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The ability to target contrast agents and therapeutics inside cells is becoming important as we strive to

decipher the complex network of events that occur within living cells and design therapies that can

modulate these processes. Nanotechnology researchers have generated a growing list of nanoparticles

designed for such applications. These particles can be assembled from a variety of materials into desirable

geometries and configurations and possess useful properties and functionalities. Undoubtedly, the effective

delivery of these nanomaterials into cells will be critical to their applications. In this tutorial review, we

discuss the fundamental challenges of delivering nanoparticles into cells and to the targeted organelles,

and summarize strategies that have been developed to-date.

1. Introduction

Advances in nanotechnology research have generated a growing

list of contrast agents, therapeutics, and delivery vehicles.

Many colloidal nanoparticles, which have at least one dimension

in the 1 to 100 nm size range, are engineered for cellular

biology and medical research and applications. In this size

range, a wide variety of materials, including metals, metal

oxides, and semiconductors, exhibit unique optical, electrical,

and magnetic properties that can be tuned based on their size

and shape;1–3 other types of materials, such as small molecules,

lipids, polymers and other organic molecules, can be assembled

into carriers for contrast agents and drugs to enhance payload

and solubility. Collectively these materials can be synthesized,

assembled into desirable geometries and configurations, and

coated with targeting agents, and provide novel material

properties for applications in molecular and cellular labeling,

tracking, detection, drug delivery and medical imaging

with high sensitivity and functionality.4 Conceptually, such

modularity offers an infinite matrix of nanoparticles with

different properties, making nanoparticle-based contrast

agents and therapeutics more versatile than either small

molecules or larger micron-sized particles in performing

complex functions within physiological systems (Fig. 1).

To fully realize the promise they hold, nanoparticles must be

capable of reaching their biological targets with high efficiency

and specificity. In particular, delivery and targeting at the

subcellular level has recently become increasingly important as

we strive to decipher complex events that occur within living

cells such as gene regulation, signaling and transport, and to

design therapies that can interject and modulate these

processes (see Table 1). For example, fluorescent semiconductor

quantum dots can image molecules over time scales of

milliseconds to hours, providing researchers with a capability

to monitor intracellular dynamics that cannot be accomplished

using organic fluorophores. However, the delivery of quantum
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dots across the cell membrane remains challenging.5,6

Equally important is sub-cellular targeting for nano-

particle-based therapeutics: direct targeting of cytoplasmic

organelles such as the mitochondria may improve photo-

sensitizer-induced damage in photodynamic therapies7,8 while

those carrying oligonucleotides for gene therapy must home in

on the cytosol and nuclei of cells to be therapeutically

effective.9,10

Here we discuss the fundamental challenges of delivering

nanoparticles into cells and to the targeted organelles, and

summarize current strategies. We also describe some of the

limitations of studying intracellular uptake of nanoparticles

and provide a perspective on the development of this emerging

research sub-theme in the field of nanotechnology.

2. Challenges in nanoparticle delivery and

intracellular targeting

Portals of entry

The intracellular milieu is physically segregated from the

environment by the plasma membrane, an elastic lipid bilayer

embedded with domains of lipids, carbohydrates, and membrane

proteins. In order to deliver nanoparticles into cells and to their

subcellular targets, nanoparticles must first be able to traverse

this plasma membrane. Nanoparticles may be internalized either

by directly interacting with membrane-embedded receptors or

indirectly by associating with the lipid bilayer. In the first

approach, nanoparticles are functionalized with ligands that bind

to receptors on the cell with high affinity and specificity. Ligands

can be selected or engineered to target over-expressed receptors

on healthy and diseased cells. Internalization of the resulting

receptor–ligand complexes then leads to receptor-mediated

endocytosis of the nanoparticles. Alternatively, nano-

particles can interact with the membrane via hydrophobic and

Fig. 1 Designing nanoparticles for intracellular applications. Nanoparticles can be modularly assembled from different materials composition

with different physical and chemical properties and functionalized with a myriad of ligands for biological targeting. Such flexibility in design

freedom enables researchers to tailor nanoparticle for specific intracellular applications as contrast agents, drug delivery vehicles, and therapeutics.
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electrostatic interactions and be taken into the cell through

pinocytosis, a form of fluid-phase uptake where cell takes in

the local extracellular environment by invaginating and pinching

off pieces of the plasma membrane into vesicles containing the

extracellular fluid.

Controlling the route of nanoparticle uptake is important for

mediating their intracellular fate and biological response.

An increasing number of mechanistically distinct and highly

regulated endocytic pathways are used by cells to traffic the

extracellular cargoes to different intracellular locations and

interactions11–13 (Fig. 2). Recent studies show that the endocytic

processes not only function to internalize nutrients and

membrane-associated molecules but orchestrate the spatio-

temporal dynamics of cell signaling circuitry.14 An understanding

of the cellular uptake mechanisms of nanoparticles would be

important to determine what and how they modulate signaling

and the subsequent molecular response of the cell.15–18

Clathrin-mediated endocytosis is the most understood

pathway of receptor-mediated endocytosis. In this pathway,

ligand binding accelerates the recruitment of receptors to

clathrin through adaptor proteins. Clathrin then polymerizes,

driving the invagination of the pit, which is eventually released

into the cytoplasm through the scission of the enzyme

dynamin. This process is highly complex given that more than

50 different proteins can be found in clathrin-coated pits.19,20

Many other forms of endocytosis exist, including caveolae-

mediated endocytosis and lipid-raft dependent endocytosis,

though their mechanism is still poorly understood at the

molecular level.

The endocytosis pathway is ligand dependent. Several

pathogens, for example, use glycoproteins and lipid rafts on

the plasma membrane as receptors to gain entry into the cell:

anthrax toxin binds to cellular glyco-phosphatidylinositol-

anchored proteins to enter the cell, whereas cholera and

Shiga-like toxins use gangliosides.21 The iron-shuttling protein

transferrin is well-known to bind its receptors and trigger

endocytosis by the clathrin-dependent pathway, whereas

caveolae-mediated endocytosis has emerged as an important

Table 1 Examples of various types of nanoparticles being developed for intracellular applications

Type of nanoparticle Typical size range/nm Structure and properties

Inorganic
Metals (Au, Ag, Cu) 5–250 ’ Easy to synthesize over a broad range of sizes and shapes (e.g. spheres, rods,

core–shells); robust and functionalizable via thiol-metal chemistry
’ Surface plasmon resonance; surface enhanced Raman scattering

Iron oxides 5–200 ’ Typically magnetite (MxFe3�xO4, M = Mn, Ni, Co, Fe) or maghemite (Fe2O3)
’ Ferromagnetic or superparamagnetic properties

Quantum dots 3–30 ’ Typically II–VI or III–V chalcogenides synthesized as core–shell or alloy nano-
crystalline colloids (e.g. CdSe/ZnS, CdTe1�xSex)

’ Bright, photostable fluorophores with broad absorption and narrow emission;
large two-photon cross section; FRET-donors

Silica 3–100 ’ Biodegradable; available also in micro- or mesoporous form for encapsulation of
dyes and drugs; easily derivatizable with different surface chemistries using silanes

Layered double hydroxide 50–200 ’ Mg6Al2(CO3)(OH)16�4H2O
’ Biocompatible and biodegradable in mildly acidic environments; high drug loading

capacity
Calcium phosphate 10–100 ’ Ca5(PO4)3OH

’ Biodegradable and biocompatible; can be doped with lanthanides or organic
fluorophores

Organic
Liposomes Multilayer: 500–5000 ’ Spherical self-closed structures composed of one of more concentric phospholipid

bi-layers
Unilayer: 100–500 ’ Biocompatible, can entrap both hydrophobic and hydrophilic moieties; protects

payload from external environment
’ Size and surface functionality can be tuned by adding new ingredients to the lipid

mixture prior to synthesis
Polymer micelles 20–200 ’ Self-assembled spherical micelles composed of amphiphilic block co- or tri-

polymers containing a hydrophobic core and a hydrophilic corona
’ Hydrophobic payload can be entrapped in the core
’ Geometry and functionality can be modularly controlled via the length and

composition of the polymer blocks; can be biodegradable
Polymer nanoparticles 50–300 ’ Linear polymers with payload conjugated to the sidechain; precipitated into

colloidal nanoparticles in solution
’ Controllable size, surface functionality by adjusting polymer length, composition,

and synthesis conditions; can be biodegradable
Dendrimers 2–10 ’ Radially hyperbranched polymers with regular repeat units

’ High structural and chemical homogeneity; high ligand density and payload
capacity per particle; controlled biodegradation

’ Common dendrimers for biological applications: polyether, polyester, PAMAM
Carbon nanotubes d = 0.5–3 ’ Single or multi-layered graphene sheets rolled into concentric cylinders

l = 10 nm to several
centimetres

’ NIR-photoluminescence, strong resonance Raman scattering effects; directional
conductivity, high tensile strength

’ Water-soluble through covalent chemical modification or non-covalent adsorp-
tion; ability to translocate cellular membranes via non-endocytosis mechanisms

Viral nanoparticles 25–150 ’ Self-assembled protein cages with multivalent surface functionalities
’ Natural ability to internalize and unpack payload within cells
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entry mechanism for a number of viruses (e.g. SV40).22 However,

an intrinsic cellular feature is that a particular receptor–ligand

complex can internalize viamultiple endocytic routes as a way to

mediate net signaling output. For example, in the case of

epidermal growth factor receptor (EGFR) and the transforming

growth factor-b receptor (TGF-bR), internalization of the

receptor–ligand complex can either lead to recycling if entered

through clathrin-mediated endocytosis, or receptor degradation

if entered via non-clathrin-mediated endocytosis.23 This

redundancy makes it difficult to control nanoparticle route of

entry solely on their ligand coating alone.

For a specialized set of cells, namely macrophages,

monocytes and neutrophils, nanoparticles can also be inter-

nalized via phagocytosis.24 These cells function to clear off

large particulates or debris such as remnants of dead cells and

large pathogens such as bacteria or yeast. Targeted delivery to

these cells can detect sites of inflammation and deliver drugs to

malignant tumors. The process of phagocytosis occurs via

several pathways, each mediated by a distinct receptor and

can elicit biochemical cascades that result in different immune

responses.25

Endosomal escape

Endocytosis transports nanoparticles into cells within vesicles

and, depending on the mode of internalization, can either be

recycled and exocytose out of the cell or trafficked to

organelles including the lysosomes, golgi, and mitochondria.

Endosomal trafficking is a complex intracellular process

involving motor proteins that shuttle vesicles along micro-

tubules within the cell. During this process, vesicles are sorted,

fused or dissociated, as well as mature into endosomes and

lysosomes (Fig. 3). For nanoparticles targeting the

endolysosomal network, such as those used for treating

lyosomal storage disorders, endocytic uptake provides

immediate accessibility to their targets.26 However for many

applications, the entrapment of nanoparticles within vesicles is

undesirable. Moreover, the maturation of vesicles into late

endosomes and lysosomes is characterized by rapid acidification

from pH 6 to 4 within the vesicle and recruitment of

degradative enzymes into the vesicle to digest vesicular content.

For many applications, nanoparticles need to be engineered with

mechanisms to escape from the endolysosomal network.

Several strategies have been developed to overcome the

endosomal barrier: viral capsids27 or a membrane-based

envelope with the ability to fuse with endosomal membranes

has been used to shuttle a wide variety of cargoes such as

peptides, drugs, and nanoparticles from the endosome into the

cytoplasm. This approach is limited by the complexity and

cost of preparing viral vectors and the immunogenicity of the

virus. Nanoparticles can also be coated with pH-sensitive

synthetic peptides that undergo structural deformation under

acidic pH to disrupt the vesicle membrane.28 Finally, polymers

with a buffering capacity between pH 5.2 to 7.0 can be

attached to nanoparticles to mediate their endosomal escape

through the ‘‘proton-sponge effect’’, where the proton-absorbing

polymer induces osmotic swelling of the endosome and its

eventual rupture (Fig. 4).29–31

Cytoplasmic transport and targeting

Once released from the endosomal compartments, nanoparticles

must travel through the cytoplasm to bind with their targets.

The cytoplasm is crowded with cytoskeletal structures,

Fig. 2 Pathways of entry into the cell. An increasing number of endocytic pathways are being defined, each mechanistically distinct and highly

regulated at the molecular level. These pathways facilitate cellular signaling and cargo transport. Controlling the route of nanoparticle uptake is

important for both mediating their intracellular fate as well as their biological response.
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proteins, nutrients and small molecules. Diffusion mobility of

the nanoparticle within the cytoplasm depends on its size and

interactions with these biological entities. Binding to intra-

cellular components may significantly retard the mobility of

small particles while the geometry becomes important in the

movement of larger nanoparticles.32 Within the cell, molecular

motor proteins such as kinesin, dynein, and myosin typically

transport vesicular cargoes using microtubule tracks or via

actin filaments. The polymerization of actin can also propel a

cargo particle in and out of the cell. Viruses hijack such

systems upon cellular uptake in order to transport to the

nucleus where they unload their genetic information.33

Similarly, these systems can be exploited by nanoparticles to

move within the cytoplasm before reaching their targets of

interest. Recently, it has been shown that, upon cellular

internalization, semiconductor quantum dots functionalized

with cell penetrating peptides are trapped within vesicles and

transported towards the perinuclear region of the cell known

as the microtubule organizing centre in a manner reminiscent

of actin/kinesin mediated active transport.34

However, very little is known about how nanoparticle

design influences their transport in the cytoplasm. Researchers

are attempting to answer this question by using a combination

of fluorescent dyes and fluorescent proteins to study the

intracellular nanoparticle transport process using multicolor

fluorescence imaging but the limitation includes the requirements

for analysis of large amounts of data and the inability to image

single nanoparticles because of the diffraction-limited optical

resolution. Hence, one can conclude that a major challenge for

such studies is lack of available tools for tracking interactions

between nanoparticles and large numbers of subcellular

structures over space and time.

Fig. 3 Intracellular transport of nanoparticles. After internalization via one or more of the endocytic pathways, nanoparticles are trafficked along

the endolysosomal network within vesicles with the help of motor proteins and cytoskeletal structures. Vesicles can transport their contents into

sorting endosomes, or excrete/recycle them back to the cell surface by fusing with the plasma membrane. Alternatively, endosomes can mature into

lysosomes via luminal acidification and recruitment of degradative enzymes, which target the vesicle contents for degradation. In order to access

cytoplasmic or nuclear targets, nanoparticles must be capable of escaping from the endolysosomal network as well as traverse through the crowded

cytoplasm.
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Circumventing the plasma membrane and endosomal barriers

The plasma membrane and endolysosomal vesicles present

significant barriers for transporting nanoparticles into the

cytoplasm or nucleus. For in vitro and ex vivo applications,

the plasma membrane barrier can be bypassed by physically

delivering nanoparticles into the cell. Two main approaches

are currently being used: microinjection and electroporation.

In the following section, we review the advantages and

disadvantages of these two techniques, and highlight examples

of their use in delivering nanoparticles into cells.

3. Physical delivery strategies

Microinjection

Microinjection has been widely used in transgenic animal

production, in vitro fertilization and in studies of non-permeable

cells to mechanically transfer nucleic acids, peptides, proteins,

and drugs into single cells.35 The samples are directly introduced

into the cytoplasm or nucleus of a cell using a fine-tipped glass

microcapillary under guidance of an optical microscope. This

approach provides high payload efficiency and cell survival

rate, and has few limitations in terms of cell or sample types.

Microinjection is a purely mechanical method of delivery and

thus a useful technique to evaluate the intracellular fate of

nanoparticles beyond the endolysosomal compartment since

the injected sample is the only variable in the experiment. For

example, Derfus et al.microinjected quantum dots coated with

poly(ethylene glycol) (PEG) and a nuclear localization signal,

and observed the active transport and selective nuclear

accumulation of the quantum dots within the nuclei of the

majority of cells.36 Similarly, Medintz et al. microinjected

quantum dot-fluorescent protein conjugates into different cell

lines and compared the cytoplasmic distribution of quantum

dots delivered using cell-penetrating peptides.37 Microinjected

nanoparticle-conjugates distributed homogeneously (i.e. as

monodisperse entities) across the entire cytoplasm rather than

the more punctuated, localized patterns of endocytic uptake

resulting from peptide-mediated delivery. In a similar

approach, nickel-chelated quantum dots were microinjected

into cells to label cytoplasmic proteins tagged with histidine

residues via metal-affinity coordination.38

The delivery of monodisperse nanoparticles into the

cytoplasm is especially important for contrast agents used

for tracking cell division and differentiation; tracers that

distribute heterogeneously within the mother cell lead to

uneven partitioning among daughter cells, making it very

difficult to track lineage. Using microinjection, Dubertret

et al. introduced phospholipid-coated quantum dots into

early-stage Xenopus embryos in order to monitor biological

activities and development.39 Injected quantum dots were cell

autonomous, capable of labeling all embryonic cell types and

remained monodisperse and photostable in vivo up to 4 days.

Since microinjection delivers precise volumes into the cell,

dose-dependent toxicity could be evaluated or avoided. It

was found that up to 5 � 109 quantum dots could be

introduced into the Xenopus embryo without inducing

developmental abnormality. Similarly, Slotkin et al. micro-

injected neural stem and progenitor cells with quantum dots to

study central nervous system development in the mouse

embryo.40

Because of its serial nature, microinjection possesses

obvious limitations: it is low throughput, technically demanding,

can only be utilized in vitro or ex vivo, and expensive

(B$40 000 per device). Literature search of the past five years

revealed very little use of microinjection for intracellular

delivery of nanoparticles. Nevertheless, recent interests in

single-cell analysis and single-molecule tracking with living

cells may reinvigorate the use of microinjection, which

provides reliable intracellular delivery and simplifies chemical

modification of nanoparticles. Novel technologies are being

developed to overcome inherent limitations of microinjection

such as the development of smaller carbon-based nanometre-

scale needles to improve delivery resolution and minimize

cellular disruption;41 the integration of a fluid delivery

component into atomic force microscopes to reduce manual

operation and enable precision manipulation;42 high throughput

nanosyringe arrays to eliminate the serial nature of the

technique,43 and automatic delivery systems for controlling

precisely the amount of volume injected into the cells.44

Electroporation

Electroporation is the technique of applying a rapid,

high-voltage electric field impulse to temporarily generate

hydrophilic pores in the cell plasma membrane. The pores

then allow the passive transport of nanoparticles into the cell.

This process is applicable to a large variety of cell types and

delivers particles into many cells in a high throughput manner.

However, this method requires specialized equipment and only

works effectively when the cells are in suspension and can lead

to cell death as a result of the electrical impulse.45

Gold nanoparticles and oligonucleotide-modified gold

nanoparticles were transported into mammalian cells by

electroporation as an alternative to viral transfection of genes

into cells for gene therapy.46 Microchips fabricated from

poly(dimethylsiloxane) were used for cell culture and electro-

poration in situ. The electroporation was found to increase

the delivery of both bare and oligonucleotide-coated gold

Fig. 4 Endosomal escape by the ‘‘proton-sponge effect’’. Acidification

(pH decreases from 6 to 4) takes place during the process of

endolysosomal maturation. The proton pumps (e.g. ATPases) pump

H+ ions into the lumen of the endosome. Certain cationic polymers

such as poly(ethyleneimine) are capable of sequestering these protons,

thus sustaining the action of the proton pumps. To maintain electric

neutrality, a parallel influx of Cl� ions and water accompanies the

influx of protons. This swells and eventually ruptures the endosomal

membrane allowing its contents to escape.
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nanoparticles into osteoblast cells as compared to no electro-

poration. Moreover electromigration—the gradual displacement

of the metallic gold nanoparticles in the presence of a gradient

electric field—can further increase delivery efficiency when

used in conjunction with electroporation.

Chen and Gerion used electroporation to deliver quantum

dots conjugated with nuclear localization sequence into the

cytosol and subsequently into the nucleus.47 This was in

contrast to quantum dots conjugated to random peptides that

did not localize in any preferred region in the cell, showed

near-homogenous distribution within the cytoplasm, and were

excluded from the nucleus. The nuclear-localizing conjugates

retained in the cell for a week without detectable negative

cellular effects. Movement of conjugates from cytoplasm to

nucleus was also visualized. Derfus et al. studied the effects of

electroporation of quantum dots into live cells.36 It was

observed that the quantum dots delivered via this method

formed aggregates of up to 500 nm in diameter rather than

being delivered individually. To test the hypothesis that the

high-energy electric field caused polarization of quantum dot

surfaces and the loss of electrostatically-adsorbed surface

ligands, quantum dots cross-linked with bovine serum

albumin (BSA) coat were delivered via electroporation.

Aggregates were still observed both inside and outside the

cell, suggesting that stabilization of surface ligand is not

sufficient to prevent aggregation, and that the applied electric

potential induced quantum dot aggregation.

Similarly, Slotkin et al. also investigated in utero

electroporation of quantum dot-labeled neural stem and

progenitor cells in viable mouse embryos. A mix of carboxyl-

functionalized quantum dots and farnesylated enhanced green

fluorescence protein (EGFP-F) plasmid were co-electroporated

with the ventricular neuroepithelium of mouse embryos.

Initially, GFP transfection efficiency was greater than the

quantum dots’, which the authors hypothesized to be due to

the nanoparticles not carrying an adequate charge potential to

be sufficiently propelled by the electroporation process.

However, the labeling efficiency of neuroepithelial cells in a

developing mouse nervous system increased dramatically

when the quantum dots became more negatively charged when

their surface is saturated with carboxyl functional groups.

4. Biochemical delivery strategies

Viruses represent an archetypal biological nanoparticle that

exploits various cellular uptake and transport mechanisms to

deliver their cargo either within the cytoplasm or nucleus of

the cell.33,48 Similarly, synthetic nanoparticles can be engineered

using biochemical approaches to facilitate their passage

across cellular barriers such as the plasma membrane, the

endolysosomal network, the cytoplasm and even the nuclear

membrane. This can be achieved either by decorating

nanoparticles with chemical functional groups and targeting

biomolecules or by encapsulating nanoparticles within a

carrier matrix. Biochemical strategies are high throughput

and more versatile than the physical approaches—

modular components made from different materials can be

hierarchically assembled to create nanoparticles with multiple

functionalities.

Cationic coatings

Cationic molecules can interact strongly with negatively

charged cell plasma membrane to induce membrane perme-

ability. One explanation for the membrane disrupting effect is

the formation of nanoscale holes on the plasma membrane

upon interaction with cationic species. The extent of this effect

is highly dependent on the charge density of the polycation

where higher charge density is associated with greater

potency.49

Various types of cationic coatings have been used as

transfection agents to deliver nanoparticles into cells, including

cationic liposomes,50,51 polypeptides,52 and amine-containing

polymers.53,54 For example, cationic liposomes such as

lipofectamine are able to complex with negatively charged,

water-soluble quantum dots through simple electrostatic

interactions under co-incubation in media. The resulting

liposome–nanoparticle complex is then delivered into cells

via a second incubation step.36 Quantum dots internalized

with the help of cationic liposomes have been found to form

aggregates of several hundred nanometres in diameter in the

cytoplasm, thus limiting their use in molecular imaging. On

the other hand, cationic liposomes have been used to improve

the delivery efficiency of plasmid DNA-coated gold nano-

particles into cells. Using plasmid DNA encoding for green

fluorescent protein expression, researchers showed that

liposome–DNA–gold nanoparticle construct had improved

transfection efficiency over the DNA–gold nanoparticle

construct alone. This was attributed to the neutralization of

the negative charges on DNA–gold nanoparticle constructs,

leading to improved electrostatic association with the plasma

membrane.55

Nanoparticles can also be encapsulated within phospholipids

in situ. Lipid carriers containing nanoparticles can be prepared

by an established thin-film hydration approach, which allows

the use of a cocktail of phospholipids to generate micelles or

bilayer vesicles with mixed surface properties. For example,

Kostarelos and co-workers demonstrated that quantum dots

can be encapsulated within multilamellar lipid vesicles

consisting of dioleoylphosphatidylcholine (DOPC) and

DC-cholesterol. These constructs were able to penetrate

human lung epithelial carcinoma A549 cells. The use of

DC-cholesterol was critical to successful cell penetration as it

changes the surface charge of DOPC vesicles from negative to

positive. Bilayer lipid vesicles also offer the possibility of

delivering both water-soluble and organically-functionalized

nanoparticles by entrapping them either within the central

aqueous pocket or the lipid bilayer compartment, respectively.

Vogel et al. exploited this versatility to selectively label both

the plasma membrane and the cytosolic components of

human embryonic kidney HEK293 cells with hydrophobic

and hydrophilic quantum dots, respectively.56 Other types of

nanoparticles, such as magnetic iron oxides, have also been

delivered into cells using cationic lipid-based transfection

agents.

Certain amine-containing cationic polymers such as

polyethyleneimine (PEI) can be attached as ligands to the

surface of nanoparticles through standard conjugation

chemistries. These cationic polymers are capable of inducing
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membrane permeability, facilitating nanoparticle entry into

the cells. In particular, PEI has been widely investigated for

gene delivery because of its ability to complex with and

condense DNA, and transfect a broad range of cell lines with

high efficiency. However, two major concerns for the use of

cationic polymers are their cytotoxicity and poor stability in

biological buffers or culture media. Zhang and co-workers

addressed these challenges by designing a polymer coating that

combines PEI with the biocompatible polymer PEG and the

polysaccaride chitosan.57 This new polymer was then attached

to the surface of iron oxide nanoparticles for in vivo gene

delivery. These magnetic delivery vehicles were found to be

non-toxic and demonstrated a high level of expression of the

delivered plasmid DNA in an in vivo mouse model. Similarly,

Duan and Nie grafted PEI with PEG to deliver quantum dots

into cells with improved viability.58 Semiconductor quantum

dots encapsulated within these PEG-modified amines were

stable in biological buffer, capable of penetrating cell

membranes, disrupt endosomal organelles, and access the

cytosolic space in living cells. The endosomolytic effect arises

from the so-called ‘‘proton-sponge effect’’—the ability of

multivalent amine-containing polymers to absorb protons

and build up osmotic pressure in acidic organelles. This

osmotic pressure destabilizes and eventually ruptures the

endosomes, thus releasing the trapped materials into the

cytoplasm. Nie and Gao et al. exploited the proton-sponge

effect to deliver siRNA-wrapped quantum dots into MDA-

MB-231 breast cancer cells.30 By coating quantum dots with a

balanced composition of tertiary amine and carboxylic

acid groups, the nanoparticle and its siRNA cargo were

capable of performing the functions of penetrating cell

membrane, endosomal release, carrier unpacking and intra-

cellular transport.

Cell penetrating peptides

Cell-penetrating peptides (CPPs) have been used to facilitate

translocation of cargoes across the plasma membrane and to

specific organelles within the cell (see Table 2).59,60 Many CPP

sequences are derived from natural sequences, such as the

protein-transduction domains of viruses. For example, the Tat

peptide derived from the HIV-1 virus has been popularly used

to deliver a variety of nanoparticles into cells.61 In particular,

Tat-conjugated fluorescent quantum dots were used as model

systems to investigate the trajectory of Tat-functionalized

nanoparticles within cells.34 These nanoparticles were confined

within vesicles tethered to the inner vesicle surface. The

quantum dot-loaded vesicles were trafficked along micro-

tubule tracks and eventually localize at a perinuclear region

known as the microtubule organizing center. This finding,

however, cannot be generalized; some Tat-conjugated

nanoparticles were observed to translocate to the nucleus62

while others remain in the cytosol or trapped in the

endolysosomal compartment.63 This difference in intracellular

localization may be dependent on the cell line studied and also

on the properties of the engineered nanoparticle such as its size

and surface chemistry. Results from various studies have

suggested that the endocytic mechanism and intracellular fate

of CPP mediated uptake into cells strongly depend on the

attached cargo.

To facilitate endosomal escape Tat peptide can be combined

with pH-sensitive proteins such as the influenza virus

hemagglutinin protein HA2 to create fusogenic Tat-HA2

peptides.64 This fusion peptide is capable of disrupting the

integrity of the endosomal lipid membrane at low pH without

being cytotoxic like other endosomal membrane destabilizers

such as PEI. Tat-HA2 peptides have been used to deliver gold

nanoparticles into NIH3T3 fibroblast cells for intracellular

imaging of actin filaments.64,65

Some peptide sequences also possess a nuclear localization

sequence that interacts with the nuclear pore complex. By

using a mixed cocktail of peptides containing either cell-

penetrating or nuclear localization sequences, nanoparticles

can be delivered into specific cells and then into the

nucleus.63,66 Moreover, by optimizing the ligand density of

CPPs (i.e. CALNN and Pntn) and PEG-stabilizer on the

surface of the gold nanoparticle, single monodisperse gold

nanoparticles can be delivered into the cytosol and nucleus of

the cell.67

Table 2 Representative cell-penetrating peptides: sequences and representative applications (modified from ref. 60. Copyright (2009) Wiley. Used
with permission from John Wiley and Sons)

Name Origin Sequence Cargo types

Peptides deriving from protein transduction domains
Tat HIV-Tat protein PGRKKRRQRRPPQ Protein/peptide/siRNA/liposome/nanoparticle
Penetratin Homeodomain RQIKIWFQNRRMKWKK Peptide/siRNA/liposome
Transportan Galanin–mastoparan GWTLNSAGYLLGKINLKALAALAKKIL Protein/PNA/siRNA
VP-22 HSV-1 structural protein DAATATRGRSAASRPTERPRAPAR-

SASRPRRPVD
Protein

Amphipathic peptides
MPG HIV Gp41-SV40 NLS GALFLGFLGAAGSTMGAWSQPKKKRKV siRNA/ODN/plasmid/nanoparticle
Pep-1 Trp-rich motif-SV40 NLS KETWWETWWTEWSQPKKKRKV Protein/peptide
MAP Chimeric KALAKALAKALA Small molecule/plasmid
SAP Proline-rich motif VRLPPPVRLPPPVRLPPP Protein/peptide
PPTG1 Chimeric GLFRALLRLLRSLWRLLLRA Plasmid
Cationic peptides
Polyarginine Chimeric (R)n, n=8–10 Protein/peptide/siRNA/ODN/plasmid
hCT (9-32) Human calcitonin LGTYTQDFNKTFPQTAIGVGAP Protein/plasmid DNA
SynB Protegrin RGGRLSYSRRRFSTSTGR Doxorubicin
Pvec Murine VE-cadherin LLIILRRRIRKQAHAHSK Protein/peptide
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Ligand-mediated internalization

Attaching targeting ligands onto the nanoparticle scaffold

imbue them with selectivity for specific cell types through

association with cell surface antigens or membrane receptors

that are overexpressed in these cells. Receptor–ligand binding

can then facilitate internalization through receptor-mediated

endocytosis. The strength of nanoparticle interactions with

these antigens or membrane receptors can be controlled by the

type of ligand (e.g. affinity) and by changing the ligand density

(e.g. avidity) attached to the nanoparticle surface. For in vivo

applications, targeting agents can be used to direct

nanoparticles towards diseased tissues following systemic

administration. These targeting moieties can be broadly classified

as proteins (antibodies and their fragments), nucleic acids (e.g.

aptamers), or other receptor ligands (e.g. small molecules,

peptides, vitamins, and carbohydrates). Many of the targeting

agents developed to-date has been for cancer applications.68

See Table 3 for a representative list of these targeting ligands

and examples of their use in nanoparticle delivery.

Many endogenous proteins with known membrane-bound

receptors can be used for targeting via receptor-mediated

endocytosis. For example, the endogenous iron-transporting

protein transferrin has been used to deliver nanoparticles into

a variety of cell types.69–72 The ligand is well-known to bind to

its receptor and induce internalization via clathrin-dependent

endocytosis. Transferrin receptors are also overexpressed in a

variety of cancers, making transferrin a popular ligand of

choice for cancer targeting. Several growth factors such as

epidermal growth factor (EGF)18 and neural growth factor

(NGF)73 attached to nanocarriers have been shown to enter

cells and elicit specific molecular responses. Other biologically

derived proteins such as plant and bacterial toxins have also

been used as ligands to deliver nanoparticles into cells.74,75 As

more compact alternatives, peptides have been used to

facilitate nanoparticle entry into cells.76–78 Peptides with

affinity and selectivity for specific cell types can be synthesized

and screened using diverse libraries, and chemically modified

with established chemistry making them versatile ligands for

nanoparticle functionalization. For example, arginine–

glycineaspartic acid (RGD) motifs have been used to target cell

adhesion integrin avb3 on endothelial cells, resulting in increased

intracellular drug delivery in different cell models.79,80 Nano-

particles functionalized with a tumor-homing peptide and siRNA

cargo have been shown to internalize and knock down the

fluorescence in GFP-expressing HeLa cells.81

Targeting of diseased cells can also be achieved using drugs,

molecules and antibodies that bind receptors overexpressed on

the surfaces of such cells. Folic acid is a widely used targeting

molecule for delivering cargo to cells with folate receptors,

which are overexpressed in ovarian and breast cancer.82–84

Folic acid is inexpensive, exhibits a high binding affinity for

the folate receptor (i.e. Kd E 10�10 M), and is efficiently

internalized into cells via receptor-mediated endocytosis even

when conjugated to other molecules. Folic acid has been

demonstrated to deliver many types of nanoparticles such as

polymer,85 gold,86–88 magnetic,89 and semiconductor nano-

crystals90 selectively into cancer cells. Other small molecules

such as luteinizing-hormone-releasing-hormone91 have also

been investigated as nanoparticle targeting agents. In an effort

to increase throughput and efficacy, a large library comprised

of 146 different nanoparticles decorated with different small

molecules was synthesized and screened against various cell

lines where the hits were discovered to be effective targeting

agents in vivo.92

Table 3 Examples of ligands that have been used to target nanoparticles towards specific types of cells (modified from ref. 71)

Type MW/kDa Diameter/nm Characteristics
Examples of use in nanoparticle
delivery

Receptor ligands
Proteins 30–150 Variable Produced using recombinant DNA technologies,

can be biologically active, susceptible to proteases
EGF,18 transferrin,69–72,113 NGF,73

cholera toxin B74,75

Peptides 0.5–10 Variable Facile synthesis and modification, diverse libraries and
screening technologies, susceptible to peptidases, renal
retention

YSA,76 chlorotoxin,77 LABL,78

RGD,79,80 F381

Small molecules 0.1–1.0 0.5–2.0 Chemical synthesis, simple modification and coupling
chemistries, can be biologically active, highly variable
affinities

Folic acid,84–90 LHRH91

Engineered antibody/antibody fragments (divalent)
Whole antibodies 150 15–20 High affinity, divalent, many clinically approved examples,

contains biologically active constant (Fc) region, long
circulation

Cetuximab,93 HER2,95,96 and
many others94

(Fab0)2 100 10–15 Improved affinity, can be engineered to a variety of sizes and
arrangements of protein domains

Diabody 50–80 5–10 Mono-specific or bi-specific dimer of ScFv HER299

Minibody 80 10 Can be produced genetically
Engineered antibody fragments (monovalent)
Fab0 50 5–10 Can be produced genetically or enzymatically by cleavage of

monoclonal antibodies
HER2100

ScFv 25 3–5 Lowered affinity, rapid clearance from circulation, renal
retention, reduced stability, reduced immunogenicity

CD19,101 A33,102 CEA,104

EGFR103,105

Nanobody 15 2–3 Smallest antigen-binding fragment, single domain, can bind
cryptic epitopes

Aptamers
DNA/RNA 10–30 2–3 Rapid clearance, automated chemical synthesis, susceptible to

nucleases without chemical modification
AS1411,110 A10,109 PrPc,111

TD05,107 T-cell specific108
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Effective targeting of antigens overexpressed on diseased

cells has been routinely achieved using monoclonal

antibodies.93,94 For example, ErbB2/EGFR receptor over-

expressing breast cancer cells has been targeted using nano-

particles functionalized with anti-EGFR antibodies such as

Herceptins.95,96 Antibodies exhibit the additional advantage

in that their size, affinity, and selectivity can now be rationally

engineered.97,98 Monoclonal antibody fragments can be

engineered that retain the same targeting specificity as the

original whole antibody but contribute minimally to the size of

the attached cargo;99,100 fusion proteins can be created by

combining two or more genes to produce a new protein with

desired properties. For example, single-chain variable

fragments (ScFv)—fusion protein consisting of antibody light-

and heavy-chain variable domains connected via a flexible

peptide linker—exhibit reduced immunogenicity and size

while retaining the same cell type targeting ability. ScFv

fragments have been attached to nanoparticles as smaller

targeting ligands to direct nanoparticle entry into various cell

types.101–105 Using molecular biology techniques, these

engineered antibody fragments can be further forged into

multivalent and multispecific reagents, for example by

dimerization of two heterogeneous protein mimetics, and

attached with therapeutic payloads. It is also possible to

increase binding selectivity by engineering proteins to detect

a specific structure or conformation of a target receptor.

Application of these novel targeting ligands to nanoparticles

provides another degree of freedom in dictating how nano-

particles bind cells and interact with intracellular components.

Finally, aptamers can also be coated onto the surface of

nanoparticles for in vivo and in vitro targeting. Aptamers are

short single-stranded DNA or RNA oligonucleotides selected

in vitro to specific cellular targets and specific aptamers for

specific targets can be selected from a large number of random

sequences using a technique called Systematic Evolution of

Ligands by Exponential Enrichment (SELEX).106 SELEX has

been used to generate aptamers capable of binding a wide

variety of targets including small molecules, peptides, proteins,

and even whole cells.107,108 Aptamers with known sequences

can be chemically synthesized in large scales and chemically

modified to improve stability against nucleases.109–111

Sub-cellular targeting using biodegradable carriers

A major limitation in most nanoparticle delivery strategies has

been the difficulty of achieving active targeting of specific

subcellular organelles after entry into the cell. This is because

the same nanoparticle surface that was modified to enable

intracellular delivery is also needed for the attachment of

subcellular targeting antibodies. To address this challenge,

Chan et al. recently proposed using poly(D,L-lactide-co-glycolide)

(PLGA) as an environmentally responsive carrier system to

deliver protein-conjugated quantum dots into cells.112 Protein-

functionalized quantum dots were encapsulated within PLGA

nanospheres via a double microemulsion procedure and then

selectively fractionated in a sucrose density gradient to

yield a homogenous population of hybrid nanocomposites

(d E 104.5 � 7.8 nm). The biodegradable carrier system was

found to internalize within cells and were initially trapped in

vesicles. A decrease in the pH caused a change in the surface

charge of the PLGA nanosphere that induces the nanosphere

to translocate from endolysosomal vesicles into the cytosol.

Subsequent biodegradation of the carrier system allows release

of the encapsulated active-targeting quantum dots. The use of

nanospheres as a delivery vehicle did not induce significant

cytotoxic effects. By utilizing the surface of the biodegradable

polymer for cell penetration, the chemical and structural

properties of protein-coated quantum dots were preserved

and enable them to actively seek specific intracellular targets

after the polymer has degraded. Aside from quantum dots, the

polymer carrier system could also encapsulate other payloads

such as organic dyes and drugs. The researchers used the

PLGA nanospheres to deliver both antibody-conjugated

quantum dots and MitoTrack Red for co-staining of actin

filaments and mitochondria respectively.

5. Technical limitations

One of the goals in designing nanoparticle-based contrast

agents and drug delivery systems is to be able to correlate

cellular responses to the physicochemical properties of the

engineered nanoparticle and to determine the optimal material’s

properties of the particle for intracellular uptake and targeting.

Establishment of such ‘‘first-principles’’ would enable biologists,

pharmacologists, and biomedical engineers to rationally

construct functional nanoparticles tailored for their particular

applications. However, this task is quite challenging; multiple

factors can simultaneously affect the interaction of the

nanoparticle with cellular structures, including the intrinsic

nanoparticle properties and extrinsic factors such as cell type

and physiological state. Recent studies have begun to system-

atically investigate the causative effects of nanoparticle

geometry113,114 and surface functionality115 on cellular

behaviors such as uptake, intracellular localization, and

toxicity, but to-date the picture is quite primitive and far from

complete. Because of the differences in experimental design

and nanomaterial properties, results from independent studies

are difficult to interpret. Thus, successful targeting strategies

must be determined for a particular nanoparticle system on a

case-by-case basis.

Secondly, particle-cell interactions at the nanoscale can be

remarkably different from that of small molecules or large-

micron sized particles.116 For example, the plasma membrane

of a cell contains spatially distinct lipid domains, enzymes,

carbohydrates, and protein receptors that function to mediate

cellular functions such as signal transduction, immune

surveillance, cell division, polarization, and maintaining

cellular homeostasis. These domains can interact with

exogenous materials that come in close proximity to the cell’s

surface membrane to establish various forces of interactions

that ultimately determine the cellular response towards

the material. Whereas a large, micron-sized particle will

experience a surface-area averaged force of these interactions,

nanoparticles are small enough to interact with only one or

several domains at a time. Depending on their position on the

membrane surface of the cell, their interactions can differ. This

leads to divergent cellular responses such as different routes of

uptake.
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Finally, both the nanoparticle–cell interactions and the

cellular structures themselves are inherently dynamic. Most

analytical technologies only provide a snap shot at specific

time point. Imaging technologies such as transmission electron

microscopy offer highly sensitive ultrastructural information

about the subcellular localization of nanoparticles but require

sample fixation and can only detect electron dense materials

such as metallic nanoparticles but not polymers, liposomes,

and dendrimers. Optical imaging techniques such as

fluorescence microscopy are capable of live cell analysis but

provide limited resolution and sensitivity to resolve molecular

interactions. In order to understand how nanoparticles

interact with cellular structures during the processes of cellular

internalization and trafficking, labeling cellular proteins with

fluorescent proteins, organelle trackers, as well as selective use

of cellular uptake inhibitors are currently used in conjunction

with optical imaging. Correlative imaging technologies (i.e.

electron and optical microscopy imaging) are also being

developed.117 Nevertheless, substantial improvement in cost

and accessibility, speed of image acquisition and data analysis

will be required in order for these techniques to be widely used.

6. Conclusions and outlook

The ability to target nanoparticles to specific cells and

subcellular components greatly impacts their performance as

molecular contrast agents, detection probes and drug delivery

vehicles for biomedical applications. While numerous exciting

and novel applications of nanoparticles have been demon-

strated in the last decade, our ability to deliver nanoparticles

to their subcellular targets and to control their trajectory

within the cell is still very primitive. In addition, quantitative

descriptions on the kinetics, amount, mechanisms, and trajectories

of nanoparticle uptake and trafficking are lacking. Such

unanswered questions result in our inability to rationally

design nanoparticles as well as fears of their toxicity. These

barriers hamper the clinical utility and benefit of nanoparticle-

based technologies. Thus, fundamental studies must continue

to understand how nanoparticles interact with molecules,

organelles, and cellular structures, and to be able to identify

causative relationships between physicochemical properties of

engineered nanoparticles with cellular responses. Further

understanding of cellular and molecular biology is needed,

as many of the mechanisms involved in cellular uptake and

transport remain poorly understood at the molecular level,

making it difficult to study nanoparticle behaviors therein.

Secondly, the optimum design of the nanoparticle will be

highly application specific. For example, controlling ligand

valence on the surface of nanoparticles is very important for

applications in single-molecule sensing, tracking, and labeling.

For in vivo applications such as drug delivery and therapeutics,

the engineered nanoparticle needs to overcome additional

biological barriers before being taken up by the targeted cells,

such as evading undesired immune responses, maintaining

colloidal stability in blood circulation, extravasation into the

targeted organs, and achieving effective tissue penetration.118

In lieu of the complexity of nanoparticle–cell interactions and

the diverse and sequential presentation of biological barriers

on the cellular and the tissue level, next generation

nanoparticles may well be designed with functions or properties

that can be dynamically triggered or activated.

Continuous advances in synthetic chemistry and materials

chemistry will help realizing such novel classes of nanoparticles

and nanoscaled ‘‘systems’’ with integrated functionalities and

properties. For example, multifunctional nanoparticle probes

are recently being developed to overcome limitations inherent

in single component platforms such as multimodal contrast

agents comprised of magnetic nanoparticles coupled with

either optical or radiolabeled probes that allow medical

imaging in two modes;119 carbon nanotubes as a longboat

delivery platform and intracellular transporter decorated

with quantum dot fluorophores for visualization.120 These

developments are expected to bring unprecedented opportunities

for nanotechnology to medicine and biological research.

Understanding of how these particles interact with cells, and

implement strategies to successfully and efficiently target them

to their biological targets of interest will be important for their

advance towards safe and effective use.
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