGFR
bispecific antibody
minicells (bacteria
derived
nanoparticles)

TargomiRs /miR-16 based microRNA Intravenous
administration avoiding
the enzymatic degradation
in the peripheral blood

Mesothelioma and NSCLC Phase I [382]

Hafnium oxide
nanoparticles

NBTXR3
PEP503

– Antitumor effects with
similar to standard
radiation therapies

Locally advanced
squamous cell carcinoma

Phase II [383]

Developing
concepts

Liposome Anti-EGFR-IL-dox Doxorubicin – Breast cancer Phase I/II [52]
EGFR(V)-EDV-Dox Doxorubicin – Recurrent glioblastoma Phase I [53]
FF-10831 Gemcitabine – Advanced solid tumors Phase I [54]
IVAC_W_bre1_uID RNA – Triple negative breast

cancer
Phase I [55]

Liposomal
Annamycin

Annamycin – Acute myeloid leukemia Phase II [56]

Lipo-MERIT RNA – advanced melanoma Phase I [57]
MM-310 Docetaxel – Solid tumors Phase I [58]
MRT5201 mRNA – Ornithine

transcarbamylase
deficiency

Phase I [59]

TLD-1/Talidox Doxorubicin – Advanced solid tumors Phase I [60]
Micelle Imx-110 Doxorubicin – Advanced solid tumors Phase I [61]

IT-141 SN-38 – Advanced cancer Phase I [62]
MTL-CEBPA RNA – Advanced liver cancer Phase I [63]

Spherical gold
nanoparticle

NU-0129 Nucleic acid – Glioblastoma Phase I [64]

Abbreviations: EMA, European Medicines Agency; FDA, Food and Drug Administration; CE Mark, European market approval.
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market challenges (due to, for example, high cost and production
complexity). In the next section, we will further explore the reasons for
the limited clinical success of nanoparticles.

8.1.1. Scientific considerations
The development of new nanoparticles for various applications,

including nanocarriers and nanotheranostics, has highlighted the
21
importance of potential adverse effects and toxicity. Nanomedicines can
accumulate in various tissues, and their interactions with cells in vivo are
not always predicted by benchtop experiments. Because of their unique
formulations, nanoparticles can cause damage not seen with conven-
tional medicines, including damage to cell organelles and unpredictable
activation of blood clotting mechanisms [384]. Specific physicochemical
properties contribute to toxicity, including size and shape. For example,
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investigating the toxicity of gold nanoparticles, Sun et al. found that
rod-shaped nanoparticles were more toxic than cubic-shaped nano-
particles, while those with spherical shape had the best biocompatibility
[385]. However, traces of gold nanoparticles were also found in the
brain, heart, and lungs, which may result in long-term complications.
Another study found that metallic nanoparticles of different sizes are
toxic to sperm cells and have adverse effects through oxidative stress
mechanisms [386,387]. The important conclusion is that any change in
the physicochemical properties of a nanoparticle can affect toxicity and
potential success in the clinic. For example, a phase I clinical trial for
MRX34 was stopped in to severe immune-related toxicity in 20% of pa-
tients [388]. The development of MM-310 in Phase II trials was also
terminated due to cumulative peripheral neuropathy [389]. Even after
approval for clinical use, a drug may be pulled from the market due to
safety concerns.

Because of the high attrition rate of cancer nanomedicines in clinical
trials, we should re-evaluate the reasons for these failures. One of the
candidates for cancer treatment was BIND-014, which, despite success in
three other phase II trials, eventually failed in head and neck cancer.
According to the former CEO of BIND Therapeutic, insufficient payload
caused the failure of BIND-014 and he concluded that the choice of
payload is a critical determinant of performance [390]. Other trials show
that we need to be more selective of the patient population for admission
to the trial. For example, the paclitaxel-polyglutamic acid conjugate
Opaxio™ was evaluated in phase III clinical trials for the treatment of
lung cancer. It was observed that it is appropriate only for women with
specific estrogen levels, thus limiting demand for the drug [391].

A review of the literature suggests that the most important factor
behind these clinical limitations and failures is our poor understanding of
disease heterogeneity in patients. Therefore, fine-tuning a system based
on patient biology is necessary, although it faces numerous challenges.
Better computational models that can incorporate all aspects of malig-
nancy, including proliferation, metastasis, and drug accumulation path-
ways, would help to resolve the discrepancies between preclinical and
clinical efficacies.

8.1.2. Market
Large-scale and reproducible nanoparticle synthesis is crucial for

clinical translation. However, this is not straightforward for many
nanoparticles, and consequently, they never enter the market. Control-
ling and optimizing small batches is relatively easy, but large scale pro-
duction and quality control are expensive and more challenging. In
addition to manufacturing costs, the costs of preclinical development and
running clinical trials are extremely high. It is also more difficult to
obtain regulatory approval for new nanotherapeutics, especially when
existing products on the market have the same target indication.

Nevertheless, commercialization of nanomedicine is expanding
globally. At present, North America and Europe dominate the nano-
medicine market, largely because these are regions of early nano-
medicine development and regulatory frameworks are already in place.
The industry in Asia is also growing due to increased funding for nano-
medicine research and increased interest in nano-based therapies [392].

Considering the hurdles involved in taking a nanomedicine to market,
it is not surprising that investors are often hesitant to enter this field.
This, in addition to the high cost of developing nanomedicines, poses
additional challenges to nanomedicine development through preclinical
and clinical stages. Furthermore, because preclinical validation is not
always robust, repeated clinical trials and additional financial investment
are often required to optimize a formulation. For small biotechnology
companies and academic laboratories, the cost of translating a potential
nonomedicine to the clinic can be prohibitive. Even for large pharma-
ceutical companies, these costs can be amajor barrier for investment. The
cost of developing a new nanotherapy is estimated to be approximately $
2.558 billion, according to the Tufts Center for Study of Drug Develop-
ment [393]. In general, a biopharma startup company, unlike typical
computer tech startups, requires years of sustained funding to move its
22
product from discovery to clinical trials and toward regulatory approval.
A failure at the clinical trial stage can cost tens to hundreds of millions of
dollars; as a result, approved cancer nanomedicines often face termina-
tion threats during their development and testing [394].

Even if a nanomedicine manages to acquire funding and gets
approval, they are usually more expensive than traditional chemotherapy
drugs due to the high costs of development. And unfortunately, this
higher cost often only translates into limited benefit to the patient,
providing only a few weeks or months of survival or delayed progression.
These cost/benefit considerations are another barrier to nanomedicine
adoption and a concern for potential investors.

Financial challenges can be especially relevant to startup companies
dedicated to nanomedicine development. For example, BIND Therapeu-
tics was founded in 2007 to develop the Accurins® platform. The com-
pany raised a total of $ 877.7 M from capital markets, large Pharma
partnerships, and venture capital [395]. An unsuccessful Phase II study
led to plunging stock prices [396], and the company was eventually ac-
quired by Pfizer for $40 M [397].

In contrast, providing a successful nanotherapy can attract capital.
Celator Pharmaceuticals, for example, raised about $170 M from venture
capital, which led to the final approval of Vyxeos [398]. Although it is too
early to judge the commercial success of Vyxeos, it earned $75 M in the
first year after its release (2018) [346]. It is also projected to reach $131
M by 2024 [399].

8.2. Standardization of preclinical research to enhance clinical translation

Some failures can be attributed to an inability of preclinical models to
accurately predict the clinical performance of nanomedicines [400,401].
Mouse xenograft cancer models are the most common preclinical model,
but they consistently overestimate the performance of nanomedicines
[402,403]. This may be due to the critical importance of the EPR effect
for delivery, which has been shown to be exaggerated in mouse xenograft
models [404]. Nano-drugs accumulate in high levels in mouse xenograft
tumors, whereas this effect is not consistent in human cancers. Existing
biological differences not only confound clinical translation but, in some
cases, result in nanomedicines being less effective than their traditional
counterparts [405,406]. Indeed, problems with recapitulation of human
disease in animal models are well-documented, especially with regards to
mouse xenograft models. For example, orthopedic colorectal tumors in
mice are typically localized on the outer serosa while in humans, colon
cancer is more similar to polyps located in the lumen of the colon [407].
This difference can affect the penetration of tumor NPs and their in-
teractions. This problem is also seen in other preclinical cancer models,
including gallbladder cancer and ovarian cancer [408]. However, most
nanomedicine development still relies on mouse xenograft models. This
is because of the potential dangers of toxic side effects that need to be
assessed before introduction into the clinic, and the many parameters
that need to be measured to assess nanocarrier performance. To establish
a robust nanomedicine, accumulation rate, release rate, drug meta-
bolism, pharmacokinetic and pharmacodynamic evaluation, and treat-
ment scheduling need to be considered and measured. If these
parameters could be assessed directly in patients consistently, translation
may be dramatically improved and accelerated.

The goal of preclinical experimentation is to evaluate the stability and
performance of new nanomedicine technologies, identifying potential
problems that might arise in later development. Therefore, the primary
goal of preclinical testing should focus on therapeutic efficacy and the
potential for adverse events. Translatable pre-clinical tests should be
designed to provide detailed insights into key parameters affecting nano
performance that do not create technical and costly challenges that delay
investment.

In general, a common cause of clinical translation failure is our
limited understanding of disease heterogeneity in each patient popula-
tion and our inability to adjust the system according to specific patient
characteristics. Therefore, another tool for preclinical development that
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can be used to complement mouse studies is computational modeling.
Computational models can be used to predict optimal delivery, distri-
bution, and treatment based on principles of linker design, nanoparticle
structure and nano-bio interactions. In computational models, raw data
extracted from clinical conditions are used as input, providing an
important advantage over xenograft models when sufficient and accurate
data are available [55,409]. With computational modeling, the selection
of biological and physiological parameters is one of the most significant
components affecting accuracy, and this is the most challenging step for
model development. Therefore, a qualitative process for model valida-
tion is often implemented, in which one or more parameters are esti-
mated, and then the model is compared with clinical data. In this way,
parameter estimates are improved, and the model can be used to estimate
nanoparticle accumulation, nano-bio interactions and tumor response.
When successful, such models can reduce the need for animal testing and
accelerate translation.

Organ-on-chip models are another approach that can potentially
overcome some of the limitations of in vivo and in vitromodels [410,411].
These platforms create multi-cellular tissues in vitromeant to recapitulate
the important aspects of the disease, and can be used for drug testing.
Depending on their complexity, these platforms may be used to investi-
gate the effects of dose, particle extravasation and accumulation, the
effect of physicochemical properties of the nanoparticles, and interstitial
fluid flow rates [412,413]. These efforts have the potential to optimize
nanomedicine design and implementation without the need for mouse
studies or repeated clinical trials.

In summary, successful clinical translation of cancer nanomedicine
projects can be improved by:

� Building an accurate understanding of the interaction between
nanomedicine behavior and human biology to improve the bio-
distribution, accumulation, and stability of nanoparticles through
appropriate in vivo tests.

� Transitioning from fundamental research to disease-driven rational
research.

� Development and utilization of more clinically relevant in vitro and in
vivo models to optimize the physicochemical properties of nano-
particles, dosing schedules, and treatment combinations with a focus
on how the disease develops in patients.

� Pre-selecting patients who are likely to respond to nanomedicine-
based therapies and developing formulations that can be adapted to
specific patients.

9. Concluding remarks

Cancer nanomedicine research has recently become an interdisci-
plinary field by integrating different tools such as laboratory modeling of
advanced diseases (such as on-chip tumors and 3D multicellular models),
omics (such as nanoparticle barcoding), computational modeling, and
artificial intelligence (for big data management, predicting nanomedical
synthesis, and biological distribution). Such advances improve the rele-
vance of fundamental and quantitative studies of nano-bio interactions.
Consequently, it is possible to solve complex and multi-variate problems
related to nanoparticle delivery that could not be solved with previous
analytical tools. The definition of cancer nanomedicine now goes beyond
a nano-sized vehicle for the delivery of chemotherapy drugs. Clinical and
preclinical research have shown that nanomedicine also enables early
detection and strengthens the immune system against tumors. These new
roles will increase the likelihood that cancer nanomedicines will be
successful in the clinic. In summary, recognizing important barriers to
development and implementation can lead to new approaches that
accelerate the transfer of nanomedicine from bench to the bedside.
Recognizing, acknowledging and overcoming these barriers are the
necessary steps for ensuring the success of nanomedicines.
23
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