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Abstract

Polymeric nanoparticles-based therapeutics show great promise in the treatment of a wide range of

diseases, due to the flexibility in which their structures can be modified, with intricate definition

over their compositions, structures and properties. Advances in polymerization chemistries and the

application of reactive, efficient and orthogonal chemical modification reactions have enabled the

engineering of multifunctional polymeric nanoparticles with precise control over the architectures

of the individual polymer components, to direct their assembly and subsequent transformations

into nanoparticles of selective overall shapes, sizes, internal morphologies, external surface

charges and functionalizations. In addition, incorporation of certain functionalities can modulate

the responsiveness of these nanostructures to specific stimuli through the use of remote activation.

Furthermore, they can be equipped with smart components to allow their delivery beyond certain

biological barriers, such as, skin, mucus, blood, extracellular matrix, cellular and subcellular

organelles. This tutorial review highlights the importance of well-defined chemistries, with

detailed ties to specific biological hurdles and opportunities, in the design of nanostructures for

various biomedical delivery applications.

Introduction

Nanomedicine can be defined as the design of diagnostics and/or therapeutics on the

nanoscale, which provides advantages due to the high degree of coincident transport and

delivery of the active species with mediation of their navigation within the biological

systems for the treatment, prevention and diagnosis of diseases. The biological transport

processes, anatomically and down to the cellular and sub-cellular levels, are affected by the

physical attributes of the nanocarriers, including their size, shape, and flexibility, as well as

their chemical characteristics, including for instance the incorporation of active ligands for

recognition by and triggering of biological receptors. Therefore, it is of critical importance

to utilize procedures that prepare nanostructures with high degrees of uniformity, and with

control over their physical and chemical traits. Nanoparticles can be constructed from

various materials (e.g. polymers, lipids, metals) and can host a wide range of active
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components, including chemotherapeutics, contrast agents, proteins and nucleic acids, for

various biomedical applications. In particular, polymeric nanoparticles have received great

interest due to the versatility in which their structures can be modified to package and

deliver their cargoes to the desired site of action or to respond to specific physiological or

external stimuli (Fig. 1 and 2). Incorporation of certain functionalities can modulate the

responsiveness (assembly/disassembly) of the nanoparticles in biological environments

under different pH, enzymatic, oxidative, and reductive conditions, etc., or in response to

external stimuli, such as variation in temperature, irradiation with near-IR or UV-vis light,

activation with magnetic fields, and application of ultrasound vibrations, etc. The chemistry

of polymeric nanoparticles and their payloads affects their stability, biodegradability,

biocompatibility, biodistribution and cellular and subcellular fate. The design of polymeric

nanoparticles depends on the therapeutic application, target site (organs, tissues, cellular or

subcellular organelles) and the route of administration. Although intravenous injection is the

main route of administration for polymeric nanoparticles, there are other ways to deliver

them via less invasive ways, such as, dermal/transdermal, oral and mucosal delivery. In all

cases, these nanoparticles have to be equipped with smart components to allow their

delivery beyond the different biological barriers, such as, skin, mucus, blood, extracellular

matrix, in addition to the cellular and subcellular barriers.

Polymeric nanoparticles-based therapeutics are being developed to improve the diagnosis

and treatment of a wide range of diseases, ranging from cancer, viral infections,

cardiovascular diseases to pulmonary and urinary tract infections. Advances in controlled

polymerization have enabled the engineering of advanced multifunctional polymeric

nanoparticles with precise control over architecture, shape, size, surface charge and

functionalization. The careful design and control over the targeting properties of these

nanoparticles will secure their future development and versatility. The proper selection of

the chemistry of the building blocks of these nanocarriers and their payload can drastically

impact their safety, pharmacokinetics and intracellular fate. Our group has recently reviewed

the application of orthogonal chemistry in the synthesis, preparation and functionalization of

polymeric nanostructures of different architectures1 and the available technologies to

precisely control the self assembly and stability of these nanostructures.2 This review

highlights the importance of well-defined chemistries in the design of nanostructures to

surmount certain biological barriers for various biomedical applications. In particular, the

underlying potential, current challenges, and future directions of polymeric micelles,

crosslinked knedel-like nanoparticles and unimolecular/hyperbranched nanostructures will

be discussed.

Biological barriers

For therapeutic benefits, the drugs, either free or loaded into nanoparticles, have to reach to

their destinations (i.e. sites of action), which are on the cellular or molecular levels. The

barriers towards the delivery of these nanoparticles can be classified into external barriers

(skin and mucosa), en-route (blood and extracellular matrix) and cellular barriers (the

limited cellular uptake, endosomal/lysosomal degradation and the inefficient translocation to

the targeted subcellular organelles) (Fig. 3).

External barriers

The body surface is covered and protected with either skin or mucus. Both skin and mucus

hinder polymeric nanoparticles from reaching to their target sites that are located either

locally in the underlying tissues or systemically in the blood. Although skin and mucus have

different structures, both of them can prevent the uptake of the polymeric nanoparticles

through different mechanisms. In addition to hindering the uptake of polymeric
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nanoparticles, they may alter the surface characteristics and stability of the nanoparticles

before they are able to reach the surface of the underlying tissues.

Skin consists of several layers of different thicknesses and structures, stratum corneum (SC),

epidermis, dermis and subcutaneous tissues.3 The outermost layer, SC, is a highly-organized

and hydrophobic structure consisting of several layers (10–20 µm) of terminally-

differentiated nonliving corneocytes embedded in intercellular lipid matrix-forming bilayers.

Corneocytes contain intracellular crosslinked macrofibrillar bundles of keratin giving the SC

a rigid and hydrophobic structure. The SC is considered as the major permeability barrier

and the rate-limiting step for the delivery through the skin. The viable epidermis (50–100

µm) and dermis are immunologically-active sites consisting mainly of keratinocytes and

fibroblasts, respectively, and rich in immune cells, such as, Langerhans cells in the

epidermis and dendritic cells in the dermis. The dermis and subcutaneous tissues (1–2 mm)

are rich in blood vessels that can be used for the systemic (i.e. transdermal) delivery.

Disrupting the lipid bilayers of the SC is utilized commonly to enhance the permeation

through the skin.

Mucus coats regions that are not covered by the skin, including the gastrointestinal tract,

eyes, lung airways, nasal, rectal and vaginal cavities. Mucus is a viscoelastic hydrogel

secreted by the mucosal glands to protect the cells below. The composition, vascularity,

surface area, thickness, permeability, enzymatic activity and pH of mucus vary from one

region to another (e.g. respiratory vs. vaginal) and depend on the disease status (e.g. mucus

becomes thick and sticky in patients with cystic fibrosis).4 The mucus gel is mainly

comprised of a network of crosslinked mucin fibers. These fibers are composed of

alternating glycosylated hydrophilic regions and relatively hydrophobic regions. Mucin is

negatively-charged due to the presence of N-acetylneuramic acids (sialic acids) and sulfated

monosaccharides in the sugar chains. Mucus gels are also loaded with cells, bacteria, lipids,

salts, proteins, macromolecules, and cellular debris. The various components work together

to form a nanoscopic network that hinders nanoparticle transport. Mucociliary clearance is a

major reason for the clearance of nanoparticles. Other contributing factors include the

adhesiveness and enzymatic activity of the mucus gel and steric hindrance by the nanoscopic

layer. In addition, binding of mucus ingredients to the surface of nanoparticles may result in

their destabilization and aggregation or charge neutralization and displacement of their

cargoes. Other factors can also complicate mucosal delivery, depending on the delivery

route. For instance, oral delivery is challenging due to the harsh conditions that

nanoparticles experience as they transit from the stomach to the intestine, such as, the pH

gradient from 1–3.5 in the stomach, 5–7 in the small intestine to 6–7.5 in the large intestine

and digestive enzymes, which can destabilize or degrade a wide range of polymers and

therapeutics.

En-route barriers

Injection of polymeric nanoparticles into the systemic circulation circumvents the skin and

mucosal barriers. However, injection is an invasive and unfavorable way of administration

because it raises the requirements of quality control, such as sterility, increases the cost,

lowers the patient compliance and places a burden on both the patients and caregivers. In

addition, nanoparticles in the blood are subject to renal and hepatic clearance,

destabilization, aggregation, opsonization and clearance by the mononuclear phagocytic

system (MPS) (Fig. 4). During circulation, nanoparticles can extravasate or distribute into

the various body tissues and organs. During the filtration of the blood in the kidney, some of

the blood is reabsorbed into the circulation, whereas a fraction is processed to secrete

components into the urine. The excretion of nanoparticles into the urine depends on the

characteristics of nanoparticles. Hepatic clearance of nanoparticles, into bile, and then into

feces is another route of excretion from the body. The adsorption of plasma proteins and
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interactions with other components in the blood dictate the fate of the nanoparticles.

Opsonization is considered as one of the major barriers to nanoparticle stability and delivery

in vivo. The most recognized opsonins are immunoglobulins, complement proteins,

albumin, apolipoprotein and fibrinogen.5 These proteins of different sizes adsorb on the

surface of nanoparticles and tag them for attack by the MPS. MPS is a part of the immune

system that consists of phagocytic cells, such as blood monocytes and macrophages

accumulated in lymph nodes, spleen and other tissues (e.g. Kupffer cells in the liver). These

cells roam through the body and act as scavengers to attack and engulf foreign particles,

when they are tagged by the appropriate opsonin. The opsonization of nanoparticles and

subsequent clearance by MPS could also initiate severe immunological reactions. In

addition, the adsorption of these proteins can potentially destabilize nanoparticles and lead

to the premature release of their payloads. The released drug loses the favorable

pharmacokinetics of the nanocarrier and becomes then available to induce toxicity. Plasma

proteins can also bind to or displace the encapsulated drug. The abilities of proteins to

destabilize nanostructures are often measured, for instance a series of proteins (e.g. albumin,

α- and β-globulins, γ-globulins) were tested with polymeric micelles (e.g. poly(ethylene

glycol) (PEG)-b-poly(propyl methacrylate-co-methacrylic acid)/poly(amidoamine) and

PEG-b-poly(D,L-lactide)),6–8 for which it was observed that, although most proteins were

found to contribute to micelle destabilization, a more significant effect was observed for α-

and β-globulins. However, destabilization of nanoparticles may also result from interactions

with other molecules in blood (e.g. blood cells) and the degradation of the polymeric

constituents of the nanoparticle. In tissues, binding and interactions with extracellular matrix

and immune cells can also hinder nanoparticles from reaching their sites of action. The

extent of opsonization, destabilization and clearance depends mainly on the nanoparticle

characteristics and will be discussed in detail in the following sections.

Cellular barriers

The previously-mentioned barriers can alter the characteristics and distribution of

nanoparticles before they reach the surface of the target cells. However, these are not the

only barriers towards delivery. Cellular uptake is highly challenging, especially for

hydrophilic drugs and macromolecules. Interactions of nanoparticles with components of the

outer surface of cells and cellular membranes, followed by internalization into vesicles

(invagination of the plasma membrane surrounds the nanoparticle) are the initial steps for

the endocytosis process. These vesicles are then pinched off to form membrane-bound

vesicles of different sizes, compositions and internal environments, called endosomes,

phagosomes or macropinosomes, depending on the internalization pathway. The endocytic

pathway depends on the size, morphology and surface chemistry of the nanoparticles and

varies from one cell line to another.9 Currently, there are five recognized mechanisms for

the uptake of nanoparticles, phagocytosis, macropinocytosis, clathrin-mediated, caveolin-

mediated, and clathrin/caveolin-independent endocytosis, depending on the proteins

assisting in the endocytosis process.10 Entrapment of drugs into the vesicles (e.g.

endosomes) often results in their degradation due to the acidic pH and enzymes found in the

late endosomes (lysosomes). Escape of nanoparticles or their payloads from these vesicles

into the cytoplasm is essential for them to reach the targeted subcellular organelles (Fig. 4).

The viscosity and intracellular enzymes of the cytosol can also alter the stability and

movement of nanoparticles. Translocation to subcellular organelles (e.g. nucleus or

mitochondria) is challenging due to the physiological nature of these organelles and their

bound membranes. Recycling (exocytosis) of the vesicle contents is also a possible pathway

for the excretion of nanoparticles from cells. Direct translocation of nanoparticles across the

plasma membrane is another suggested endocytic pathway that does not depend on the

metabolic activity of the cells. This pathway is known as “energy independent”, “receptor-

independent” uptake or “transduction”. Although still controversial, this pathway is most
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well studied with a unique category of peptides, called cell penetrating peptides (CPPs),11

which have been applied for the transport of CPP-functionalized nanoparticles, and in fact,

this mechanism has been found recently to be involved in the uptake of nanoparticles in the

absence of CPPs.12 The interesting feature of this pathway is that nanoparticles have a direct

and quick access to the cytoplasm after crossing the membrane, which could simplify the

design of nanoparticles by eliminating the need for additional features to be built into the

nanoparticle framework for the purpose of disrupting the endocytic vesicles.

Rational design of polymeric nanoparticles

Significant efforts continue to be exerted towards the design and development of polymeric

nanocarriers with tailored physical, chemical and biological properties.13 Size, shape and

surface characteristics of nanoparticles dictate the blood stability, biodistribution, endocytic

pathway and intracellular distribution and bioavailability of nanoparticles. In the following

sections, the rational design and characteristics of polymeric nanoparticles, and their crucial

constituents will be highlighted, with emphasis on polymer micelles, crosslinked knedel-like

nanoparticles, and unimolecular/hyperbranched nanostructures (Table 1).

Stealth nanocarriers

One of the most successful strategies to avoid interaction of nanoparticles with components

of biological fluids is coating with a dense brush layer of neutral hydrophilic flexible

polymers to prevent adsorption of plasma proteins and avoid recognition by the MPS and

subsequent clearance (Fig. 5). PEG is a biocompatible, hydrophilic, biologically-inert

polymer that has been approved by the U.S. Food and Drug Administration (FDA) for

internal use, for a number of applications. PEG is the most commonly utilized polymer for

coating nanoparticles. PEGylation and the length and number of PEG chains per

nanoparticle have been shown to produce significant differences in blood circulation times

vs. elimination in clearance organs for polymeric nanoparticles.14–16 In addition, it partially

prevents the aggregation of nanoparticles and hinders the non-specific interactions with cells

by forming a neutral stabilizing interface, providing that the net surface charge of the

nanoparticles is neutral. It could also provide steric hindrance and protection for cargoes that

are sensitive towards a particular environment. For instance, incorporation of docetaxel

(anticancer drug susceptible to hydrolytic degradation) and nucleic acids into PEG-

decorated polymeric micelles could protect them against hydrolytic and enzymatic

degradations, respectively.17, 18 Importantly, the PEG chains may also provide chemically-

active centers for further functionalization or modification of nanoparticles. The usefulness

of PEG shielding extends to other administration routes and not only to systemic

administration. For example, PEG can reduce interactions with the extracellular matrix and

mucus components and decrease the mucosal clearance.4 However, these shielded

nanoparticles have limited cellular uptake and ability to escape from endosomes. Therefore,

research efforts have also included the decoration of nanoparticles with cell recognition

moieties to enhance their cellular uptake via receptor-mediated endocytosis. At the same

time, these nanoparticles are designed to lose their PEG-shell at cell surfaces or in the

acidifying endosomes to facilitate their release into the cytoplasm.13, 19, 20 Other hydrophilic

polymers have also been used to coat the surface of nanoparticles, such as, poly(acrylic acid)

(PAA), poly(N-vinylpyrrolidone), poly(N-isopropylacrylamide) and poly(carboxybetaine).

The latter is another promising class of shell-forming polymers. The zwitterionic

characteristic of poly(carboxybetaine) imparts anti-biofouling properties to the coated

nanoparticles, due to the ability of the zwitterionic-based materials to electrostatically bind

water molecules more tightly than the hydrogen bonding in the case of other hydrophilic

polymers (e.g. PEG) and thus resulting in higher hydration of the corona.21 Effective

hydration is critical in minimizing the protein adsorption and in imparting stealth properties

to nanoparticles.
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Smart ingredients

Incorporation of certain functionalities on the surface or into the core/shell architecture of

polymeric nanoparticles can facilitate their diffusion through various biological barriers and

direct their biodistribution to specific tissues, cells or organelles. In addition, they can

modulate and remotely control the responsiveness of these nanostructures to specific stimuli.

Skin and mucus permeation enhancers—There are many physical and chemical

methods that can hydrolyze mucin or destabilize SC, which then enhance the permeation of

the delivery vehicles through the mucus and skin. However, we will focus here on the design

of the polymeric nanoparticles themselves. Decorating nanocarriers with mucolytic, “mucus

dissolving”, agents can reduce the mucus viscosity by degrading the biopolymers (e.g.

proteins) in the mucus mesh, which in turn reduces the interactions between the

nanoparticles and mucus and enhances the mobility and permeation of nanoparticles. For

instance, decoration of insulin-loaded chitosan nanoparticles with the mucolytic agent

acetylcysteine enhanced the nasal delivery of insulin in rats as compared to the plain

nanoparticles.22 Nanoparticles, depending on their composition and delivery method, may

penetrate skin via three main pathways, intercellular (lipid bilayers), transcorneocyte and the

transappendageal (hair follicles) pathways. The intercellular pathway is the most

characterized pathway for the delivery of nanostructured vehicles. Diffusion of nanoparticles

through the skin is usually restricted and requires the incorporation of some chemical

enhancers into the composition of nanoparticles to disrupt the lipid bilayers and create

pathways for the penetration of nanoparticles. Lipid-based nanoparticles have been used

more extensively than polymeric ones, due to their ability to destabilize the lipid channels of

the SC and enhance the permeation through the skin.3

Accumulation at a specific site—Nanoparticles presenting ligands at their surfaces

have been designed to enhance their selective binding to specific receptors overexpressed on

the target cells. This approach is beneficial in terms of enhancing accumulation at target

sites and decreasing the exposure of normal cells to the drug.23 The nanoparticles can be

modified with these moieties either before or after assembly. However, it is a perquisite that

they are available for receptor binding and internalization, which is usually achieved by

tethering them to longer PEG chains than the ones forming the shell of the nanoparticle (Fig.

2). Nanoparticles can be decorated with a variety of targeting ligands, depending on the

delivery location. For example, targeting transferrin and folate receptors is generally helpful

in tumor therapy as they are overexpressed in many tumor cells. In particular, targeting

asialoglycoprotein receptors and prostate specific membrane antigen is beneficial for

treatment of hepatocellular carcinoma and prostate cancer, respectively.23 Targeted

nanoparticles based on cyclodextrin-based polymers as the core matrix, PEG-adamantane

(adamantane forms inclusion complexes with cyclodextrin) as the stealth corona, and

transferrin as the tumor-targeting moieties, are currently in Phase I clinical trial for systemic

delivery of small interfering RNA (siRNA).24 Davis et al. have observed a dose-dependent

accumulation of these nanoparticles inside the tumor cells by examining the tumor tissues

(by transmission electron microscopy and confocal microscopy) after staining them with 5

nm PEGylated gold nanoparticles decorated with adamantane at the surface. The role of

chemistry here was not limited to the design and development of the nanoparticles, but was

extended to also study their fate. In another study, folate moieties were tethered to the distal

end of COOH-functionalized PEG-shell crosslinked knedel-like nanoparticles (SCKs). In

vitro and in vivo studies demonstrated the enhanced and selective uptake of the folate-

targeted polymeric nanoparticles, as well as the preferential accumulation in small-size

tumors, as compared to the non-targeted ones. However, no significant accumulation in the

folate-overexpressing large-tumors was observed.25 It is always controversial whether the

use of targeting moieties in vivo is beneficial. The decoration of nanoparticles with targeting
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ligands may not significantly impact the tumor accumulation of nanoparticles, if the rate-

determining step for tumor uptake is based on the enhanced permeability and retention

(EPR) effect and the receptors are within the tumors. However, it enhances the cellular

uptake after accumulation, thereby enhancing the therapeutic efficacy.24, 26 In addition to

targeting specific cellular types, vascular targeting is also possible by recognition of specific

receptors overexpressed on the endothelial cell surface.27 Targeted delivery was not only

limited to cells-overexpressing recognition receptors, but also to subcellular organelles, such

as, endosomes/lysosomes, cytosol, nucleus and mitochondria.28 Care should always be taken

because the targeting ligand on the surface of nanoparticles may accelerate the clearance

and/or increase the immunogenicity of the nanoparticles.29, 30

Remote control of the dynamics of polymeric nanoparticles—There are many

different approaches that have been developed to interplay with the dynamics of

nanoparticles, for example, by controlling the dissociation of nanoparticles and the release

of the encapsulated drug at specific sites or time intervals. Many pathological sites have

different environments (e.g. pH, temperature, oxidative or reductive conditions) than the

normal physiological ones. Change in pH is probably the most exploited stimulus to trigger

drug release. Indeed, variation from physiological pH (7.4) occurs at different sites, such as

tumors, endosomes and in the gastrointestinal tract. An example of how to benefit from

these stimuli is the incorporation of pH-sensitive ingredients into the nanoparticles, to

maintain the integrity of the carrier at one pH value while destabilizing it at a different pH.19

For instance, incorporation of endosomolytic polymers, lipids or fusogenic peptides into the

composition of nanoparticles is essential for endosomal destabilization and subsequent

cytoplasmic release. Most endosomolytic polymers are designed to be bi-functional, by

incorporating primary and/or tertiary amines at different ratios.31–33 Some of these amine

groups are involved in electrostatic complexation with negatively-charged drugs while the

unbound amine groups become protonated at the acidic pH of the endosomes, which causes

influx of protons together with chloride ions and induces osmotic swelling and subsequent

disruption of the endosomes, which is known as the “proton sponge effect”.34 Another

suggested mechanism is that these positively-charged polymers might interact with and

disrupt the endosomal membrane.35 Anionic polymers have been also designed to change

their hydrophobicities and/or conformations at different pH values and, thus, utilized for

either endosomal destabilization or for oral delivery to remain intact at one pH while

dissociating and releasing encapsulated drugs at another pH.36, 37 Alternatively, fusogenic

peptides and lipids can induce endosomal destabilization via bilayer-to-micelle or lamellar-

to-inverted hexagonal (HII) transitions.38 The presence of oxygen-reactive species released

by activated macrophages in the inflamed tissues and certain tumors has been investigated as

yet another stimulus to trigger the release of drugs from polymeric nanocarriers. Thioketal

nanoparticles have been developed for oral delivery of siRNA to inflammation sites in the

intestine.39 These nanoparticles were built from poly(1,4-phenyleneacetone dimethylene

thioketal) polymers, which contain thioketal linkages that are stable in acidic, basic and

digestive environments, but degrade and release their contents in tissues with high levels of

reactive oxygen species (i.e. at the inflammation sites). Another mechanism is to take the

advantage of the reductive conditions met in the cytosol, which can cleave disulfide linkages

used to link a drug or to stabilize nanoparticles.40 Nanoparticles were also constructed with

the shell and core connected via reducible or pH-sensitive bonds, which can be degraded and

release the uncoated core in the cytosolic reducing media or acidic pH of endosomes,

respectively, and thus enhancing the intracellular bioavailability.41, 42 Alternatively, external

stimuli can be utilized to trigger drug release from nanoparticles after they accumulate at the

desired sites. Examples of external stimuli include, temperature, visible or near-infrared

light, electric or magnetic fields, and ultrasound, among others.27
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Recently, Bhatia and coworkers have experimentally explored in detail two important

features for the rational design of smart nanoparticles. The first feature is to decorate

nanoparticles with clusters of targeting ligands to encourage the uptake via multi-binding

mechanisms.43 A dendritic polymer was first functionalized with variable amounts of folate

groups and then mixed with non-functionalized polymers at different proportions to form

mixed micelles that presented the same amount of folate moieties, but with different spatial

arrangements in variable sized clusters (i.e. different numbers of folate groups per cluster). It

was found that the optimal number of ca. 3 folate groups per cluster enhanced the cellular

uptake due to the multivalent binding and the resultant longer residence time on the cell

surface. The second feature is the design of self-communicating nanoparticles.44 In this

case, nanoparticles were used for two purposes. Firstly, tumor-targeted “signaling

nanoparticles” were used to create or amplify a target (coagulation cascade, a harmonized

biological process) via different mechanisms in the tumor tissues. Two mechanisms were

used to initiate the coagulation process, PEG-gold nanorods followed by photothermal

heating or by utilizing tumor-targeted human protein tissue factor. Secondly, the “receiving

nanoparticles” were then loaded with doxorubicin and tagged with peptides that recognize

fibrin (product of the coagulation process) and injected in mice-bearing tumors. Hence, the

receiving nanoparticles were recruited from the circulation to the clotted tumor areas. This

communicating system resulted in enhanced delivery to the tumor tissues and was able to

deliver more than 40 times higher amounts of doxorubicin than the non-communicating

(without target amplification) controls. Meijer and coworkers have conducted another

intricate strategy for enhancing the selective cellular uptake of dendritic nanoparticles by

combining both multivalent binding and natural system-mimicking.45 The dendrimer-based

nanoparticles decorated with phage peptides (phage mimicking) in a multivalent platform

(multivalency or cluster binding) had a higher receptor-binding affinity than did the non-

mimicking or monovalent species.

Route of administration

Although injection is the most common way of delivering nanoparticles, nanoparticles can

be also delivered through the skin, oral, nasal, pulmonary, vaginal, rectal, ocular and buccal

routes. Selecting the appropriate route of administration is as important as the nanoparticle

design. Awareness of the different barriers and challenges in every route of administration is

imperative for the proper design of nanocarriers. For instance, the pH of lung and nasal

mucus is neutral, whereas it is slightly basic and acidic in the eye mucus (~7.8) and vaginal

secretions (3.5–4.5), respectively.4 Many nanoparticles are designed to dissociate at acidic

pH, for example, to destabilize endosomes. The use of these polymeric nanoparticles for

vaginal administration can be detrimental due to the premature release of their payloads. The

use of mucoadhesive nanoparticles can be also useful in the case of mucosal delivery. For

instance, thiolated crosslinked chitosan nanocomplexes were used for intranasal DNA

delivery and showed high transfection due to their mucoadhesiveness, high stability and

sustained release of the complexed DNA.46 Generally, the use of semisolid matrices or

scaffolds (e.g. hydrogels or creams) is preferred for topical and mucosal delivery to allow

prolonged contact with these tissues and sustained release of the encapsulated drugs.

Polymeric nanoparticles can be modified, for instance, via crosslinking, to form semi-solid

matrices.47 Auxiliary devices can be also useful to introduce the drug directly to the target

organ (e.g. catheter for delivery to the bladder, aerosols for pulmonary delivery and

microneedles for topical delivery). These devices localize the nanoparticles at the target

organ, which together with targeted delivery, maximize the therapeutic benefits and

minimize the toxicity to healthy tissues.
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Characteristics of polymeric nanoparticles

Size

Physiological barriers are the main limiting factors for the efficacy of nanoparticles (Fig. 3).

The accepted size limit of molecules for passive delivery through the skin is below 500 Da.

The mesh spacing between mucin fibers of mucus ranges from 100 to 1000 nm. The blood

capillaries are ~5–40 µm in diameter. The mammalian vasculature has an average pore size

of ~5 nm and below this size, nanoparticles can transverse the endothelium and equilibrate

with the extracellular space. Plasma constituents have diameters <4 nm, whereas most

plasma proteins are >7 nm (e.g. the hydrodynamic diameter of human immunoglobulin is 11

nm). The fenestrations in the liver sinusoids and spleen are less than 500 nm in width. The

renal molecular weight cutoff size is ~48 kDa (for some polymers such as PEG and dextran)

and ~10 nm in diameter. In many tumors, the openings of blood vessels are less than 200 nm

in width. For brain tumor (e.g. malignant glioma), the pore size upper limit of the blood

brain barrier (BBB) is ~12 nm and smaller for healthy brain tissues. On the cellular level,

the cell membrane blocks diffusion of complexes larger than 1 kDa and the nuclear pore

complexes, which regulate the nuclear entry of materials, is around 10–25 nm in diameter.

The size of internalized vesicles (endosomes) ranges from 60–120 nm, depending on the

type of endocytosis and is usually much larger (micrometer range) for macropinocytosis and

phagocytosis. It is important to note that these size limits are approximate and depend on the

physiological condition (e.g. disease status, location, cell type), and the nanoparticle

composition, size, morphology, geometry, charge and surface chemistry. For example, small

and hydrophobic molecules permeate through skin or plasma membranes much easier and

faster than do hydrophilic macromolecules.

It is clear now how designing nanoparticles of definite size can greatly influence the

circulation time, clearance, selective tissue distribution and intracellular fate. Large particles

(>1 µm) are usually opsonized and accumulate in the liver and spleen, with possibility of

aggregation and capillary occlusion. Small nanoparticles (<5 nm) are cleared rapidly from

the blood via extravasation or renal clearance. Rapid renal clearance is expected for

nanoparticles smaller than 10 nm in diameter or for their dissociated polymer chains, if they

are below the renal molecular weight cutoff size. The renal filtration is dependent also on

the charge, with negatively-charged large particles being excluded from excretion.

Sometimes, the smaller size can be useful to allow rapid renal clearance (e.g. contrast

agents) or to help crossing the BBB, although they may not have enough circulation time for

brain accumulation. Smaller nanoparticles are transported more easily to lymph nodes via

lymphatic drainage. Polymeric nanoparticles of intermediate size (20–100 nm) have the

highest potential for in vivo applications, due to their ability to circulate in the blood for

long periods of time, when they are designed appropriately. These nanoparticles are large

enough to avoid renal and lymphatic clearance and small enough to avoid opsonization. In

addition, nanoparticles within this size range are believed to be internalized easily by cells,

in comparison to smaller or larger particles.9 Furthermore, they may enter certain tissues

with leaky vasculature or high vascular permeability such as tumors and sites of

inflammation, or in other tissues, such as the liver and spleen. Accumulation in tumor tissues

is particularly useful for maintaining high concentrations of therapeutics and is augmented

by the impaired lymphatic drainage at these areas. This phenomenon is known as the “EPR”

effect. The EPR effect depends also on the charge and shape of nanoparticles and

physiological conditions of the tumor (e.g. tumor perfusion and permeability).

Morphology

There is currently great effort to study the effect of shape and dimensions of nanoparticles

on their behavior both in vitro and in vivo (Fig. 5). The spherical morphology is the most
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common shape of polymeric nanoparticles, although other morphologies are attainable

depending on the polymer structure and nanoparticle composition. Elongation of spherical

entities into cylindrical or vesicular architectures has the potential to display different

characteristics, such as solubilization capacity, in vivo circulation time and cellular uptake.

It is generally found that spherical nanoparticles enter cells to a greater extent than do

elongated cylindrical ones. For instance, Discher and coworkers have prepared

biodegradable PEG-b-poly(ε-caprolactone) and non-biodegradable PEG-b-

polyethylethylene filamentous micelles (filomicelles) and compared them with spheres of

similar chemistry.48 In rodents, filomicelles, with length of 18 µm and ~20–60 nm diameter,

were reported to persist in the circulation about ten times longer than their spherical

counterparts, due to the reduced rate of phagocytosis and clearance by the MPS. The

clearance of filomicelles occurred upon the persistent decrease in length, which was more

significant for the biodegradable poly(ε-caprolactone) than the non-degradable

polyethylethylene, due to the hydrolysis of poly(ε-caprolactone) over time. However, for

cylindrical nanoparticles designed to prolong the circulation (by reducing the MPS

clearance), it is important to ensure enough flexibility/deformability of the nanoparticles and

to maintain at least one dimension less than 200 nm to avoid entrapment in the spleen or

other tissues. The Wooley group has also developed expertise in preparing polymeric

nanoparticles of well-defined morphologies from block copolymers.49, 50 Conjugation of

CPP onto both spherical (11 nm) and cylindrical (20 nm diameter and 200 nm length) SCKs

of the same composition was carried out to study the effects of nanoparticle shapes on the

cellular uptake.51 Generally, higher cellular uptake was observed with increasing levels of

CPP-functionalization, and the effects of shape and size were significant, where the smaller

spherical SCKs were internalized by cells more rapidly than were longer cylindrical

nanoparticles. On the contrary, folate-functionalized cylinders were taken up by cells to a

greater extent than were folate-functionalized spherical SCKs.52 This discrepancy was

hypothesized to result from receptor clustering, where cylinders were more capable of

multivalent interactions (multiple receptors binding) due to their longer dimensions, and

thereby triggered more efficient cellular uptake. The particle geometry was also found to be

an important parameter that affects the cellular uptake of polymer nanoparticles produced

via DeSimone’s PRINT® (particle replication in non-wetting templates) technology.

Nanoparticles of the same shape (i.e. cylindrical) but with aspect ratios of 3 (450 nm height

× 150 nm diameter) and 1 (200 nm height × 200 nm diameter) had different cellular uptake

with the nanoparticles of the higher aspect ratio being taken up more rapidly.53 This

behavior is in agreement with observations made with polymer microparticles of Mitragotri

et al.54, 55 There are different techniques to predict, visualize and control the morphology of

nanoparticles.13, 56 However, care should be taken because sometimes these morphologies

are in equilibrium and can transform from one shape to another. The transformation between

different morphologies can also be controlled by adjusting polymer composition or by

altering the ionic strength and pH of the solution or by addition of organic solvents.50, 56

Surface chemistry

The chemical groups that coat the surface of nanoparticles can be modified to modulate

hydrophilicity, surface charge, immunogenicity, in vivo circulation, biodistribution and

intracellular bioavailability (Fig. 5). The surface charge can greatly affect the fate of

nanoparticles at different stages, namely, physical stability, skin and mucus penetration,

interactions with extracellular matrix, blood stability, cellular uptake and endocytosis. In

blood, excess positive charge results in opsonization, aggregation of particles and clearance

with possible blood vessels and capillary occlusion. The types, quantities and conformations

of the opsonins adsorbed on the surface of nanoparticles are dictated by the nanoparticle

chemistry. Interactions of positively- or negatively-charged nanoparticles with components

of the extracellular matrix hinder their penetration and may result in their clearance. At the
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cellular level, surface charge is directly proportional to the cellular binding and association,

due to the negatively-charged proteoglycans on the cell surface. The uptake of nanoparticles

usually increases with increasing the zeta potential values. However, excess positive charge

can induce toxicity and initiate immunological reactions. Nanoparticles of different surface

chemistries may be taken up via various endocytic mechanisms, ending up in different

intracellular trafficking pathways. For instance, decorating the surface of nanoparticles with

folic acid, albumin or cholesterol favor the caveolin-mediated endocytosis, which avoid the

lysosomal degradation pathways. Alternatively, transferrin and CPP encourage the uptake

via clathrin-mediated endocytosis and macropinocytosis, respectively. Designing

nanoparticles for specific endocytic pathways remains challenging.57 The endocytosis

process depends on the composition, size, charge, shape and geometry of nanoparticles and

cell density and type. It is complicated to determine the main contributing factor because

changing one of these factors can affect other characteristics. For instance, increasing the +/

− charge ratio of nanoparticles to impart higher positive surface charge, can affect the

stability, size and morphology of the formed particles. In addition, each mechanism depends

on the cell type and treatment conditions. Some cells (e.g. hepatocellular carcinoma cells

(HepG2), neurons and leukocytes) do not endogenously express caveolin and, hence, do not

allow the cellular uptake via caveolae-mediated endocytosis.10, 58 Finally, these endocytic

pathways can be interchangeable, which means blocking the uptake via a specific pathway

may enhance the uptake through other endocytic pathways.

Immunological properties of polymeric nanoparticles

Although nanoparticles can stimulate or suppress the immune system and potentially induce

severe toxicity, there is limited data available on the toxicological and immunological

reactions induced by nanoparticles.5, 59 Nanoparticles can be specifically designed to

stimulate (i.e. vaccine) or suppress (i.e. anti-inflammatory) immunity. The immune system

recognizes many of the components of nanoparticles as foreign materials and initiates an

immune response through a complex process. The first step usually is the adsorption of the

blood proteins on the surface of nanoparticles. The type and quantity of the adsorbed

proteins determine the fate of nanoparticles in terms of uptake by immune cells and

interactions with other molecules. The composition of nanoparticle, size, charge,

morphology, and, most importantly, surface chemistry dictate the toxicity and immune

response induced by nanoparticles. Binding of nanoparticles to the cell surface can initiate

signaling processes that may induce toxicity or immunogenicity. Activation of the immune

system can also release cytokines that act as mediators of local and systemic inflammatory

and hypersensitivity reactions. Signaling through the endosomal Toll-like receptors (TLRs)

is also a well-characterized pathway for the induction of cytokines, especially with

polymeric nanoparticles used for nucleic acids delivery. In this case, the immune response is

usually due to the nucleic acid cargoes, which can stimulate different TLRs and initiate

serious immunological reactions.

The first parameter to be considered in the design of nanoparticles is the shell thickness,

density and type, and accessibility of any molecules used for surface decoration (e.g.

targeting ligands, contrast agents). Cationic nanoparticles are believed to be more toxic,

rapidly-cleared and induce higher inflammatory reactions than their anionic or neutral

counterparts. Encapsulation of therapeutics inside the nanocarrier is expected to reduce the

immune response induced by the drug. Considering the approximate size of plasma proteins

and constituents (~1–10 nm), it is desirable to keep the spacing between PEG chains as

small as possible to minimize the interactions between the plasma components and the core

material. Crosslinking the corona by biodegradable crosslinkers is also important to retain

the spacing and avoid the dissociation and segregation of the PEG chains. Shell decoration

with different moieties is necessary for the preparation of multifunctional nanocarriers.
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Hence, it is a perquisite to keep the functionalization ratio as low as possible. In addition, the

use of moieties of low immunogenicity (e.g. galactose instead of antibody for targeting) is

recommended. Comprehensive studies to identify the critical parameters (e.g. PEG length

and density14–16) that influence the in vivo clearance, toxicity and immunogenicity of

nanoparticles are required, although it is difficult to conclude such data from one study. In

vitro studies to determine which blood components are involved in the destabilization/

opsonization of nanoparticles is equally important for the rational design of nanoparticles.

Polymer biodegradability and biocompatibility are essential for patient safety.

Biodegradability can be attained, for example, by endowing polymers with ester or disulfide

linkages, providing that they will remain stable until delivering their cargoes. Careful design

of the drug itself can modulate the immunotoxicity of nanoparticles. For instance, while the

injection of plasmid DNA usually induces strong immune responses, designing plasmid

structures that do not contain unmethylated CpG motifs (immunostimulatory sequences in

the plasmid structure) did not induce immunological reactions.60 Similarly, chemical

modifications of other small nucleic acids (e.g. siRNA) can modify/amend their

immunogenicity.61

Polymeric nanoparticles as versatile nanomedicine platforms

There has been an extensive research for designing polymeric nanoparticles of different

types, sizes, morphologies, stabilities and biocompatibilities to surmount the various

biological barriers. In this section, block copolymer micelles (self-assemblies), crosslinked

knedel-like nanoparticles (stabilized self-assemblies) and branched polymeric structures

(single macromolecular entities) will be briefly discussed with emphasis on their rational

design (Fig. 6).

Block copolymer micelles

Polymeric micelles are formed via the self assembly of block- or graft-copolymer chains in

aqueous milieu.56, 62, 63 They present a core/shell architecture wherein the hydrophobic core

serves as a microenvironment for the incorporation of drugs while the hydrophilic corona

imparts colloidal stability against aggregation. In water, hydrophobic interactions are

generally the main driving force behind the micellization process. However, the self

association of polymeric chains can involve additional forces. For example, electrostatic

interactions were shown to induce the complexation and neutralization of oppositely-

charged polymers, thereby allowing the formation of polyion complex micelles.41, 63 In

addition, polymer-metal complex micelles can also be formed via substituting the ligands on

a metal drug by the charged groups of the copolymer through coordination bonds. Most of

these assemblies have fairly narrow size distributions with diameters ranging from 10 to 100

nm. Hydrophobic and hydrophilic blocks of different structures, charges and lengths have

been utilized to prepare micelles of various size, shape and stability. PEG is probably the

most commonly used hydrophilic block, although other hydrophilic segments have been also

utilized, such as, poly(N-vinylpyrrolidone), poly(N-isopropylacrylamide) and PAA. The

core of these polymeric micelles plays the major role in dictating the nature of the molecules

to be encapsulated. Hydrophobic polymers provide good microenvironments for

solubilization of poorly water-soluble drugs. Cationic or anionic polymers are often used to

complex nucleic acid materials or metallic drugs by driving the formation of polyion

complex micelles and polymer-metal complex micelles, respectively. Biodegradable

polymers, such as, poly(ε-caprolactone), poly(D,L-lactide) and poly(amino acids) are

expected to be more promising for in vivo administration than the non-degradable ones. The

core-forming block can also be modified with hydrophobic moieties or conjugated with the

drug to enhance the hydrophobicity and affinity to the encapsulated drug. Many polymeric

micelle formulations are in different phases of clinical trials (NK-105, NK-012, Genexol and

NC-6004) for the delivery of several potent anticancer drugs.64, 65 Most of these
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formulations could alter the pharmacokinetics and/or reduce the toxicity of drugs or the

commercial surfactants used for their delivery (e.g. Cremophor® EL and Tween® 80). Even

when these formulations exhibit similar pharmacokinetics and antitumor efficacy to the

commercial formulations, the lower toxicity associated with polymeric micelles allows

increase in the maximum tolerated dose of the encapsulated drug, thereby leading to better

response among patients. Different block copolymers have been utilized for the preparation

of these polymeric micelles, such as, PEG-b-polyaspartate (NK-105), where the

polyaspartate is esterified with 4-phenyl-1-butanol to increase the hydrophobicity66 and

PEG-b-poly(D,L-lactide) (Genexol) for the delivery of paclitaxel. PEG-b-poly(glutamic

acid) copolymer was also utilized to form coordination complexes with cisplatin (NC-6004)

or conjugated with 7-ethyl-10-hydroxy-irinotecan hydrochloride (NK-102) to form polymer-

metal complex micelles and polymeric micelles, respectively. The average sizes of these

micelles range from 20–85 nm, which is suitable for EPR targeting while minimizing the

rapid clearance via the renal excretion. For instance, NK105 exhibited ~86-fold higher area

under the plasma concentration time curve than the free drug at paclitaxel-equivalent dose of

50 mg/kg.66 In addition, tumors disappeared in mice treated with NK105 at a paclitaxel-

equivalent dose of 100 mg/kg, and all mice remained tumor-free thereafter.

Although a great success has been accomplished to enhance the stability of polymeric

micelles, these self assemblies remain prone to dissociation and are in equilibrium with non-

micellized free polymer chains. Dilution of polymeric micelles upon in vivo administration

can lead to premature dissociation and drug release. Micelle stabilization can be achieved

via different strategies, such as, stereocomplexation, non-covalent interactions and

crosslinking.67–69 Mixed polymeric micelles of PEG-b-poly(acid carbonate)/PEG-b-urea-

functionalized polycarbonate have been prepared and loaded with doxorubicin. The mixed

micelles have demonstrated higher kinetic stability than the PEG-b-poly(acid carbonate)

micelles, due to the hydrogen bonding interactions between the carboxylate groups of the

polycarbonate and the urea-derivatized polycarbonate.69 In this particular case, hydrogen

bonding can occur between urea-urea, carboxylate-carboxylate, urea-carboxylate or between

any of the two groups and the drug (i.e. doxorubicin). Micelle stabilization can be also

achieved by crosslinking either the core or the corona of the pre-formed micelles or by

designing unimolecular/hyperbranched structures that are intrinsically-stable against

dissociation (Fig. 6).

Crosslinked knedel-like nanoparticles

SCKs are a member of a large family of crosslinked block copolymer micelles that have

shown great potential and versatility for biotechnology and medicine, due to the ease by

which the shape, composition, functionality, and stability can be tailored for a particular

application (Fig. 6).70 The chemical structure of the forming copolymers, type of crosslinker

and surface chemistry can affect stability, size, morphology and the type of the drug that can

be encapsulated. Wooley and coworkers have focused on developing and screening SCKs as

versatile carriers for a variety of biomedical applications, ranging from the delivery of large

payloads of chemotherapeutics, nucleic acids, antimicrobials and diagnostic agents to the in

vivo targeting of such entities to tumors, lung or bladder via the external multivalent

presentation of tissue-specific ligands and/or by passive targeting. The size of SCKs is

usually in the same range as polymeric micelles although crosslinking is often associated

with a slight decrease in the diameter. The dynamics of these nanostructures could be

remotely controlled by 1) synthesizing polymers that can respond to environmental or

physiological triggers (e.g. pH, temperature, cytosolic reduction), 2) integrating additional

functionalities that can stabilize these entities (e.g. crosslinking) and 3) triggering their

cellular uptake by specific receptors that are overexpressed at the target sites. To prepare

these nanostructures, a combination of controlled radical and ring-opening polymerizations,
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chemical transformations and supramolecular assembly is utilized.1, 2, 68, 71, 72 In one study,

a linear triblock terpolymer of ethylene oxide, N-acryloxysuccinimide acrylate, and styrene,

PEO45-b-PNAS105-b-PS45, was synthesized and used to prepare photonic

multicompartmental nanostructures.73 While the PEO enhanced the water solubility and

biocompatibility, the PNAS and PS segments were required for reactivity (pyrazine

crosslinking) and supramolecular self-assembly, respectively. The relative molecular weight

of each block was also important to form the multicompartmental micelles (i.e. longer

PNAS and shorter PS). For instance, PEO45-b-PNAS95-b-PS60 formed only discrete

spherical micelles. These nanocarriers exhibited different fluorescence emission intensities

at different pH values. Interestingly, they could be designed to intrinsically-fluoresce or to

switch their fluorescence (e.g. ON/OFF) at different physiological environments and may be

also used for in vivo imaging for significant contrast enhancement. PAA-b-PS SCKs

consisting of a hydrophobic core and a highly-functionalizable PAA shell have been used to

encapsulate, protect and deliver silver-based antimicrobial agents for the treatment of

pulmonary and urinary tract infections.74 Sustained release of the encapsulated drug from

the SCKs was observed over several days and was associated with high antimicrobial

activities against Gram-negative bacteria. The same copolymer has been also utilized to

solubilize doxorubicin, a widely used anticancer drug, in SCK cores. Then, the effect of

crosslinking and relative block length of PAA-b-PS copolymer on the characteristics of

SCKs was studied.75 SCKs of different core volumes were formed depending on the ratio of

acrylic acid to styrene block lengths. The nanoparticles with larger core volume (lower

relative proportion of PAA to PS) were associated with higher loading capacity and higher

rate and extent of drug release. Crosslinking could reduce the release rate of doxorubicin.

The release rate was higher at pH 5 vs. pH 7.4 for both crosslinked and non-crosslinked

nanoparticles (i.e. pH-responsive SCKs). The carboxylic acid groups of PAA could be

chemically converted into primary and/or tertiary amines to invert the surface charge of

SCKs from negative to positive. The micelle was then stabilized via covalent crosslinking of

the shell by amide formation between chains with an activated diester to form cationic

SCKs. These nanoparticles were shown to condense nucleic acid materials of different

structures and chemistry, protect them against enzymatic digestion and to afford high

transfection efficiency.31–33, 40 Multifunctional SCKs have been also used for theranostic

applications. Theranostic nanoparticles “nanotheranostics” involve the use of

multifunctional nanoparticles loaded with therapeutic drugs and imaging probes for the

combined therapy and diagnosis. Advantages of combinational therapy are the ability to

measure pharmacokinetics, visualize biodistribution and quantify drug release and

accumulation at the target sites non-invasively in real time, which aid in predicting drug

response and in the diagnosis and treatment of diseases.76 Folate-targeted SCKs were loaded

with fluorescein thiosemicarbazide (for in vitro tracking), functionalized with 1,4,8,11-

tetraazacyclotetradecane-N,N',N",N"'-tetraacetic acid (TETA) and used for delivering 64Cu

to tumors-overexpressing folate receptors (for in vivo tracking). TETA is a macrocyclic

ligand used to form stable complex with 64Cu, which is commonly used for both positron

emission tomography and radiotherapy.25 The specificity of cellular uptake was confirmed

both in vitro and in vivo by blocking the uptake of SCKs after the saturation of folate

receptors. In mice-bearing tumors, the targeted nanoparticles were accumulated in the small-

size solid tumors to a greater extent as compared to the non-targeted formulations, while no

preferential accumulation was observed between both formulations in large tumors. One

concern associated with such chemical stabilization of micelles is that it may impair the end

elimination of the system, especially in case of non-biodegradable materials. Crosslinked

micelles are often large entities that can no longer be eliminated by glomerular filtration.

Likewise, crosslinking may impair the biodegradability of some polymers. To overcome

these potential problems, hydrolysable-crosslinkers have recently been used.77, 78 Moreover,

although the early work involving the development of SCKs for biomedical applications

involved the use of non-degradable polymer components, to ensure study of the robust
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nanoparticle systems, current efforts focus on transformation to degradable nanoparticle

structures.

Unimolecular structures

Small entities that present covalently-bound polymeric chains (single macromolecules) have

been synthesized as an alternative approach to provide intrinsic stability. Examples of these

structures include dendrimers, star polymers and polymer brushes (Fig. 6). This review is

not detailing these structures, but highlighting their rational design. These structures were

designed such that their formation and dissociation are intrinsically independent of polymer

concentration and do not require a supramolecular assembly. In addition, their sizes and

morphologies can be controlled precisely. Importantly, they can be decorated with different

numbers and types of functional groups per molecule. Hence, different tasks can be achieved

simultaneously and co-delivery of multiple drugs/probes at the desired ratio and at the same

site can be ascertained.

Dendrimers are probably the most commonly utilized and characterized unimolecular

structures.79, 80 Dendrimers are well-defined tree-like structures that their size is usually <5–

10 nm, although decoration with different polymers or ligands on their surfaces can increase

their size and alter their behavior.81 They consist of a central core, radially-branched

backbone and surface functional groups. The core and backbone can be degradable or non-

degradable and can have different chemical structures. Amine, carboxylic and hydroxyl-

functionalized surfaces are examples of cationic, anionic and neutral dendrimers that have

been studied for various biomedical applications. The surface can be also modified with

polymers (e.g. PEG) or with targeting ligands for active targeting.82 Depending on the

specific structure, they can solubilize or conjugate a wide range of therapeutics. The low

polydispersity of dendrimers (close to 1.0) gives high control over their characteristics both

in vitro and in vivo and results in less variability from batch to batch. The multivalency

could be also useful to complex and condense nucleic acid materials (e.g. poly(amidoamine)

dendrimers). However, the multivalency of dendrimers and their high binding affinity could

adversely result in complications upon in vivo administration. The toxicity of these

structures greatly depends on the surface functionality that dictates their interactions with

cells and biomolecules, opsonization, immunogenicity, clearance and tissue distribution.81

Imparting biodegradability and attachment of PEG on the surface of these structures were

found to significantly improve their biocompatibility and reduce their toxicity.83 The use of

PEG was not only limited to the surface modification but also to the construction of the core

of dendrimers. For instance, dendrimers with PEG polyester core have shown longer

circulation times as compared to the same dendrimers with trisphenol core.84 The chemistry

of these dendrimers could be also controlled to comply with other routes of administration.

For instance, thiopyridyl functionalized poly(amidoamine) dendrimers have been

crosslinked via disulfide linkages through 8-arm PEG chains bearing thiol terminations to

form biodegradable hydrogels for intravaginal administration and controlled release of

amoxicillin, a commonly used antibiotic.47 The gel lasted for up to 3 days in the

cervicovaginal area before biodegradation occurred after intravaginal administration in

guinea pigs. In this study, the hydrolysable crosslinkers were designed to degrade under

reductive conditions and not at acidic pH, otherwise, they would have degraded rapidly in

the acidic vaginal environment.

Polymer brushes are another promising class of unimolecular structures, consisting of a

polymeric backbone with densely-grafted polymeric side chains. Polymer brushes of

different structures and compositions have been synthesized and used for delivery of drugs,

diagnostic agents and nucleic acid materials. The concept of stimuli-responsiveness has been

also applied to molecular brushes and the use of pH-, temperature-, magnetic- and light-

responsive polymer brushes has been investigated.85 Recently, unimolecular structures (e.g.
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polymer brush and unimolecular micelles) could be loaded with drugs, such as, paclitaxel,

doxorubicin and camptothecin, which were attached to the polymers via photo-

cleavable86, 87 or pH-sensitive88 linkers. The release of the drugs could be then controlled

by exposure to light, or by changing the pH. For instance, doxorubicin and camptothecin-

loaded polymer brushes induced ≥10-fold higher toxicity to human cancer cells after photo-

initiated drug release.87 Limitations of unimolecular structures include the low loading

capacity, as the solubilization of drugs into these structures is usually limited. Conjugation

of drugs to the polymeric backbone or onto the surface often provides improved loading and

retention of drugs, however, it also places a burden on the synthesis and preparation of the

delivery vehicles. Unless the unimolecular structure is of significant size (i.e., nanoscopic

dimensions) to be larger than the drug being contained within, they will provide incomplete

protection of the payloads, unlike multi-polymeric nanoparticle assemblies, where the drugs

are shielded in the core. Furthermore, small sizes can be rapidly cleared from the body,

whereas the biodegradability and clearance of covalently-linked larger ones is questionable.

Worth mentioning is that unimolecular structures can be also utilized as building blocks for

polymeric nanoparticles (e.g. the use of dendrimers as core forming block of micelles19, 43

and polymer brushes to construct cylindrical nanostructures50) (Fig. 6).

Limitations

Although significant progress has been made in the field of nanotechnology and in

controlling the physical, chemical and biological properties of nanomaterials, expectations

for their stability in the blood, preferential distribution to the target sites, and their capability

of curing diseases are still far beyond being met. The development of in vivo and live-cell

imaging instrumentations and the availability of various chemicals that can inhibit specific

biological processes have aided in understanding the cellular and in vivo fate of the different

components of nanoparticles. However, there are still many questions to be answered. Many

discrepancies are found in the literature, which could be due to biological, technical and

experimental complexities. Limitations are generally related to nanoparticles, instruments,

biological and physiological variations (Table 2). Assembly/disassembly of nanoparticles,

cellular processes and in vivo pharmacokinetics are all dynamic processes that depend on

many factors, some of which are difficult to control. The size, polydispersity and charge of

nanoparticles depend on the conditions, measurement techniques and hydration state, and

can vary during storage, blood circulation, tissue distribution and cellular uptake. For

instance, adsorption of plasma proteins and cellular binding can modify the size, geometry

and surface charge of nanoparticles. Cells also behave differently depending on the cell type,

cycle, density and passage number. For instance, great efforts have been focused recently to

design nanoparticles for specific intracellular pathways. However, this is challenging

because the endocytic pathways are interchangeable and one inhibitor for a specific pathway

can inhibit other pathways. Many biological processes, either in cells (endocytosis,

cytoplasmic release, nuclear uptake) or in vivo (pharmacokinetics, biodistribution), are

analyzed based on tracking fluorescent probes that are either linked or encapsulated into

polymeric nanoparticles. The stability and quenching of fluorophores, the leakage or

dissociation from nanoparticles and the effect of the fluorophore on the stability and

pharmacokinetics of nanoparticles are always questionable and need further investigations.

The use of inappropriate controls, impure fluorophores, improper use of imaging

instrumentations (e.g. the use of high laser power, detector saturation, spectral overlap) can

all result in misunderstanding and misinterpretation of cellular and in vivo fate of

nanoparticles. Besides the complexities of biological systems, the inherent heterogeneity and

distribution of populations in nanoparticle samples, and difficulties with exact reproduction

of comparable materials, even within a particular laboratory, also pose significant challenges

to making direct comparisons within and across nanosystems under development.

Furthermore, degradability of nanoparticles is considered to be of primary importance,
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however, release of the degradation products and the resulting compositional, structural,

size, etc. changes that the nanoparticles undergo during the degradation process lead to

variations in the nature of the materials and the biological responses as a function of time.

Conclusions

Polymeric nanoparticles hold great promise as versatile nanocarriers for a wide range of

therapeutics for various biomedical applications. The ease with which the size, shape,

geometry, charge, structure and composition can be controlled will secure their future

development and success. Challenges towards the development of these nanostructures

include, but are not limited to, the complexity of both the nanoparticles and available

technologies for physical, chemical and biological evaluations, the possible toxicity and

immunological reactions, lack of scalability, batch-to-batch variation and the need for case-

by-case evaluation. For toxicity and immunogenicity considerations with intravenous

administration, it is attractive to have nanoparticles of sizes that can be cleared by the kidney

or dissociate into individual polymer chains that have molecular weights below the renal

molecular weight cutoff size, or to have the nanoparticles undergo hepatobiliary clearance.

However, other routes of administration and clearance are also possible. Alternatively,

biodegradable nanoparticles would be safer to use. In all cases, biocompatibility is essential

for the safety of patients and should be tested both in vitro and in vivo. These restrictions are

firm with systemic administration of nanoparticles, whereas they are less significant for

nanoparticles designed for topical applications. The control of polymer chemistry and

supramolecular assembly could be managed to design polymeric nanoparticles for imaging,

pH-sensing, cancer therapy, as well as, for other applications, such as, treatment of

pulmonary and urinary tract infections. The chemistry of these copolymers could be also

controlled to design stimuli-responsive and self-communicating nanoparticles of different

structures and morphologies, such as spherical and cylindrical nanoparticles. Robust

nanoparticles (e.g. crosslinked nanoparticles) could enhance the in vitro and in vivo stability,

prolong the circulation time and enhance the accumulation at the target sites. However,

elimination of these entities and hindrance of the release of their cargoes should be

considered. Control over the polymer chemistry and supramolecular assembly together with

the availability of new targets and cell-recognition moieties will improve the stability and

efficacy of polymeric nanoparticles.
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Fig. 1.
Building blocks of various types of polymeric nanoparticles with examples of some

commonly used polymers and linkages. The main building blocks of polymeric

nanoparticles are usually comprised of core-forming polymer; hydrophobic or charged (a),

shell-forming polymer; neutral, hydrophilic and flexible properties are important for stealth

nanoparticles (b), targeting ligand for selective cellular uptake and accumulation at target

sites (c), and linkages between the shell and core and/or targeting moieties (d). Stimuli-

responsiveness (pH, temperature, enzymatic, reductive or oxidative, etc.) can be imparted

into the core, shell and/or the linkages. Shell or core-crosslinking can be also utilized to

enhance the stability of nanoparticles (e).
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Fig. 2.
Composition of multifunctional nanoparticles for biomedical delivery applications: (a)

clusters of targeting moieties have been shown to be important for multivalent binding to

receptors for enhanced cellular uptake; the use of various ligands (antibody, antibody

fragment, peptide) depends on the therapeutic application and disease type, (b) shell: length,

spacing and crosslinking of the shell are critical parameters that dictate the blood cir culation

time and stability of nanoparticles with ~1 nm spacing found to be efficient in preventing

protein adsorption, (c) core: nature of the core dictates the type of the drug to be

encapsulated. Crosslinking and conjugation of drugs to the core-forming polymer are

common strategies for enhancing the stability of nanoparticles and drug-encapsulation

efficiency, respectively. (d) drug: a wide range of therapeutics can be used ranging from

small molecules to macromolecular cargoes.
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Fig. 3.
Barriers towards the delivery of polymeric nanoparticles can be classified into external

barriers (skin and mucosa), en-route barriers (mainly destabilization and clearance in the

blood and the extracellular matrix) and cellular and subcellular barriers.
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Fig. 4.
Possible destabilization and degradation pathways of polymeric nanoparticles during in vivo

circulation (a) and the EPR effect and intracellular fate of nanoparticles (b). Drug-leakage,

disassembly or degradation, detachment of surface-decorating moieties, opsonization and

clearance of nanoparticles during circulation can all be detrimental to the efficiency of

nanoparticles. Tumor tissues are characterized by the leaky vasculature that allows

nanoparticles to accumulate in the tumor tissues. The endocytosis of the nanoparticles can

then occur via different mechanisms (e.g. via multivalent binding and receptor-mediated

endocytosis), ending into endocytic vesicles of different microenvironments depending on

the composition and characteristics of the nanoparticle. Entrapment of nanoparticles into the

endocytic vesicles (dashed arrow) prevents them from reaching their target sites (cytoplasm,

mitochondria, nucleus). The disassembly of polymeric nanoparticles and drug release can

occur at various steps during the circulation and the intracellular trafficking pathway.
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Fig. 5.
Characteristics of polymeric nanoparticles: (a) stealth: imparts biocompatibility, steric

stability and protection of the encapsulated drug and reduces the opsonization and clearance

of nanoparticles, but may also reduce the cellular uptake and endosomal escape capabilities,

(b) charge: cationic character enhances cellular uptake and endosomal escape, but subject to

uncontrolled tissue distribution and often associated with toxicity, (c) targeting: enhances

cellular uptake and specificity, but sometimes can accelerate the clearance and/or

immunogenicity, (d) stimuli-responsiveness: controls the dynamics of nanoparticles with

possibility of releasing their cargoes at specific sites (selectivity). The stability and

responsiveness of these materials under physiological and pathological conditions may vary

and may result in premature release of the drug. (e) size: ~100 nm particles is optimal for

delivery, being large enough to avoid renal clearance and small enough to reduce clearance

and toxicity, (f) morphology: expanded morphology results in higher drug-loading capacity,

lower clearance and cellular uptake, (g) aspect ratio: the shell vs. core volume and length vs.

diameter can greatly affect the cellular uptake, clearance, drug loading and release, and

toxicity, (h) assembly vs. unimolecular structures: unimolecular structures are more stable

(no dissociation) but can be cleared rapidly depending on the size and usually have low

drug-loading capacity, and (i) stability: intermediate stability to circumvent physiological

barriers and at the same time be able to release the drug at the target sites is required and can

be achieved with different methods, for instance, by crosslinking.
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Fig. 6.
Types of polymeric nanoparticles and possible chemical modifications: polymeric blocks

(dendrimer, brush, hyperbranched, block copolymer) can be either chemically modified or

supramolecularly-assembled into polymeric nanoparticles. Post-modification of these

nanoparticles via ligand modification, core- or shell-crosslinking or drug-loading is possible.
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Table 1

Summary of the important features of polymeric nanoparticles designed for biomedical delivery applications.

Feature Description

Stealth ○ A dense brush of neutral hydrophilic flexible polymer to prevent adsorption of plasma proteins and
avoid recognition by the MPS and prolong the blood circulation time, and thereby allowing the
accumulation of the nanoparticles at sites with impaired vasculature via the EPR effect

○ PEG is the most commonly utilized polymer

Surface chemistry ○ The surface chemistry of the nanomaterials greatly impact their toxicity, immunogenicity and
biodistribution

○ Excess positive charge results in rapid opsonization and clearance with possible blood vessels and
capillary occlusion

Smart ingredients ○ Cell-recognition moieties enhance the selective cellular uptake

○ Targeting subcellular compartments (e.g. nuclear localization sequence for nuclear delivery)

○ Skin, mucus (mucolytic) or cell-penetration enhancers

○ Endosomolytic polymers or lipids to increase the intracellular delivery and avoid lysosomal
degradation

○ Stimuli-responsiveness (temperature, pH, oxidation, reduction, light, magnetic field, ultrasound, etc.)
allows the controlled-drug release at specific sites or under applied conditions

○ “Multivalency”, “bio-mimicking” or “ self-communication” are recently-applied approaches to
enhance the delivery efficiency

○ Any added component to the composition of the nanoparticle may impact their biodistribution,
clearance and immunogenicity

Size ○ Intermediate size (20–200 nm) have the highest potential for in vivo applications

Shape/aspect ratio ○ Various morphologies and/or aspect ratios can have different solubilization capacities, blood
circulation time, biodistribution, toxicity, cellular uptake and intracellular fate

Route of administration ○ The route of administration influences the stability and delivery efficiency of the nanoparticles

○ There are different barriers at the various entry routes of the body (e.g. pH, enzymes, etc.)

○ Auxiliary devices can enhance the delivery efficiency by localizing the nanoparticles at the target
sites

Stability ○ Drug leakage, dissociation of nanoparticles and detachment of the surface-decorating moieties are
detrimental to the efficacy of the nanoparticles

○ Stereocomplexation, non-covalent interactions and crosslinking are efficient techniques to enhance
the kinetic stability of nanoparticles
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Table 2

Limitations towards the development of polymeric nanoparticles

Nanoparticles 1 The heterogeneous populations of nanoparticles, within any particular sample

2 The size, polydispersity and charge of nanoparticles depend on the measurement techniques and hydration
state

3 Assembly and disassembly of nanoparticles are dynamic processes that change during storage, blood
circulation and tissue and cellular distribution

4 Changing one of the nanoparticle characteristic (e.g. size) affects others

5 Premature release of the linked fluorophore: The stability of the link used to label the nanoparticles in the
blood and tissues and the effect of fluorophores on the stability and pharmacokinetics of nanoparticles are
important considerations

6 Impure fluorophore results in tracking two populations (free and conjugated dyes)

Cellular 1 The cellular processes are dynamic and interchangeable and inhibition of specific endocytic pathways can
inhibit other pathways

2 Nanoparticle efficacy varies in different cell lines, cell cycles, growth media, and passage number

In vivo 1 Pharmacokinetics depend on the animal model and disease status; different tumors and different sizes of the
same tumor respond differently to therapy and may accumulate different amounts of the injected nanocarriers

2 Physiological factors: age, sex, weight, etc.

Instrumentations 1 The use of two fluorophores: unresolved emission spectra lead to misinterpretation

2 Confocal microscopy:

a. Three-dimensional imaging is essential

b. Apparent co-localization may be obtained from structures in close proximity without real co-
localization in the same organelle

c. Difficult to differentiate between cellular binding and uptake

d. Background, detector saturation and spectral overlap should be avoided
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